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Understanding the dissociative electron attachment (DEA) in low-temperature ammonia plasma
is crucial for many technological applications, in particular, for alternative energy sources. However,
theoretical modeling of this process has been challenging due to the complex interplay of electronic
motion and multidimensional nuclear dynamics. The present study presents a theoretical approach
to investigate the process, applying it to the break up of the NH3 molecule by low-energy electrons.
The potential energy surface of the NH−

3
5.5 eV resonant state is computed to elucidate the

mechanism of the dissociative process. The cross section of DEA via the 5.5 eV resonance is then
calculated for both NH3 and ND3. The positions of the peaks in both cross sections and the ratio
between them are in excellent agreement with previous experiments. Our findings suggest that the
developed theoretical model accurately describes the DEA process and could serve as an useful tool
for providing DEA cross sections for other molecules to model low-temperature plasma.

Dissociative electron attachment (DEA) is a process
where a low-energy electron is resonantly captured by
the molecule to form a temporary negative ion (TNI)
that subsequently dissociate into reactive neutral radicals
and anions [1]. This phenomenon plays a fundamental
role across a broad spectrum of contexts, spanning from
natural environments such as the interstellar medium,
ionosphere, and biological radiation damage [2, 3] to
various technological applications like plasma-assisted
etching and combustion [4, 5]. Theoretical description of
this bond-breaking process poses a significant challenge
due to the involvement of non-adiabatic coupling between
electronic and nuclear motion. While DEA to diatomic
molecules has been well studied, a complete theoretical
treatment of the vibrational and dissociative dynamics
in full dimensionality for DEA processes of polyatomic
molecules remains infeasible computationally [1], except
a few triatomic molecules, such as H2O [6–10], CO2 [11,
12], HCN [13, 14], ClCN and BrCN [15]. Consequently,
previous theoretical studies typically assumed the
dissociation occurs in a subspace of coordinates [16–20].
Recently, Yuen et al. [2] proposed a simplified approach
based on the theory of O’Malley [21] and Bardsley [22]
to treat the DEA process for small polyatomic molecules.
This approach was initially applied to theoretically
estimate the absolute DEA cross section of H2CN to
evaluate its significance in the formation of CN− in
the interstellar medium. Subsequently, we extended the
approach to calculate the DEA cross section of NO2 [23]
but found significant deviations between their results and
the experimental results reported by Rangwala et al. [24].
Recently, an experiment conducted by Xie et al. [25]
showed that the measured ratio between the two primary
peaks of the DEA cross section closely matched the
theoretical predictions [23]. Clearly, further validation

of our theoretical approach is desirable.

In this Letter, we apply our DEA theory to the
case of NH3, an ideal hydrogen and energy carrier
[26]. As a green fuel, NH3 has attracted significant
attention in the global energy development strategies
and has found applications in power plants, as well as
combustion engines for vehicles, ships, and spacecraft
[27, 28]. However, commercial adoption of NH3

faces three major limitations: high heat of ignition,
flame stability, and NOx emission. Low-temperature
plasma-assisted technology has been demonstrated to
effectively address these challenges [29]. As DEA
drives the chemistry of the plasma, investigating this
process is crucial for understanding the mechanisms of
combustion. Consequently, the cross section serves as a
vital ingredient in plasma modeling.

Over the years, the DEA process of NH3 has been
extensively studied [16, 30–37]. Two resonant peaks are
observed around 5.5 eV and 10.5 eV in the DEA cross
sections [30–34]. The 10.5 eV TNI with symmetry 2E
contributes to the formation of NH∗

2 (2A1) + H− (1S)
and NH− (2Π) + 2H (2S), while the product NH−

2 (1A1)
+ H (2S) remains a puzzle [16, 36]. The lower TNI with
symmetry 2A1 is directly associated with the dissociation
channel NH2 (2B1) + H− (1S) and indirectly with the
NH−

2 (1A1) + H (2S) channel through non-adiabatic
charge transfer at a large nuclear distance [16]. So far,
the accuracy of the absolute cross sections measurements
for NH3 DEA remains unclear, as data from a more
recent study by Rawat et al. [35] differ by 50% from
earlier experimental studies by Sharp and Dowell [30]
and Compton et al. [31]. However, the isotope effect
determined by the ratio between the DEA cross section
of NH3 and ND3 is surprisingly consistent.

