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Abstract

®

CrossMark

Besides being the worlds’ most important fertilizer precursor, ammonia could play an important
role as hydrogen carrier in a decarbonized future. The efficient production and decomposition
(or cracking) of ammonia are essential to this end. An electricity-driven technology of interest
for both these processes are non-thermal plasmas. Plasma processes have the advantage of
activating—even inert—molecules and initiating chemical reactions through electron collisions,
rather than through conventional heating. However, a complete set of low-energy cross section
data is not available for the electron collisions with ammonia (NH3) and its radicals, amidogen
(NH>) and imidogen (NH). Here, we used the ab initio R-matrix method to determine
theoretical cross sections for the low-energy electron collision processes with NH3;, NH,, and
NH. Additionally, we explored the contribution of the different processes towards dissociation
(especially from electronic excited states). Where possible, we compared our theoretical cross
section data with experimental data and/or previous recommendations. Lastly, our own
recommended cross section data for the electron collisions are presented. Use of this complete
set of electron collision data should contribute to a more accurate description of and better
insights into the plasma-chemical kinetics behind plasma-assisted ammonia production and

decomposition processes.

Supplementary material for this article is available online

Keywords: ammonia, amidogen, imidogen, amino radical, electron collision cross section data,

R-matrix method, electron impact dissociation

1. Introduction

Our society’s unprecedented progress has been made
possible—in part—by several agricultural innovations, which
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supported the strong growth of the world’s population. One
of the most important developments was the successful
production of ammonia (NHj3)—a precursor for synthetic
fertilizers—from nitrogen (N,) and hydrogen (H,) through the
Haber—Bosch process. Besides being the world’s most import-
ant fertilizer precursor, currently, NHj is also considered as a
key hydrogen carrier because it is easier to handle, store, and
transport than pure H,. Compared to other hydrogen carriers,
NH; has the highest H atom weight percentage (17.7 wt%),
energy density (3000 Wh kg~!), and most importantly, it
can be reformed into H; or burned directly without any CO,

© 2023 The Author(s). Published by IOP Publishing Ltd
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emissions. This makes both the synthesis and decomposi-
tion (or cracking) of NHj attractive processes. Unfortunately,
the existing production process of NHj is extremely energy
intensive. It is responsible for 1%—2% of the worldwide energy
consumption and 1.44% of the global CO, emissions, making
it the most polluting process in the chemical industry [1, 2].
Therefore, it is essential to find more efficient, sustainable,
and especially electron-driven processes.

One potential technology to electrify existing chemical
processes and provide novel sustainable solutions to press-
ing energy and environmental challenges, are non-thermal
plasmas (NTP) [3, 4]. A key characteristic of NTP is their
ability to activate—even inert—molecules through electron-
induced reactions instead of thermally-induced reactions.
Plasma-assisted NH3 synthesis and decomposition are gain-
ing increased attention for their potential role in sustain-
able electron-driven nitrogen fixation and hydrogen carrier
reforming [2, 5, 6]. To further advance this area, an accur-
ate description of the electron-induced chemistry is necessary.
Electron collision (or scattering) studies provide the necessary
input data for plasma-chemical kinetic studies [5], which are
essential to acquire a better understanding of the underlying
plasma chemistry and to further develop suitable applications.
Bang et al [5] recently highlighted the need for a comprehens-
ive set of cross section data for the electron collisions with
NH3, NH2, and NH.

Here, we present high-level ab initio electron collision cal-
culations with the ‘R-matrix method’-based quantemol elec-
tron collision (QEC) software [7], to develop a compre-
hensive set of theoretical cross section data for low-energy
electron collisions with NHj3;, NH;, and NH. Where pos-
sible, the theoretical calculated cross sections were com-
pared with experimental, theoretical, and/or recommended
data from literature, and new recommendations were made
for the different electron collision processes. Additionally, for
the correct description of the plasma chemistry in ammonia
mixtures, we investigated the contribution of the various pro-
cesses to dissociation by relying on potential energy curve
(PEC) calculations in combination with available data from
literature.

Our study successfully determined low-energy cross
sections for critical electron collision processes with NHj,
NH,, and NH; it provided additional evidence that exper-
imental data can be underpredicted at low energies due to
difficulties in measuring forward scattering [8]; and it suc-
cessfully identified the electronically excited states that lead
to dissociation and suggests their expected dissociation chan-
nels. Accordingly, this work will contribute to a better under-
standing of the chemical reactions taking place in NH3 con-
taining mixtures, such as plasma-assisted ammonia decom-
position or cracking [5], ammonia production or synthesis [2,
9], and ammonia combustion studies [10]. Additionally, it is
of importance for astrophysics and planetary science studies
due to the presence of these species in interstellar space and
in the atmosphere of (exo)planets [11].

2. Numerical method

2.1. Electron collision processes

The electron-induced chemistry occurring in plasmas ori-
ginates from collisions between electrons and other species,
which result in a variety of electron collision (or electron
impact) processes.

Elastic scattering:

e +AB — AB+e™. (1)
Rotational excitation:
e +AB(JK) — AB(J'K') +e". 2)
Vibrational excitation:
e” + AB(v;) — AB(viyy) + e~ 3)
(Dissociative) electronic excitation:

e+ AB — AB* + e~ @)

e+ AB (= AB* + e¢7) — A+B+e” ®)
(Dissociative) ionization:

e” + AB — ABT + 2e” (6)

e+ AB — A + BT+ 2e” 7
(Dissociative) electron attachment:

e” 4+ AB — AB~ 8)

e"+ AB — A+B. )

The reaction rates, r;, of these processes are highly depend-
ent on the energy of the electron and the properties of the
molecule:

2.6\ [
. 2
k,:( e) -/£~a,~-f0-d5 (10)
me
0
r,-zne-N~k,- (11)
2.6\ [
. 2
ri:ne-N~< e) ~/5-0i-f0-d5 (12)
n,
0

where n, is the electron density, N the density of the gas phase
collision partner, k; the reaction rate coefficient of process i, e
the elementary charge, m, the electron mass, ¢ the electron
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Table 1. Different codes and theories incorporated in QEC to determine the recommended cross section data for the different electron

collision processes in this work.

Electron collision process Method

Code/theory

Total scattering

- Integrated differential
Elastic scattering
Momentum transfer
Rotational excitation
Vibrational excitation (NH;3 only)
Electronic excitation

- low electron energies

- high electron energies
Total ionization

Total dissociative electron
attachment

Close-coupling (CC) expansion
Close-coupling (CC) expansion
Close-coupling (CC) expansion
Close-coupling (CC) expansion
Close-coupling (CC) expansion

Close-coupling (CC) expansion
Close-coupling (CC) expansion
Close-coupling (CC) expansion
Close-coupling (CC) expansion

POLYDCS [18]
UKRMol+ [14]
POLYDCS [18]
POLYDCS [18]
Frame transformation [19]

UKRMol+ [14]

Binary encounter and f scaling (BEf) [20]
Binary encounter Bethe (BEB) [21]

DEA estimator [22]

energy, o; the cross section of the electron-neutral collision
process i, and f the isotropic part of the electron energy dis-
tribution function [12].

Hence, the key data needed to determine the reaction rates,
r;, are the cross sections, o, as function of the electron energy,
€ (or T,). Additionally, for an accurate description of the iso-
tropic part of the EEDF, fy, a comprehensive set of electron
collisions (with their respective cross sections) is required to
consistently account for the electron energy losses due to the
electron collisions. To obtain the cross section data for a com-
prehensive set of electron collisions with NH3, NH,, and NH,
we performed theoretical calculations with the QEC software
package [7].

2.2. Theoretical background

To provide a comprehensive tool to study electron collision
processes, QEC [7] incorporates ab initio quantum chemistry
calculations using MOLPRO [13] together with the latest ver-
sion of the UK molecular R-matrix (UKRMol+) code [14].
The R-matrix method is a powerful ab initio method to invest-
igate low-energy electron-molecule interactions. The funda-
mental principle of the R-matrix method is to divide the inter-
action space between the electron and the target (here NHj,
NH;, and NH) into an inner and outer region. In the inner
region, the physics are complex and the Schrodinger equation
needs to be solved, while in the outer region, one can rely on
greatly simplified equations to account for the multipole and
Coulomb interactions. This approach reduces the complexity
of the initial problem. For detailed information regarding the
UKRMol+ code, we refer to the work of Masin et al [14];
for the R-matrix method, we refer to the work of Tennyson
[15]; for more details about QEC and the incorporated mod-
els, we refer to the work of Cooper et al [7]; and for a detailed
example of the application of these codes to electron-molecule
scattering, we refer to the work of Hamilton et al [16] where
QEC’s predecessor (Quantemol-N) [17] was used to determine
a comprehensive set of cross section data for electron colli-
sions with NF3, NF,, and NF.

2.3. Calculation details

2.3.1. Models used. Various theoretical electron scattering
models exist to describe the interaction of an incident electron
with the bound electrons of a target molecule. In this work,
we employed two main methods: (i) the static exchange plus
polarization (SEP) method and (ii) the close-coupling (CC)
expansion method [15]. Unless stated otherwise, the discussed
data is that of the more sophisticated CC method.

Besides these methods, additional theory incorporated in
QEC was used to derive the cross sections for different elec-
tron collision processes (table 1): (i) the UKRMol+ code
[14] to compute elastic and electronically inelastic cross
sections; (ii) the POLYDCS code [18] to compute differential,
momentum transfer and rotational excitation cross sections;
(iii) a method by Ayouz et al [19] described as frame trans-
formation, to compute vibrational excitation cross sections;
(iv) the BEf procedure of Kim [20] to scale electron impact
excitation cross sections to high energies; (v) the binary
encounter Bethe (BEB) method of Kim and Rudd [21] to cal-
culate the total ionization cross section; and (vi) a dissociative
electron attachment (DEA) estimator [22] to provide an estim-
ation of the total DEA cross section.

Cross sections were provided for electron collisions with
energies up to 35 eV. However, it should be noted that the R-
matrix method is most accurate for low-energy electron colli-
sions (below 15-20 eV). At energies above the target’s ioniza-
tion threshold, it is necessary to allow for electron impact ion-
ization, which implies a continuum set of possible electronic
excitations. This leads to instabilities in the calculations and
fluctuations in the result.

2.3.2. Target structure. MOLPRO [13] was used to optim-
ize the molecular geometries of NH;, NH,, and NH, using
the Dunning’s Gaussian type orbital cc-pVQZ basis set at the
Hartree—Fock level. The symmetries obtained for the optim-
ized geometries of NH3, NH,, and NH are Cs,, Cy, and
Coov, respectively (table 2). Good agreement for the dipole
moments of the optimized geometries with experimental data
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Table 2. Geometry of NH3, NH;, and NH in the center-of-mass frame.
Symmetry

Molecule (in QEC) Atom x(A) y(A) z(A)

NH3; Csy (Cy) N 0.0 0.0 —0.0618
H 0.0 0.9841 0.2861
H 0.8523 —0.4921 0.2861
H —0.8523 —0.4921 0.2861

NH, Cay (Coy) N 0.0 0.0 0.0805
H 0.0 —0.8006 —0.5595
H 0.0 0.8006 —0.5595

NH Coov (Cay) N 0.0 0.0 —0.0701
H 0.0 0.0 0.9737

Table 3. Experimental and calculated dipole moment and polarizability of NH3, NH», and NH.

Molecule Dipole moment (a.u.) Polarizability (a.u.)
Exp. (calc.) This work® RHF/MCSCF  Exp. This work® RHF
NH3 0.5784, [25] 0.5776/0.5970 14.19[26] 12.066
0.5807 [27]
NH» 0.716 [28, 29] 0.7521/0.6814 n.a n.a
NH 0.5465, [23] 0.6375/0.5899 n.a. n.a
0.6055, [24]

(0.5980-0.6374) [30]

2 RHF: restricted Hartree Fock; MCSCF: multi-configuration self-consistent field.

was achieved (table 3). The calculated and experimentally
measured dipole moment for NHj are in excellent agreement,
whereas the polarizability has a 15% deviation. For NHj, the
calculated dipole moment is in good agreement with a 5%
deviation compared to the experimental values. No experi-
mental polarizability data was available for NH,. For NH,
the experimental value of Scarl and Dalby [23] is considered
to be underestimated, while our calculated dipole moment
is in good agreement with other calculated values and with
a 5% deviation compared to the experimental value given
by Nascimento [24]. No experimental polarizability data was
available for NH. Obtaining good agreement for the dipole
moment was considered an important aspect of the geometry
optimization because the magnitude of the dipole moment has
alarge influence on the cross section data through the electron-
dipole interactions that are calculated in the outer region of the
R-matrix method.

3. Results and discussion

First, the theoretical cross sections for electron collisions
with NHj3 are discussed in section 3.1 and, where pos-
sible, compared with available data from literature. Next,
a similar discussion is made for NH, in section 3.2 and
for NH in section 3.3. All three sections start with back-
ground information for the respective specie and its calculated
eigenphase diagrams, followed by a discussion of the different
electron collision processes: (i) total scattering, (ii) elastic

scattering, (iii) momentum transfer, (iv) rotational excitation,
(v) vibrational excitation, (vi) electronic excitation, (vii) neut-
ral dissociation, (viii) ionization, and (ix) DEA. Finally, each
section concludes with a summary of recommended cross
section data.

3.1. Ammonia (NH3)

NH; is a closed-shell target with a Cs, point group sym-
metry. The calculations were performed in the C, sym-
metry, which is a subgroup of Cs,. The ground-state Hartree—
Fock electronic configuration of NH; in the Cy symmetry is
(1a’2a"?3a' 1a’'"* 4a’*). For the CC scattering calculations,
we used the Complete Active Space-Configuration Interaction
(CAS-CI) model to represent the target wavefunction with cc-
pVQZ basis set and eight target states. Of the 10 available elec-
trons, two were frozen in the 1a’ molecular orbital, while the
remaining eight electrons were located in the CAS composed
of the 2a’3a’ 1a’' 4a’ 5a’ 6a’ 2a’’ molecular orbitals with two
additional virtual orbitals (7a’3a’’). For the SEP scattering
calculations, 25 additional virtual orbitals were used. An inner
region radius of 10a;, was more than sufficient to accom-
modate the target electrons’ charge cloud and provided stable
calculations.

The CC method predicts the ground-state energy of NHj
to be —56.219 Hartree. The lowest triplet and singlet excited-
states thresholds are 5.31 and 5.78 eV, respectively. In gen-
eral, the vertical excitation energies to the eight lowest-
lying electronic excited singlets and triplets compare well
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Eigenphase
s A (SEP)
g
""""""""""" A" (SEP)
0F L i N
A" (CC)
sl A'(cC)
1 1 n " " 1 n " 1 n 1 " 1 n " 1
0 5 10 15

Electron energy (eV)

Figure 1. Calculated eigenphase for the two different symmetries of
NH; (A’ and A’) showing similar resonances for the SEP and CC
methods, except for Feshbach resonances at 4.97 (A”) and 10.58 eV
(A"’) that are only visible for the CC method.

with data from literature (see sections 3.1.6 and 3.1.7,
table 5).

The NHj eigenphase diagram for the corresponding total
symmetries A" and A” showed resonances at 8.40, 10.15,
10.96, 13.21, 13.90, and 14.33 eV for symmetry A’, and
resonances at 10.15, 10.96, 13.21, and 13.90 eV for sym-
metry A” using the SEP method in the C; point group sym-
metry (figure 1). The CC method showed resonances at 4.97,
5.82, and 10.75 eV for symmetry A’, and resonances at 5.89,
10.58, and 10.75 eV for symmetry A’ (figure 1). The reson-
ances at 4.97 (symmetry A’) and 10.58 eV (symmetry A’’)
are Feshbach resonances, which drive the DEA process dis-
cussed in section 3.1.8 Additionally, the resonance at 10.75 eV
is related to a sharp peak in the cross sections for the electronic
excitation process (see section 3.1.6). Higher-lying SEP reson-
ances were probably pseudo-resonances, which are a known
artifact of this model [15]. Pseudo-resonances can occur once
a calculation goes above the threshold energy of the electron-
ically excited states that are omitted from the calculation. For
SEP calculations, this threshold is the excitation energy of the
first electronically excited state, whereas for CC calculations,
this threshold is the excitation energy of the first electronically
excited state that is excluded. (A complete set of electronic
excitations for CC calculations would be infinite.)

3.1.1. Total scattering.  The NHj total scattering cross section
(TCS), orcs, is the sum of both the elastic and inelastic scatter-
ing cross sections. For electron energies above 10 eV, Itikawa
[31] recommended (with an accuracy of £5%) the exper-
imental values proposed by Karwasz et al [32] (measured
by Szmytkowski et al [33] and Zecca et al [34]) and the
high energy values obtained by Ariyasinghe et al [35]. At
low incident electron energy, below 10-15 eV, the electron
transmission method used suffers from a large uncertainty of

Total cross section

(107"® cm?)
a) 10000 ¢ QEC
1000 ¢
100
recommended
by Karwasz [32]
Riw
10 £
1k
exp. Ariyasinghe [35]
large contribution small contribution
0.1% forward scattering forward scattering
L 1 1 1 1 1 ]
0.01 0.1 1 10 100 1000 10000
Electron energy (eV)
b 100 "
) wio %, QEC
Born 0
approx.
¥ o
"‘ exp. data corrected for
‘\‘ forward scattering [32,37]
Y 5
exp. data not corrected O‘O O PO ool:tI o
for forward scattering [36] Q%OCQI? i o) g
L . . ©c b
10 y g oo
. S OO
: ?
large contribution small contribution
forward scattering forward scattering
L 1 1 1
0.1 1 10 100

Electron energy (eV)

Figure 2. (a) Total scattering cross section of NH3 calculated with
QEC compared with the experimental values recommended by
Karwasz et al [32] (measured by Szmytkowski e al [33] and Zecca
et al [34]) and the high energy data obtained by Ariyasinghe et al
[35]. Agreement is good for higher energies where forward
scattering is negligible. For lower energies, the QEC calculation can
accurately describe scattering to all angles, whereas the
experimental values cannot capture the forward scattering, resulting
in a large underestimation. (b) Total scattering cross section of NH3
calculated with QEC (with and without Born approximation)
compared with the experimental values from Sueoka et al [36] and
the same data corrected for forward scattering by Hamada [32, 37].
The corrected TCS is in good agreement with our theoretical cross
section data.

the measured values for polar molecules. It cannot discrim-
inate forward scattered electrons against the incident electron
beam, which requires a correction. However, at low energies,
the contribution of forward scattering becomes large for polar
molecules, like NH3, which results in a large uncertainty of the
experimental values [8].