In contrast to extensive experimental investigations,
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there has been no theoretical study on the DEA of
NH3 except the computation of potential energy surfaces
(PESs) of the NH−

3 TNI states by Rescigno et al. [16].
We therefore undertake the theoretical investigation on
the DEA process of NH3 through the 5.5 eV resonance
using a method similar to the one by Ref. Yuen et al.
[2], Liu et al. [23].
The equilibrium geometry of NH3 is pyramidal of

the C3v point group. The electronic configuration of
the ground state 1A1 is 1a212a

2
11e

43a21. The Molpro
package [38] is used to determine the molecular electronic
structure and vibrational frequencies. For the purpose
of describing molecular vibration, the Cs symmetry was
used in this study for electronic structure calculations.
Hartree Fock (HF) orbitals obtained with cc-pVTZ are
used in the complete active space (CAS) self-consistent
field (CASSCF) method to optimize the equilibrium
geometry of NH3. Four electrons are kept frozen in
the core orbitals and the outer six valence electrons
are distributed freely in the CAS of 3a′, 1a′′, 4a′,
5a′, 2a′′, and 6a′ using the Cs symmetry notations.
Frequencies for six vibrational modes: N–H wagging
(ν1), doubly degenerate H–N–H scissoring (ν2), N–H
symmetric stretch (ν3) and doubly degenerate N–H
asymmetric stretch (ν4) are computed and found to agree
with the experimental values. More calculation details
could be found in Ref. [39].

FIG. 1. Variation of the resonance energies ∆ with respect
to the ground state energy of NH3 as a function of normal
coordinates: (a) q1 of N–H wagging with ν1=1180 cm−1,
(b) q2 of H–N–H scissoring with ν1=1715 cm−1, (c) q3 of
N–H symmetric stretch with ν1=3374 cm−1, (d) q4 of N–H
asymmetric stretch with ν4=3395 cm−1. The insets display
the four normal modes of NH3.

To find energies and widths of the resonance
as a function of geometry, we have performed
electron-scattering calculations using the UKRmol+ code

with the help of the Quantemol-EC interface [40–42].
The CASSCF orbitals from Molpro calculation are used
by the CAS configuration interaction (CAS-CI) method
to construct target’s electronic states. 17 states below 15
eV are included in the closed-coupling scattering model.
R-matrix is established on the R-sphere boundary of 12
bohrs and then propagated to asymptotic distances to
yield the reaction matrix (K-matrix). Eigenphase sum
for partial waves with l ≤ 4 is obtained through the
K-matrix. Then, the position ∆ and width Γ of the
TNI resonances at each nuclear geometry are obtained
by fitting the eigenphase sum in Breit-Wigner form.
Two resonances of 2A1 and 2E symmetries peak around
5.5 eV and 10.5 eV at equilibrium geometry could be
respectively formed by capturing the incident electron
into the 4a1 Rydberg orbital by the excited NH3 where
one of the 3a1 or 1e valence electrons is promoted to 4a1.
In the scattering model the same CAS as in the Molpro
calculation is employed. Resonance energies are found to
be 5.51 eV and 10.91 eV with widths of 0.0097 eV and
0.0277 eV. They agree well with the experimental values
as seen from Table 4 in Ref. [39], indicating the accuracy
of the scattering model used in this study.
Figure 1 shows the computed resonance energies ∆

of the 5.5 eV TNI state 2A1 as a function to the
normal coordinate q in the four vibrational modes. The
resonance energy is nearly constant along displacements
in H–N–H scissoring and N–H asymmetric stretch modes,
which means that the PES of the resonant state along
q2 and q4 near the equilibrium is not repulsive state
(following the PES of the neutral molecule). However,
variation of the resonance energy is strong along
the N–H wagging and N–H symmetric stretch modes,
indicating that the coordinates q1 and q3 participate in
the dissociation process. The two nuclear vibrational
motions will couple together in the dissociation of the
5.5 eV NH−

3 TNI after the electron attaches to NH3:
The anion system will slide down towards to dissociation
geometries along the path of the steepest descent of the
anionic PES.
As in our earlier study of H2CN [2], the capture

coordinate is obtained using an orthogonal matrix
transforming (q1, q3) to (s1, s2):

(

α β
−β α

)(

q1
q3

)

=

(

s1
s2

)

. (1)

If s1 is the steepest descent coordinate, then

∂∆

∂s1
= α

∂∆

∂q1
+ β

∂∆

∂q3
, (2)

where α is

α =
|∂∆/∂q1|

√

(∂∆/∂q1)2 + (∂∆/∂q3)2
(3)

and β =
√
1− α2. Scattering calculations performed for

different s1 produce resonance energies ∆(s1) and widths
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as a function s1. The anion PES denoted by Ud(s1) is
obtained by

Ud(s1) =
1

2
~ν̃1

2 +∆(s1) , (4)

with

ν̃1 = α2ν1 + β2ν3 . (5)
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FIG. 2. Potential energy along the steepest-descent
coordinate s1. Un(s1) (black solid line) is the PES of the
neutral NH3. Resonance energies ∆(s1) (red line) is obtained
by a linear fit using the data shown by red circles computed
at discrete values of s1. Ud(s1) is the anionic PES of NH−

3

obtained by adding Ud(s1) and ∆. Vibrational zero-point
energy 1

2
~ν̃1 is shown by the blue dashed horizontal line.