The theoretical TCS calculated with QEC, based on the
integrated differential cross section (DCS) obtained using
the CC method, agree well with the recommended data
(figure 2(a)). At 10 eV, the calculated values are about ~14%
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higher than the recommended values, while at 15 eV, this dif-
ference decreases to ~8%, close to the stated experimental
accuracy of £5%. More importantly, the CC calculations do
not suffer from the same experimental artefact regarding the
forward scattering. As a result, given the good agreement at
10-15 eV, we believe our theoretical cross section data to be
accurate and the experimentally obtained values to be under-
estimated below 15 eV.

This is further supported by the work from Sueoka et al
[36] and Hamada [32, 37]. Hamada [32, 37] corrected the ini-
tially obtained TCS by Sueoka et al [36] for the missing for-
ward scattering based on the method devised by Sueoka and
Mori [38] and Sueoka et al [39]. This corrected TCS is in good
agreement with our theoretical TCS data (figure 2(b)). To fur-
ther support the importance of forward scattering at low ener-
gies, we have provided the DCS for different angles in the SI
(figure S1). The observed difference between the experiment-
ally and theoretically obtained cross section at low energies is
in agreement with the recent work on H,O by Kadokura et al
[40] and Song et al [41], as well as the earlier experimental
works on different gases by Sueoka et al [39] and Hamada
and Sueoka [42]. This difference at low energies, due to for-
ward scattering, mainly arises from the elastic scattering cross
section, which is discussed in the next section.

For the NH; TCS, o1cs, we recommend the theoretical data
presented here for low-energy electron collisions below 15 eV.
Above 15 eV, we recommend the experimental data recom-
mended by Karwasz et al [32] (measured by Szmytkowski et al
[33] and Zecca et al [34]) and the high energy data obtained
by Ariyasinghe et al [35] (see table S1 in the SI for the full
data set).

3.1.2. Elastic scattering.  Two different NHj3 elastic scatter-
ing cross sections, Tejastic, calculated with QEC using the CC
method, are presented: (i) results considered as not taking for-
ward scattering into account and (ii) results considered to take
the forward scattering into account by incorporating the Born
approximation. Below 15 eV, the former results match the the-
oretical data of Gianturco [43] recommended by Itikawa [31],
whereas the cross section for the latter are significantly larger
(figure 3). For 15 eV and above, the two results become sim-
ilar and are in agreement with the experimental data of Homem
et al [44] recommended by Itikawa [31].

As mentioned for the TCS, at low incident electron energy
(below 10-15 eV), the experimental method used cannot
accurately capture the contribution of forward scattered elec-
trons. Our calculations, on the other hand, can capture this con-
tribution by incorporating the Born approximation (figure 3).
In combination with the results for the TCS (figure 2), we
believe that the larger cross section data below 15 eV is more
accurate for our theoretical cross sections (including the Born
approximation), whereas the previously recommended values
are underestimated.

For the NH; elastic scattering cross section, Cejastic, W€
recommend the theoretical data with the Born approxima-
tion presented here for low-energy electron collisions below

Elastic cross section

(107® cm?)
10000 ¢  QEC
WO e
1000 £ Bom \
approx. 'j\‘
100
10 recommended
3 by Itikawa [31]
[u}
u}
1k "%
o4 L large contribution small contribution

forward scattering
1

forward scattering
1 ]

0.01 0.1 1 10 100 1000
Electron energy (eV)

Figure 3. Elastic scattering cross section of NHj3 calculated with
QEC compared with the recommended values by Itikawa [31].
Agreement is good for higher energies where forward scattering is
negligible. For lower energies, the calculations with the Born
approximation correction capture the (previously underpredicted)
forward scattering contribution.

Momentum transfer

cross section

(107"® cm?)
10000 ¢

1000 ¢

100

recommended
by Itikawa [31]

0.01 0.1 1 10 100 1000

Electron energy (eV)

Figure 4. The momentum transfer cross section of NH3 calculated
with QEC agrees well with the recommended values by Itikawa
[31].

35 eV. Above 35 eV, we recommend the experimental data of
Homem er al [44] (see table S2 in the SI for the full data set).

3.1.3. Momentum transfer. The NH3; momentum transfer
cross section (MTCS), 0 mom, calculated with QEC using the
CC method, is in good agreement with the recommended data
by Itikawa [31], considering the large uncertainty (+£25%) on
the recommended data (figure 4). Below 15 eV, there is a
minor shift in energies, and the recommended data by Itikawa
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Figure 5. Rotational excitation cross sections of NHj3 calculated with QEC compared with calculations from Gianturco [43] and Varella
et al [47]. Our QEC calculations give similar trends, but differ in absolute values, except for the (JK) = (00) — (20) transitions.

[31] exhibits a local minima around 2 eV, which is shifted to
3.4 eV in our calculations. This shift results in higher values
for our calculations at energies below 3.5 eV and lower values
in the range of 3.5-15 eV.

For the NH3 MTCS, 0 mom, We recommend the theoretical
data presented here for low-energy electron collisions below
35 eV, based on the higher accuracy of the method used in this
work. Above 35 eV, we recommend the experimental data of
Homem et al [44] (see table S3 in the SI for the full data set).

3.1.4. Rotational excitation. =~ The NHj rotational excitation
cross sections, oy, calculated with QEC using the CC method,
provides data for the transitions (JK) = (00) — (10), (20), (30),
(40), and (50). Note that polydcs automatically assumes the
selection rule AK = 0. For optical transitions, AK = 0 is a
strong propensity rule for ammonia [45] as it has also shown
to be for electron collisions with symmetric top molecular
ions [46]. We assumed this to be true in line with all previ-
ous theoretical studies. There was no experimental data avail-
able in literature for comparison, only two theoretical cal-
culations. Gianturco [43] provided data for the transitions
(JK) = (00) — (10), and (20), and Varella et al [47] for the
transitions (JK) = (00) — (10), (20), (30), and (40) (figure 5).
The results for the transition (JK) = (00) — (20) are remark-
ably similar to those from Gianturco [43] and Varella et al [47],
while for the other transitions, our calculations show similar
trends, but different absolute values (figure 5).

For the NHj; rotational excitation cross sections, oo, We
recommend the theoretical data presented here, given the
lack of experimental data and the higher accuracy of the
method used in this work (see table S4 in the SI for the full
data set).

Table 4. Vibrational frequency of experimental and calculated NH3
vibrational modes.

Frequency Frequency

Mode Symmetry Type (exp.) [48] (calc.)
Vi ay Symmetric stretch 3337 3518.08
v a) Symmetric deform 950 1062.48
V3 e Degenerate stretch 3444 3663.74
3663.65
V4 e Degenerate deform 1627 1676.34
1676.24

3.1.5. Vibrational excitation. =~ The NHj3 vibrational excitation
cross sections, oy, calculated with QEC using the CC method
in combination with the procedure of Ayouz et al [19], provide
data for excitation of the vy, v,, and both degenerate v3, and v4
vibrational modes. The vibrational frequencies of the different
modes are in good agreement with experimental values [48].
They capture the degenerate modes, show similar trends, and
had values that are only 3%—12% higher (table 4). There was
no comprehensive experimental or theoretical cross section
data available in literature. Gulley et al [49] presented an
experimental integral cross section value for the combined v, 3
vibrational mode at 7.5 eV, by extrapolating and integrating
their differential cross section data. Additionally, Itikawa [31]
used the Born approximation to calculate the cross sections for
the vy, v», v3, and v4 vibrational modes.

The cross sections calculated with QEC have a more real-
istic behavior at the threshold energies than those calculated by
Itikawa [31]. Additionally, the calculated cross sections for the
combined vy,v3 modes show a similar peak around 7.5 eV with
a comparable absolute value (0.78 x 1076 cm? compared to
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Figure 6. Vibrational excitation cross sections of NH3 calculated
with QEC compared with calculations from Itikawa [31] and one
experimental point from Gulley et al [49]. Our QEC calculations
provide a comparable value to the experimental observations for the
sum of the v;,v3 normal mode cross section data and are a
significant improvement over the previously calculated values.

0.67 x 10~ cm? experimentally), as observed by Gulley et al
[49] and Furlan ez al [50] (figure 6). Note that the cross sections
of both the v; and the v4 mode in figure 6 are represented by
combining their two degenerate modes. Additionally, the sum
of the v; and v3 modes is given for comparison with the other
data in literature.

For the NH3 vibrational excitation cross sections, ov;,, wWe
recommend the theoretical data presented here, given the lack
of comprehensive experimental data and the higher accuracy
of the method used in this work (see table S5 in the SI for the
full data set).

3.1.6. Electronic excitation.  Two different NHj3 electronic
excitation cross sections, o, calculated with QEC using
the CC method, are presented: (i) high-energy electron col-
lisions for dipole containing electronic states based on the
BEf method and (ii) low-energy electron collisions for any
electronic state. There was no experimental data available in
literature for comparison; however, Itikawa [31] calculated
the cross section of the electronic excitation to the singlet
A state ('A’, 1 'A;, or A) using both the Born approxima-
tion derived from the analytical function of Harshbarger et al
[51] and the BE scaling proposed by Kim [20]. Compared to
these results, our calculations based on the BEf method show
higher values near the threshold energy with a narrower peak
and a more rapid decline of the cross section at higher ener-
gies (figure 7(a)). Additionally, compared to the first sing-
let state, the second singlet state ('A”, 1 'E or 'B/C’) has a
higher threshold energy and lower peak value. However, the
BEf method becomes less accurate for low-energy electron

Electronic excitation
cross section
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calc. Itikawa [31]

a) (Born)

01}
QEC (BE¥)
0.01 L
1 1 ]
10 100 1000
Electron energy (eV)
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0.01 L
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Figure 7. Electronic excitation cross sections of NH3 calculated
with QEC; (a) QEC’s BEf method results compared with BE and
Born method calculations from Itikawa [31], and (b) QEC’s CC
method results.

collisions (below 50 eV) and is only suitable for dipole-
allowed electronic excitations.

Therefore, the CC method was used for the calculation
of the low-energy cross sections for the electronic excita-
tion to both dipole and non-dipole singlet and triplet states
(figure 7(b)). Electronic excitations to triplet states have lower
threshold energies and higher peak cross sections compared
to their corresponding singlet states; however, they decline
more rapidly with increasing energy. This is as expected, based
on the optically allowed and forbidden excitations from pho-
todissociation studies [52, 53]. At high energies, the cross
sections for excitation towards the singlet dipole states cal-
culated with the CC method aligns with the BEf calcula-
tions. At low energies, the BEf calculations are assumed to
be overestimated given the higher accuracy of the CC method
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Table 5. NHj3 electronic excitation thresholds calculated with QEC and determined experimentally. Our QEC results are in good agreement
with experimental values. Specific dissociation channels were suggested for the different excited states.

Symmetry Threshold Dissociation channel
(6N Cay State Exp. Calc. This work General Specific
A’ 1'4, X 0.0 0.0 0.0
Y 134, a 5.36 [53] 531 NH, + H NH, (X ?By) + H(S) [53]
A’ 214, A 5.73, [53, 64] 5.72 [65, 66] 5.88 [65] 5.78 NH, + H NH; (X 2By) + H(S) [53]
34" 13E b(c) 7.34 [52, 64, 65] 7.10 [65] 7.49 NH, + H NH, (A %A}) + HS)
34 1°E b(c) 7.37 [52, 64, 65] 7.21 [65] 7.49 NH, + H NH, (A 2A;) + HCS)

A" 1'E B/C’ 7.92 [60, 64, 65] 7.65 [65] 7.95 NH, + H NH; (A 24;) + HCS) [56)
A’ 1'E B/C’ 7.92 [60, 64, 65] 7.65 [65] 7.95 NH, + H NH; (A 24) + HCS) [56)
10.15, [65] 10.5 [69] 9.86 [65] 10.89 Tonization
34" 2°%E 10-14 [52, 67] 12.06 [52] 10.85 NH + H» NH(A *II) + Ho(X '=1)
347 23E 10-14 [52, 67] 12.06 [52] 10.85 NH + H, NH(A *II) + Ha(X '2H)

(figure 7(b)). Finally, the CC calculations show a sharp peak
in the cross sections around 10.8 eV for all electronic excita-
tions, which corresponded to the strong resonance observed in
the eigenphase diagram (figure 1).

For the NHj electronic excitation cross sections, gejec, We
recommend the theoretical data (CC-method up to 35 eV and
BEf method for higher energies) presented here, given the lack
of comprehensive experimental data and the higher accuracy
of the method used in this work (see table S6 in the SI for the
full data set). An overview of the threshold energies for the dif-
ferent electronic excitation processes and their corresponding
dissociation channels is discussed in the next section (table 5,
section 3.1.7).

3.1.7 Neutral dissociation.  Electron collisions can lead to
dissociation of NHj through several processes. Dissociative
ionization produces positive charged fragments (see
section 3.1.8), whereas DEA produces negatively charged
fragments (see section 3.1.9). Additionally, the electronic
excitation discussed above (section 3.1.6) can produce neutral
fragments when the excited state is repulsive and dissociates
[54]. These electron impact dissociation processes are essen-
tial for plasma gas-processing because they are the main
driver behind its reactivity through the production of rad-
icals. Additionally, these processes can lead to dissociation
products with a large amount of kinetic energy (hot fragments)
that can play an important role in subsequent gas heating [54].
However, since there exists no straightforward way to reason-
ably calculate or estimate the energy of these fragments for
NH,, this falls outside the scope of the current work.

NH; does not have any known metastable states [55] and
has three potential dissociation channels: (i) NH, + H, (ii)
NH + Hj, and (iii) NH 4+ H + H. An assignment of these
channels to the different electronic excited states is suggested
(table 5) based on limited experimental electron collision data
[56-60] and extensive photodissociation data [53, 61-68].

The threshold energies calculated with QEC for the dif-
ferent electronically excited states are in excellent agreement
with experimental data (table 5). Excitations of the ground

state 1 'A; (X) to the 134, (a, Epreshold = 5.31 eV) and 2 'A;
(A, Eihreshola = 5.78 eV) states are assigned to channel one,
NH, + H. Both states are considered to dissociate to NH,(X
’B;) + H(S) [53]. This assessment is in agreement with the
observation that below 9.4 eV, all photodissociation leads to
NH, [11], and with the absence of NH(A 3II) and NH(c 'II)
below 10 eV in electron collision studies [53].

Excitations to the 1 3E (degenerate b(c): A’ and 3A’,
Eihreshold = 7.49 eV) and 1 'E (degenerate B/C’: 'A”" and 'A’,
Eihreshola = 7.95 eV) could possibly be assigned to a com-
bination of channels one, NH, + H, and two, NH + H,.
However, we consider excitation to both states to dissociate
to NH, + H, more specific, NHZ(A 2A,) + HES). This is
based on available experimental data, which gave a threshold
of around 10 eV (9.0 £ 1.0 or 10.5 £ 0.5 eV) for NH(c 'II)
production and a very low cross section compared to the values
obtained here [56-59]. Additionally, NH(A 3II) production
also seemed to have a primary threshold of ~9-10eV (8 £ 1,
9.0 £ 1.0 or 9.0 £ 0.5 eV), but only became significant after
a second threshold around 12.3 eV [56-59]. Similarly, Heays
et al [11] gave a 9.4 eV threshold for NH production. Hence,
these experimental studies indicate that dissociation channel
two requires higher electron energies.

Excitation to higher states 2 3E (degenerate: 3A’" and 3A’,
Eihreshola = 10.85 eV) could be assigned to a combination of
channels two, NH + H,, and three, NH + H + H. We con-
sider excitation to the 2 3E state to dissociate to NH + Hy,
more specific, to NH(A 3II) 4+ Hy(X 'X%). On the basis of
the spin conversion rule the precursor for NH(c 'II) should
be a singlet, while for NH(A 3II) it could be a triplet or sing-
let. Additionally, the 2 3E state’s excitation threshold exceeds
the primary threshold of ~9-10 eV for NH(A >II) production
[56-59]. Furthermore, according to Heays et al [11], above
10.24 eV, 95% of the dissociation leads to NH and only 5%
to NH,. According to Leach et al [53], channels leading to
NH + H + H were observed above 13 eV, while Muller
and Schulz [56] discussed a steep rise in NH(A 3TI) above
12 eV related to dissociation into NH(A *IT) + H + H. Hence,
these experimental studies indicate that channel three requires
higher electron energies.
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Figure 8. Total and partial ionization cross sections of NH3
calculated with QEC compared with experimental data from Rejoub
et al [71]; showing good agreement.

3.1.8. lonization.  The NHj ionization cross sections, T,
are well studied experimentally. Tarnovsky et al [70] con-
firmed that there is no significant difference between the ioniz-
ation cross sections for NH3 and NDj3. Thus, Rejoub ef al [71]
used NDj3 to determine both the total and partial ionization
cross sections of NH;. Our theoretical calculations relied on
the BEB method of Kim and Rudd [21] to determine the total
ionization cross section. Based on the total cross section, we
used the method suggested by Hamilton et al [16] to determine
the partial ionization cross sections.

Because the data of Rejoub er al [71] contained all the
different ionization fragments, especially HT, the method of
Hamilton ez al [16] did not suffer from a divergence at higher
energies and gave reliable predictions of the dissociative ion-
ization cross sections (figure 8). At energies below 100 eV, the
total ionization cross section calculated with QEC is up to 50%
higher than the experimental measured data, while for energies

Dissociative electron attachment
(DEA) cross section
(107"® cm?)

0.1

0.001

0.0001

Electron energy (eV)

Figure 9. Total dissociative electron attachment cross section of
NHj3 calculated with QEC compared with experimental total and
partial dissociative electron attachment cross section data from
Rawat et al [72].

above 100 eV, they are in excellent agreement. The theoretical
partial ionization cross sections shows good agreement with
the experimental data. At energies below 100 eV, the theoret-
ical dissociative ionization cross sections of the dominant frag-
ments, NH3™ and NH3', are slightly overestimated. At ener-
gies above 100 eV, the theoretical dissociative ionization cross
sections of the NH3" fragment is slightly underestimated, and
that of the other fragments slightly overestimated.

For the NHj3 ionization cross sections, ojon, We recommend
the experimental data of Rejoub er al [71], given the com-
prehensive experimental data with small uncertainties and the
good agreement with our theoretical cross sections (see table
S7 in the SI for the full data set).

3.19. DEA. The NH; DEA cross sections, opga, are well
studied experimentally. Rawat et al [72] determined both the
total and partial DEA cross sections. Our theoretical calcula-
tions relied on the DEA estimation method of Munro et al [22]
to estimate the total DEA cross section. The total DEA cross
section estimated with QEC reasonably predicts the location of
both experimentally observed peaks (figure 9). The location of
the first peak at 4.97 eV is underestimated by 0.8 eV (£16%)
and its width is about half, while the location and width of the
second peak at 10.57 eV are in perfect agreement. Both peaks
correspond to Feshbach resonances in the eigenphase diagram
(figure 1). The height of the theoretical cross section at the
peaks is in the same order of magnitude as the experimental
data but overestimated by approximately a factor 3 for the first
peak and a factor 13 for the second peak.

For the NH3 DEA cross sections, opga, we recommend the
experimental data of Rawat er al [72], given the comprehensive
experimental data with small uncertainties and the qualitative
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Figure 10. Overview of the recommended cross sections for the
electron collisions with NHj3 in this work.

agreement with our estimated theoretical cross sections (see
table S8 in the SI for the full data set).

3.1.10. Overview. In general, the theoretical cross section
data for electron collisions with NH3 (calculated with QEC)
is in good agreement with the data available in literature and
provides (i) improved data at low-energy collisions (below
15 eV) for oo, Te1, and o mem; (i) more accurate data for oo
and oyp; (iii) the first comprehensive data for ge; and (iv)
data that is in qualitative agreement with experimental data for
Oion and opga . Based on the comparison of our theoretical data
with that available in literature, several new recommendations
are made regarding the cross sections for electron collisions
with NHj (figure 10, see SI for the full data set).

3.2. Amino radicallamidogen (NH>)

In contrast to NHj, there was almost no experimental data
available in literature for a thorough comparison of our
cross sections calculated with QEC. The only exception was
(incomplete) measured partial ionization cross sections from
Tarnovsky et al [70]. Additionally, there was very limited the-
oretical data available: total ionization cross section data from
Johipura et al [73]; theoretical elastic differential, integral, and
MTCSs by Homem et al [44]; and a less comprehensive theor-
etical R-matrix study by Bharadvaja et al [74]. Nevertheless,
given the good agreement of our approach with the recom-
mended data for the electron collision cross sections with NH;
(section 3.1), we are confident that the same approach applied
for the electron collision cross sections with NH, provides a
comprehensive theoretical cross section data set that is a reas-
onable first representation.

NH, is an open-shell target with a C,, point
group symmetry. The calculations were performed
in the C,, symmetry. The ground-state Hartree-Fock

electronic configuration of NH, in the C,, symmetry is
(1a32a% 1b33a? 1by). For the CC scattering calculations, we
used the Complete Active Space-Configuration Interaction
(CAS-CI) model to represent the target wavefunction with cc-
pVQZ basis set and eight target states. Of the nine available
electrons, two were frozen in the 1a; molecular orbital, while
the remaining seven electrons were located in the CAS com-
posed of the 2a; 1b;3a; 1by4a;2b, molecular orbitals with
two additional virtual orbitals (3b, 5a;). For the SEP scatter-
ing calculations, 25 additional virtual orbitals were used. An
inner region radius of 10ay was more than sufficient to accom-
modate the target electrons’ charge cloud and provided stable
calculations.

The present CC method predicts the ground-state energy
of NH, to be —55.526 Hartree. The lowest doublet and quar-
tet excited-states thresholds are 2.31 and 7.74 eV, respect-
ively. In general, the vertical excitation energies to the eight
lowest-lying electronic excited doublets and quartets compare
well with data from literature (see sections 3.2.6 and 3.2.7,
table 6).

The NH, eigenphase diagram for the corresponding total
symmetries 1A, 34y, 'By, 3By, 'Bs, 3By, 'A,, and 3A,, using
the SEP method in the C,, point group symmetry, shows res-
onances at 10.28 (*B)), 10.85 ('A), 11.47 (*A,), 11.60 (*B,),
11.99 ('Az), 12.49 (1 B)), 13.11 (A), 13.47 (CA2), 13.99 (CA»),
14.50 ('B,), 14.53 (3By), 14.74 (®B)), and 14.90 ('4,) eV
(figure 11(a)). The CC method shows resonances at 7.87 ('A})
and 10.06 ('By) eV (figure 11(b)). Both these resonances are
Feshbach resonances, which drive the DEA process discussed
in section 3.2.8. Additionally, they are also related to sharp
peaks in the cross sections for the electronic excitation pro-
cess (see section 3.2.6).

3.2.1. TCS. The NH, TCS, otcs, is the sum of both the
elastic and inelastic scattering cross sections. The TCS of NH;
(figure 12) calculated with QEC, based on the integrated DCS
obtained using the CC method, shows a similar trend and abso-
lute values as for NH3 (figure 2).

For the NH, TCS, o1cs, we recommend the theoretical data
presented here, given the lack of comprehensive experimental
data and the high accuracy of the method used in this work
(see table S9 in the SI for the full data set).

3.2.2. Elastic scattering.  Two different NH, elastic scat-
tering cross sections, Oejagic, calculated with QEC using the
CC method, are presented: (i) results considered as not tak-
ing forward scattering into account and (ii) results considered
to take the forward scattering into account by incorporating
the Born approximation. Below 15 eV, the latter results are
significantly larger, but above 15 eV, the two results become
similar (figure 13). Based on the comparison of our theoret-
ical calculations for NH; with experimental data (figure 3,
section 3.1.2), we believe that the larger cross section data
including the Born approximation is more accurate.

For the NH, elastic scattering cross section, ejasiic, W€
recommend the theoretical data with the Born approximation
presented here, given the lack of comprehensive experimental
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Figure 11. Calculated eigenphase for the different symmetries of
NH;; (a) SEP and (b) CC method. Two Feshbach resonances are
present at 7.87 ("A}) and 10.06 ('B;) eV for the CC method.

data and the high accuracy of the method used in this work
(see table S10 in the SI for the full data set).

3.2.3. MTCS. The NH, MTCS, 0 0m, calculated with QEC
using the CC method (figure 14), shows a slightly different
trend and absolute values as that for NHj3 (figure 4). There was
no experimental data available in literature for comparison.

For the NH, MTCS, 0 mom, We recommend the theoretical
data presented here, given the lack of comprehensive experi-
mental data and the high accuracy of the method used in this
work (see table S11 in the SI for the full data set).

3.2.4. Rotational transition. =~ The NH, rotational excitation
Cross sections, oo, calculated with QEC using the CC method,
provides data for the transitions J/ = 0 — 1, 2, 3,4, and 5 (see
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Figure 12. Total scattering cross section of NH, calculated with
QEC.
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Figure 13. Elastic scattering cross section of NH, calculated with
QEC, with and without the Born approximation correction.

figure 15). Note that NH;, is an asymmetric top, so there are
(2 J + 1) distinct levels for each J. However, this substructure
is closely spaced and not accounted for by polydcs, so we did
not consider it. There was no experimental data available in
literature for comparison.

For the NH, rotational excitation cross sections, oo, We
recommend the theoretical data presented here, given the lack
of experimental data and the high accuracy of the method used
in this work (see table S12 in the SI for the full data set).

3.2.5. Vibrational excitation.  The current method only
allowed vibrational excitation cross sections of closed-shell
molecules to be calculated with QEC. Hence, only data for the
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Figure 14. Momentum transfer cross section of NH; calculated
with QEC.
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Figure 15. Rotational excitation cross sections of NH, calculated
with QEC for J = 0 — J' transitions.

electron collision cross sections for the vibrational excitation
of NHj is provided (figure 6, section 3.1.5).

3.2.6. Excitation of electronic states.  Two different NH,
electronic excitation cross sections, oejec, calculated with QEC
using the CC method, are presented: (i) high-energy elec-
tron collisions for dipole containing electronic states based
on the BEf method (figure 16(a)) and (ii) low-energy electron
collisions for any electronic state (figure 16(b)). There was
no experimental data available in literature for comparison.
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Figure 16. Electronic excitation cross sections of NH; calculated
with QEC; (a) BEf method results and (b) CC method results.

The BEf method becomes less accurate for low-energy elec-
tron collisions (below 50 eV) and is only suitable for dipole-
allowed electronic excitations.

Therefore, the CC method was used for the calculation
of the low-energy cross sections for the electronic excita-
tion to both dipole and non-dipole doublet and quartet states
(figure 16(b)). The cross sections, calculated with both the
CC method and the BEf calculations, show similar trends but
slightly different absolute values. For the A, states, the values
of the BEf calculations are lower than for the CC calculations.
For the 2B, and 2A, states, on the other hand, the values of
the BE( calculations are higher than for the CC calculations.
Finally, the CC calculations show sharp peaks in the cross
sections around 7.87 and 10.06 eV for the electronic excita-
tion to the 2A;, 2By, and 2B, states, which corresponded to the
strong resonances observed in the eigenphases (figure 11).
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Table 6. The NH; electronic excitation thresholds calculated with QEC and the specific dissociation channels suggested for the different

excited states.

Symmetry Threshold Dissociation channel
Cs Csy  State Exp. Calc. This work General Specific
’B, 1B, X 00 0.0 0.0
2A; 1%A1 A 2.07[78] 2.20,[76]2.26,[7712.27[74] 231  Bound/Metastable [76] Correlated products NH(a ' A) + H(S)
[76, 77]
’B, 1°B, B n.a. 6.50, [76, 77] 6.90 [74] 702 NH+H NH(®b 'St + HES) [76]
‘B, 1By n.a. 7.40 [75] 774 NH+H NH(X 327) + HS) [76, 77]
ZA, 224, 7.60 [75] 7.55,[76]7.77,[7717.78 [75] 800 NH+H NH(A *II) + HS) [75-77]
N+H, NCP) + Hy('E7) [76]
’B, 22B n.a. 7.49,[7717.62,[7617.90[75] 892 NH+H NH(a 'A) + HS) [76, 77]
N + Hj NCP) + Hy('E7) [76]
’B, 32B, n.a. 9.38,[76]9.57,[7719.80 [75] 1020 NH+H NH(A *II) + H(%S) [75, 76]
NH(c 'IT) + HS) [76]
N+ H, NCP) + Hy (') [76]
‘4, 144, n.a 8.95 [75] 1149 NH+H NH(A >II) + H(S) [77]
NH(a 'A) + HS) [76]
2A, 1%4, n.a. 9.25, [75]19.09 [76] 1297 NH+H NH(A *II) + HS) [75, 76]
11.5 10.49-12.91, [75] 13.64 [74] 13.23  Ionization

For the NH, electronic excitation cross sections, oejec, We
recommend the theoretical data (CC-method up to 35 eV and
BEf method for higher energies) presented here, given the lack
of comprehensive experimental data and the high accuracy of
the method used in this work (see table S13 in the SI for the
full data set). An overview of the threshold energies for the dif-
ferent electronic excitation processes and their corresponding
dissociation channels is discussed in the next section (table 6,
section 3.2.7).

3.2.7 Neutral dissociation.  Electron collisions can lead to
dissociation of NH, through several processes. Dissociative
ionization produces positive charged fragments (see
section 3.2.8), whereas DEA produces negatively charged
fragments (see section 3.2.9). Additionally, the electronic
excitation discussed above (section 3.2.6), produces neutral
fragments when the excited state is repulsive and dissociates
[54]. These electron impact dissociation processes are essen-
tial for plasma gas-processing because they are the main driver
behind its reactivity through the production of radicals.

In contrast to NH3;, NH, does have a known metastable
(bound) excited state with a lifetime around 10 us [61]; NH,
has three potential dissociation channels: (i) NH + H, (ii)
N + Hy, and (iii) N 4+ H + H. An assignment of these channels
to the different electronic excited states is suggested (table 6)
based on PEC calculations (see SI, figure S2) in combination
with limited photodissociation data [11, 75-78].

The threshold energies, calculated with QEC, for the dif-
ferent electronically excited states are mostly similar to previ-
ous calculated data (table 6). Excitation of the ground state
1 2B; (®X) to the 1 2A; (A, Etpreshold = 2.31 eV) generates
a bound electronic state. All other electronic excitations dis-
cussed here result in more or less strongly repulsive states
[76] and are assigned to channel one, NH + H: the 1 2B,
(*B) state is considered to dissociate to NH(b ') + H(%S)

[76]; the 1 B, state to NH(X 3X7) + H(%S) [75-77]; the 2
2A; and 1 24, states to NH(A 3II) + H(S) [75-77]; the 2
2B, state to NH(a 'A) + H(S) [76, 77]; the 3 2B, state to
NH(c 'TI) + H(3S) [76] and/or NH(A 3II) + H(3S) [75, 76];
and the 1 #A, state to NH(a 'A) + H(®S) [75] and/or NH(A
311) + H(3S) [77]. Furthermore, the 2 2A;, 2 2B, and 3 2B,
can be assigned theoretically to channel two and dissociate to
NCP) + H,('T1) [76]; however, its branching ratio is expec-
ted to be minimal. It is important to note that the a 'A, b
Iy 4+ A 311, and ¢ 'TI states of NH can predissociate via the
energy crossing of the repulsive 1 X~ state (see section 3.3.7)
[79]. The determined curve intersect energies of the 1 Sy-
state with the a 'A, b 13+, A3TI, and ¢ 'II states from the
ground state minimum are 4.246, 4.79, 5.878, and 5.062 eV,
respectively [79].

3.2.8. lonization. The NH, ionization cross sections, i,
were the only NH, cross sections for which experimental
data was available. Having confirmed that there is no sig-
nificant difference between the ionization cross sections for
NH; and NDj3, Tarnovsky et al [70] determined partial ion-
ization cross sections for NH, using ND,. Unfortunately, N*
and D™ ions could not be detected in their experimental set-
up. As a result, the partial ionization cross sections were lim-
ited to the ND5~ and ND7 ionization channels of ND,, and
the derived total ionization cross section of NH, is expected
to be underestimated. Our theoretical calculations relied on
the BEB method of Kim and Rudd [21] to determine the total
ionization cross section. Based on the total cross section, we
used a hybrid method, similar to the one proposed by Graves
et al [80], to determine the partial ionization cross sections.
The difference in total ionization cross section between the
experiment and the QEC calculation was considered to ori-
ginate from the missing experimental N* and D' (H™) par-
tial ionization cross sections. As a first step, we determined
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the branching ratio to the different fragments. The branching
ratio between NH5~ and NH' was derived from the experi-
mental data, whereas the branching ratio between the N+ and
H* was derived from the method proposed by Huber et al
[81] and assigned to the difference between the experimental
and theoretical total cross section at 70 eV. Next, the differ-
ent partial ionization cross sections were calculated based on
the total cross section and the branching ratio at 70 eV, using
the method suggested by Hamilton et al [16]. For more details
and a comparison of the hybrid method used with the meth-
ods proposed by Huber et al [81] and Hamilton et al [16]
see the SI (figure S4). For an in-depth comparison of dif-
ferent methods to obtain the partial ionization cross sections
from the total ionization cross section, see the work of Graves
et al [80].

In general, the calculated partial ionization cross sections,
derived from the theoretical total ionization cross section using
the hybrid method, show good agreement with the exper-
imental data (figure 17). They result in a slightly higher
threshold energy for the NH3" channel: 13.2 eV compared to
the 11.5 £ 0.5 eV found experimentally. At energies above
30 eV, the theoretical total ionization cross section is higher
than the experimentally measured data, but as mentioned
above, this is due to the missing N™ and HT partial ionization
cross section data in the experiment. At energies below 70 eV,
the theoretical dissociative ionization cross sections of the
NH fragment is slightly underestimated. At energies above
100 eV, the theoretical dissociative ionization cross section of
the NH;" fragment is slightly lower than the experimental val-
ues, but it shows a physically more realistic trend compared to
the experimental values.

For the NH, ionization cross sections, ojo,, We recommend
the theoretical data presented here, given the good agreement
of our theoretical cross sections with experimental data for
NHj; and with the incomplete experimental data for NH; (see
table S14 in the SI for the full data set).

3.2.9. DEA. The NH, DEA cross sections, opga, had
not been studied experimentally. Our theoretical calculations
relied on the DEA estimation method of Munro et al [22] to
estimate the total DEA cross section. The dissociative attach-
ment process is expected to mainly lead to NH + H™ with a
negligible contribution of the process NH™ + H due to the sig-
nificantly higher electron affinity of H (0.754 eV) compared
to NH (0.370 eV).

The total DEA cross section estimated with QEC predicts
two overlapping peaks, one at 7.80 eV and one at 9.86 eV
(figure 18). Both peaks corresponded to Feshbach resonances
in the eigenphase diagram (figure 11). As discussed for NH3
(section 3.1.9), the locations of the peaks should be reasonably
accurate, whereas the height of the theoretical cross section at
the peaks is most probably overestimated up to one order of
magnitude.

For the NH, DEA cross sections, opga, W€ recom-
mend the estimated theoretical data presented here, given the
lack of comprehensive experimental data and the reasonable
qualitative agreement of our theoretical cross sections with

lonisation cross section
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Figure 17. Total and partial ionization cross sections of NH»
calculated with QEC compared with experimental data from
Tarnovsky et al [70]; showing good agreement.

experimental data for NH; (see table S15 in the SI for the full
data set).

3.2.10. Overview. In general, the theoretical cross section
data for electron collisions with NH,, calculated with QEC,
provides a comprehensive set of cross sections for the low-
energy collisions: gy, Tel, Omoms» Trot» Texc, aN estimation for
opea, and more accurate and complete data for ojo,. Based
on the comparison of our theoretical data with the limited data
available in literature, several new recommendations are made
regarding the cross sections for electron collisions with NH;
(figure 19, see SI for the full data set).

3.3. Imidogen (NH)

In contrast to NH3, but like NH,, there was almost no exper-
imental data available in literature for a thorough comparison
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Figure 18. Total dissociative electron attachment cross sections of
NH; calculated with QEC.
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Figure 19. Overview of the recommended cross sections for the
electron collisions with NH, in this work.

of our cross sections calculated with QEC. The only exception
was (incomplete) measured partial ionization cross sections
from Tarnovsky et al [70]. Additionally, there was very lim-
ited theoretical data available: theoretical total ionization cross
section data from Johipura et al [73], and less comprehensive
theoretical R-matrix studies by Gupta et al [82], and Rajvanshi
and Baluja [83]. Nevertheless, given the good agreement of
our approach with the recommended data for the electron col-
lision cross sections with NHj3 (section 3.1), we are confident
that the same approach applied for the electron collision cross
sections with NH provides a comprehensive theoretical cross
section data set that is a reasonable first representation.

NH is an open-shell target with a C.., point group sym-
metry. The calculations were performed in the C,, sym-
metry, which is a subgroup of Cy. The ground-state Hartree—
Fock electronic configuration of NH in the C,, symmetry is
(1a32a?3a3 1b?). For the CC scattering calculations, we used
the Complete Active Space-Configuration Interaction (CAS-
CI) model to represent the target wavefunction with cc-pVQZ
basis set and 16 target states. Of the eight available electrons,
two were frozen in the 1a; molecular orbital, while the remain-
ing six electrons were located in the CAS composed of the
2a, 3ay 1by 1b, 4a, molecular orbitals with two additional vir-
tual orbitals (5a; 6a;). For the SEP scattering calculations, 25
additional virtual orbitals were used. An inner region radius
of 10ay was more than sufficient to accommodate the target
electrons’ charge cloud and provided stable calculations.

The present CC method predicts the ground-state energy
of NH to be —54.978 Hartree. The singlet and triplet excited-
states thresholds are 1.90 and 3.92 eV. In general, the vertical
excitation energies to the twenty-one lowest-lying electronic
excited singlets, triplets, and quintuplets compare well with
data from literature (see sections 3.3.6 and 3.3.7, table 7).

The NH eigenphase for the corresponding total symmet-
ries 2A;, *Ay, 2By, *By, 2B,, *Bs, 2A,, and *A, using the SEP
method in the C,, point group symmetry show resonances
at 0.33 CII; 2B1/°By), 4.68 (°A; 2Az), 12.33 (PA; 2Ay), 12.63
(*Ay), 13.41 (*A; 2A,), and 13.46 (*11; 2B, /*B,) (figure 20(a)).
The CC method shows more complicated trends for NH, which
makes it difficult to differentiate real resonances from artefacts
(figure 20(b)). This behavior is possibly the result of the large
number of low lying electronic excited states.

3.3.1. TCS. The TCS, o1cs, is the sum of both the elastic
and inelastic scattering cross sections. The calculated TCS of
NH (figure 21) calculated with QEC, based on the integrated
DCS obtained using the CC method, shows a similar trend and
absolute values as for NHj3 (figure 2).

For the NH TCS, o1cs, we recommend the theoretical data
presented here, given the lack of comprehensive experimental
data and the high accuracy of the method used in this work
(see table S16 in the SI for the full data set).

3.3.2. Elastic scattering.  Two different NH elastic scatter-
ing cross sections, oepusiic, calculated with QEC using the CC
method, are presented: (i) results considered as not taking
forward scattering into account and (ii) results considered to
take the forward scattering into account by incorporating the
Born approximation. Below 15 eV, the latter results are sig-
nificantly larger, but above 15 eV, the two results become
similar (figure 22). Based on the comparison of our theor-
etical calculations for NH3 with experimental data (figure 3,
section 3.1.2), we believe that the higher cross section data
including the Born approximation is more accurate.

For the NH elastic scattering cross section, Oejastic, W€
recommend the theoretical data with the Born approximation
presented here, given the lack of comprehensive experimental
data and the high accuracy of the method used in this work
(see table S17 in the SI for the full data set).
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Figure 20. Calculated eigenphase for the different symmetries of
NH; (a) SEP and (b) CC method.

3.3.3. MTCS. The NH MTCS, o yom, calculated with QEC
using the CC method (figure 23), shows a similar trend and
absolute values as for NH; (figure 4). There was no experi-
mental data available in literature for comparison.

For the NH MTCS, 0mom, We recommend the theoretical
data presented here, given the lack of comprehensive experi-
mental data and the high accuracy of the method used in this
work (see table S18 in the SI for the full data set).

3.3.4. Rotational transition. ~ The NH rotational excitation
Cross sections, o, calculated with QEC using the CC method,
provides data for the transitions J = 0 — 1, 2, 3, 4, and 5
(figure 24). There was no experimental data available in liter-
ature for comparison.

For the NH rotational excitation cross sections, o, We
recommend the theoretical data presented here, given the lack
of experimental data and the high accuracy of the method used
in this work (see table S19 in the SI for the full data set).

Total cross section
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Figure 21. Total scattering cross section of NH calculated with
QEC.
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Figure 22. Elastic scattering cross section of NH calculated with
QEC, with and without the Born approximation correction.

3.3.5. Vibrational excitation.  The current method only
allowed vibrational excitation cross sections of closed-shell
molecules to be calculated with QEC. Hence, only data for the
electron collision cross sections for the vibrational excitation
of NHj is provided (figure 6, section 3.1.5).

3.3.6. Excitation of electronic states.  Two different NH
electronic excitation cross sections, oejec, calculated with QEC
using the CC method, are presented: (i) high-energy elec-
tron collisions for dipole containing electronic states based
on the BEf method (figure 25(a)) and (ii) low-energy elec-
tron collisions for any electronic state (figure 25(b)). There
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Figure 23. Momentum transfer cross section of NH calculated with
QEC.
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Figure 24. Rotational excitation cross sections of NH calculated
with QEC for J = 0 — J’ transitions.

was no experimental data available in literature for compar-
ison. The BEf method becomes less accurate for low-energy
electron collisions (below 50 eV) and is only suitable for
dipole-allowed electronic excitations.

Therefore, the CC method was used for the calculation
of the low-energy cross sections for the electronic excitation
to both dipole and non-dipole singlet, triplet, and quintuplet
states (figure 25(b)). Note, only a select number of electronic
excited states are shown in figure 25(b), complete cross section
data for the 21 lowest electronic excitations can be found in the
SI. The cross sections calculated with both the CC method and
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Figure 25. Electronic excitation cross sections of NH calculated
with QEC; (a) BEf method results and (b) CC method results.

the BEf calculations show similar trends, but slightly different
absolute values.

For the NH electronic excitation cross sections, oejec, W€
recommend the theoretical data (CC-method up to 15 eV and
BEf method for higher energies) presented here, given the lack
of comprehensive experimental data and the high accuracy of
the method used in this work (see table S20 in the SI for the
full data set). An overview of the threshold energies for the dif-
ferent electronic excitation processes and their corresponding
dissociation channels is discussed in the next section (table 7,
section 3.3.7).

3.3.7 Neutral dissociation.  Electron collisions can lead to
dissociation of NH through several processes. Dissociative
ionization produces positive charged fragments (see
section 3.3.8), whereas DEA produces negatively charged
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fragments (see section 3.3.9). Additionally, the electronic
excitation discussed above (section 3.3.6) produces neutral
fragments when the excited state is repulsive and dissociates
[54]. These electron impact dissociation processes are essen-
tial for plasma gas-processing because they are the main driver
behind its reactivity through the production of radicals.

In contrast to NHj3, but like NH,, NH does have known
metastable (bound) excited states with a lifetime of 2-18 ms
[61]. Additionally, it has only one potential dissociation chan-
nel: N 4+ H. An assignment of the different bound states and
this channel to the different electronic excited states is sugges-
ted (table 7) based on PEC calculations (see SI figure S3) in
combination with limited photodissociation data [11, 55, 63,
79, 84, 85].

The threshold energies calculated with QEC for the differ-
ent electronically excited states are mostly similar to previ-
ous calculated and experimental data (table 7). At low ener-
gies, excitation of the ground state 1 34, (X 3¥7) to the 1
1A2 and 1 1A| (a IA, Ethreshold =190 CV), 2 IA] (b 12+,
Etreshold = 2.77€V),*B; and 1 3By (A *1L, Epreshola = 3.92€V),
and 1 'B; and 1 'B; (¢ 'TI, Egreshold = 6.25 eV) states leads
to bound electronic states. However, these states can predisso-
ciate via the energy crossing of the repulsive 1 54, (1 %7,
Enreshola = 8.21 eV) state. The determined curve intersect
energies of the 1> X~ state with the a 'A, b 'Y+, A 311, and
¢ I states from the ground state minimum are 4.246, 4.79,
5.878, and 5.062 eV, respectively [79]. At high energies, excit-
ation of the ground state 1 34, (X 3X7) to the 2 'A; (3 'II,
Ereshold = 11.42 eV), 4 A5 (3357, Epreshola = 12.38 eV),
and 3 'A; and 3 'A, 2 'S, Egreshold = 13.79 eV) states also
leads to bound electronic states. These states can also pre-
dissociate due to the energy crossing of the repulsive 3 3A,
and 134, 2327, Egreshola = 11.42 eV), and 2 3A; (1 3%+,
Ereshola = 12.37 eV) states. All other electronic excitations
discussed here lead to strongly repulsive states and are con-
sidered to dissociate: the 1A, (17327, Ereshold = 8.21 eV)
state is considered to dissociate to N(*S) + H(ES) [85];
the 2 332 and 2 3B] B 3H, Eesholda = 8.59 eV), 2 IBZ
and 2 'B; (d 'TI, Epreshold = 9.17 eV), and 2 34, (132,
Eeshold = 12.37 eV) states are considered to dissociate to
N(CP) + H(*S); and the 234, (2327, Epreshola = 10.10eV), 3
3A2 and 1 3A1 2 32_, Ereshold = 11.42eV), and 2 1A2 (1 12_,
Ereshold = 12.09 eV) states are considered to dissociate to
NCD) + H(*S) [85].

3.3.8. lonization.  The NH ionization cross sections, Cjon,
were the only NH cross sections for which experimental data
was available. Having confirmed that there is no significant
difference between the ionization cross sections for NH; and
NDjs, Tarnovsky et al [70] determined partial ionization cross
sections for NH using ND. Unfortunately, D ions could not
be detected in their experimental set-up. As a result, the partial
ionization cross sections were limited to the NDT and N ion-
ization channels of ND and the derived total ionization cross
section of NH was expected to be underestimated. Our theor-
etical calculations relied on the BEB method of Kim and Rudd

[21] to determine the total ionization cross section. Based on
the total cross section, we used a hybrid method, similar to the
one proposed by Graves et al [80], to determine the partial ion-
ization cross sections. The difference in total ionization cross
section between the experimental values and those calculated
with QEC was considered to originate from the missing experi-
mental D+ (H™) partial ionization cross section. As a first step,
we determined the branching ratio to the different fragments.
The branching ratio between NH* and N+ was derived from
the experimental data, whereas the branching ratio towards
H™ was assigned to the difference between the experimental
and theoretical total cross section at 70 eV. Next, the differ-
ent partial ionization cross sections were calculated based on
the total cross section and the branching ratio at 70 eV, using
the method suggested by Hamilton et al [16]. For more details
and a comparison of the hybrid method used with the methods
proposed by Huber et al [8§1] and Hamilton et al [16] see the
SI (figure S5). For an in-depth comparison of different meth-
ods to obtain the partial ionization cross sections from the total
ionization cross section, see the work of Graves et al [80].

In general, the calculated partial ionization cross sections
derived from the theoretical total ionization cross section using
the hybrid method, show good agreement with the exper-
imental data (figure 26). They result in a slightly higher
threshold energy for the NHT channel: 14.6 eV compared to
the 13.6 £ 0.5 eV found experimentally. At energies above
35 eV, the theoretical total ionization cross section is higher
than the experimental measured data, but as mentioned above,
this is due to the missing H partial ionization cross section
data in the experiment. At energies below 70 eV, the theoret-
ical dissociative ionization cross sections of the fragment, N*
is slightly underestimated. At energies between 22 and 60 eV,
and above 100 eV, the theoretical dissociative ionization cross
sections of the NH™ fragment is slightly lower than the exper-
imental values, but it shows a physically more realistic trend
compared to the experimental values.

For the NH ionization cross sections, ojon, We recommend
the theoretical data presented here, given the good agreement
of our theoretical cross sections with experimental data for
NHj; and with the incomplete experimental data for NH (see
table S21 in the SI for the full data set).

3.3.9. DEA. The NH DEA cross sections, ocpga, had not
been studied experimentally. Our theoretical calculations
relied on the DEA estimation method of Munro et al [22] to
estimate the total DEA cross section. The dissociative attach-
ment process is expected to mainly lead to N + H™ with a neg-
ligible contribution of the process N- + H due to the electron
affinity of H (0.754 eV), while N only temporally binds an
electron.

The total DEA cross section estimated with QEC pre-
dicts three peaks, one separated at 2.6 eV and two overlap-
ping at 6.7 and 11 eV (figure 27). As discussed for NHj3
(section 3.1.8), the location of the peaks should be reasonably
accurate, whereas the height of the theoretical cross section at
the peaks is most probably overestimated up to one order of
magnitude.
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Table 7. NH electronic excitation thresholds calculated with QEC and the specific (pre)dissociation channels suggested for the different

excited states.

Symmetry Threshold Dissociation channel
(6N Csy State Exp. Calc. This work General Specific
34, 134, X35~ 0.0 0.0 0.0
4, 1'4, a'A 1.56, [79] 1.73, 1.83, [79] 1.90 Bound [79, 84] Predissociation
1.56, [30] 1.94 [82] [79]
1.6 [55, 63] N(*$) +HEAS)
[85]
A, 1'44 al'A 1.56, [79] 1.73, 1.83, [79] 1.90 Bound [79, 84] Predissociation
1.56, [30] 1.94 [82] [79]
1.6 [55, 63] N(*$) +HEAS)
[85]
A, 214, blxt 2.63, [79] 2.82[79, 82] 2.77 Bound [79, 84] Predissociation
2.67 [55, 63] [79]
N(*S) +HCS)
[85]
B, 13B, A3l 3.58, [85] 3.71, 4.00, [85] 3.92 Bound [79, 84, Predissociation
3.69, [55] 3.84, [79] 4.12 85] [79]
3.70 [30] [82] N(*$)+HEAS)
[85]
3B, 13B, A3l 3.69, [55] 3.71,[79] 4.12 3.92 Bound [79, 84, Predissociation
3.70 [30] [82] 85] [79]
N(*S)+HCS)
[85]
'B, 1'B; ¢ 5.42, [55] 5.47,6.01, [79] 6.25 Bound [79, 84] Predissociation
5.42, [79] 6.14 [82] [79]
5.43 [30] N(*$)+HEAS)
[85]
132 1'B, c'r 5.42,[79], 5.47,6.01, [79] 6.25 Bound [79, 84] Predissociation
5.43 [30] 6.14 [82] [79]
N(*S)+HCS)
[85]
A, 134, 1°%- n.a. 8.65, 8.88, [79, 8.21 N +H N¢S) + HES)
85] 8.78 [82] [85]
3B, 23B, B3II n.a. 8.72, 8.86, [79, 8.59 N+H NCP) +HES)
851 9.30 [82] [85]
3B, 23B, B3Il n.a 8.72, 8.86, [79, 8.59 N+H NCP) + HES)
851 9.30 [82] [85]
'B, 2'B, d'm n.a. 9.09, [79] 9.70 9.17 N +H N(P) + HES)
[82]
'B, 2B, d'm n.a. 9.09, [79] 9.70 9.17 N+H NCP) +HES)
[82]
Ay 234, 13A n.a. 9.41 [79] 10.10 N+H NCD)+HES)
A, 334, 239~ n.a. 10.75, [79] 9.59 11.42 N +H N(D) + HES)
[79, 85] [85]
34, 134, 239~ n.a 10.75, [79] 9.59 11.42 N+H NCD)+HEAS)
[79, 85] [85]
A, 214, 3 n.a. 10.90 [79] 11.42 Bound [79] Predissocisation
NCD) +HES)
14, 214, 1's- n.a. 10.69 [79] 12.09 N +H N(D) + HCS)
34, 234, 132t n.a. 10.98 [79] 12.37 N+H NCP) +HECS)
A, 434, 332~ n.a. 10.83, [79] 12.38 Bound [79, 85] Predissocisation
10.70 [79, 85] NCP)+HECS)
A, 314, 2%~ n.a. 11.17 [79] 13.79 Bound [79] Predissocisation
NCP) +HCS)
"4, 314, 215~ n.a. 11.17 [79] 13.79 Bound [79] Predissocisation
NCP) +HCS)
13.6 14.61 Tonization
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Figure 26. Total and partial ionization cross sections for NH
calculated with QEC compared with experimental data from
Tarnovsky et al [70]; showing good agreement.

For the NH DEA cross sections, opga, we recommend the
estimated theoretical data presented here, given the lack of
comprehensive experimental data and the reasonable qualit-
ative agreement of our theoretical cross sections with experi-
mental data for NHj3 (see table S22 in the SI for the full data
set).

3.3.10. Overview. In general, the theoretical cross section
data for electron collisions with NH calculated with QEC
provides a comprehensive set of cross sections for the low-
energy collisions: o, Tel, Omoms Trots Texcs aN €stimation for
opea and more accurate and complete data for oj,,. Based on
the comparison of our theoretical data with the limited data
available in literature, several new recommendations are made
regarding the cross sections for electron collisions with NH
(figure 28, see SI for the full data set).
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Figure 27. Total dissociative electron attachment cross sections of
NH calculated with QEC.
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Figure 28. Overview of the recommended cross sections for the
electron collisions with NH in this work.

4. Conclusions

In this work, using QEC and MOLPRO, we successfully
developed a complete set of theoretical cross sections for the
low-energy electron collision processes (up to 35 eV) with
NH; and its decomposition products NH, and NH.

For NHj3, (where available) our calculated cross section
data was in good agreement with experimental and theor-
etical data from literature. For the elastic scattering pro-
cess, we showed the known experimental underprediction of
the cross section data below 10-15 eV, using calculations
with and without the Born approximation. For the rotational,
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vibrational, and electronic excitation processes, we provided
more accurate data with additional excitation levels.

For NH; and NH, no experimental data was available in lit-
erature, except for incomplete partial ionization cross sections.
Based on the good agreement of our theoretical calculations
for NH; with recommended values in literature, the same cal-
culation procedure was used to calculate the cross section data
for NH, and NH. Additionally, specific emphasis was placed
on matching the dipole moment of these species with exper-
imental values, as this has a large effect on the cross section
data. The cross section data for NH, and NH showed similar
behavior as for NH3. To complement the experimental data for
the electron impact ionization, we proposed a modified method
to estimate the fragmentation pattern.

Based on our theoretical electron collision cross sections
in combination with experimental and recommended data in
literature, we constructed a complete set of recommended
cross section data for electron collisions with NH3, NH,, and
NH, ranging from low to high electron energies. Additionally,
using PEC calculations in combination with data from liter-
ature, we suggested the contribution of the various electronic
states of NH3, NH,, and NH to different neutral dissociation
channels.

The presented complete set of electron collision data will
contribute to a more accurate description and better insights
into the plasma-chemical kinetics behind plasma-assisted
ammonia reactions for (i) technological applications, such as
plasma-assisted NHj synthesis, decomposition, oxidation, and
combustion; (ii) astrophysical studies of interstellar matter,
where NHj is an important component; and (iii) planetary
studies of atmospheres that contain NHj.

For further improvements, future work should focus on the
experimental validation of the cross sections for which only
theoretical data was presented, and the validation of the neutral
dissociation processes with their respective branching ratios to
the different dissociation channels.
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