Figure 2 displays the computed resonance energies
∆(s1) and the potential energy Un(s1) of the neutral
NH3. The red solid line represents the linear fit of ∆(s1)
by

∆(s1) = ∆(s1 = 0) +
d∆(s1)

ds1
s1 , (6)

with which the potential energy Un(s1) of 5.5 eV NH−
3

TNI is computed by Eq. (4). The figure demonstrates
that after electron attachment, the anion complex will
slide down to dissociation along Ud(s1) within the
Franck-Condon region.
According to the WKB approach by O’Malley [21] and

Bardsley [22], the capture cross section is given by

σcap(ε) = g
2π2

ε

Γd(sε)
∣

∣U
′

d(sE)
∣

∣

|ην̃1(sE)|2 , (7)

where ε and E are the electron scattering energy
and the total energy of the scattering system. The
Franck-Condon point sε and the classical turning point
sE are located by solving ∆(sε)=ε and Ud(sE)=E,

respectively. ην̃1 is the ground vibrational state along the
capture coordinate s1. The factor g is the ratio of spin
multiplicities in the final and initial states, which equals
to 1 in the present case because the final and initial spin
states of the NH3 + e− system are doublets. Finally, the
DEA cross section accounting for the survival probability
Ps(ε) [23] is computed as

σDEA(ε) = σcap(ε)Ps(ε) . (8)

The survival probability Ps(ε) specifies the dissociation
probability. It is determined by using the WKB
approximation [23]

Ps = exp

(

− 1

~

∫ ts

tE

Γ(s1)dt

)

= exp

(

− 1

~

∫ sε

sE

Γ̃(s1)

v(s1)
ds1

)

,

(9)
where Γ̃ = Γ/~ν̃ is dimensionless resonance width.
v(s1) =

√

2[(E − Ud(s1)/~ν̃] is the dimensionless
velocity. The integration is performed in the region
between the classical turning point sE and the
Franck-Condon point sε.
The DEA cross section obtained with Eq. (8) is

convoluted with the uncertainty of 0.5 eV [35] to compare
with the experimental measurements by Rawat et al. [35],
Compton et al. [31], and Sharp and Dowell [30]. The
comparison is shown in Fig. 3. The main features of the
theoretical and experimental cross sections are listed and
compared in Table I.
The peak value of the theoretical cross section is higher

than in the experiments: almost twice higher that in
Compton et al. [31]. While we are quite confident in
the accuracy of the ab initio description of the electron
attachment and initial dynamics of NH−

3 towards to
dissociation, the disagreement in the magnitude of the
cross section with the experiment suggests that in the
theoretical model there could be a potential barrier along
the dissociation path, which reduces the DEA flux. We
have therefore computed the PES of the 5.5 eV resonance
state in a large domain of geometries.
The 5.5 eV resonance with an electronic configuration

of 1a212a
2
11e

33a214a
2
1 is made up of a 4a1 Rydberg electron

bound to the excited state a3A1 of NH3. It is thus a
Feshbach-type resonance [16, 32, 33]. We use the Molpro
package [38] performing CASSCF calculations using the
diffuse basis set aug-cc-pVTZ with the f -type functions
on N and d-type functions on H excluded and a CAS
closing one core orbital and distributing freely outer nine
electrons in eleven active orbitals. Potential energies
are obtained as functions of the N-H nuclear distance
R(N-H) and the angle θ(NH-C3) between the NH bond
and the C3 axis. The PES of the resonance with the
energy origin at the NH3 equilibrium Re is displayed
in Fig. 4. A broad valley on the surface centered
at θ=90◦ indicates a planar equilibrium geometry of
the 2A1 resonance state. It is similar in shape to its
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TABLE I. Positions (eV) and magnitudes (10−18 cm−2) of maximum of the DEA cross sections for NH3 and ND3.

This work Rawat et al. [35] Compton et al. [31] Sharp and Dowell [30]
Isotope molecule Position Cross section Position Cross section Position Cross section Position Cross section

NH3 5.4 10.3 5.7 3.9 5.7 5.74 5.65 2.9
ND3 5.7 9.36 - - 5.86 5.36 5.65 2.6
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FIG. 3. DEA cross section obtained in this work (black solid
curve) and observed experimentally by Sharp and Dowell [30]
(green dotted curve), Compton et al. [31] (blue dotted curve),
and Rawat et al. [35] (red dotted curve). The computed DEA
cross section is convoluted with the uncertainty of 0.5 eV.

parent state a3A1 and the “grandparent” NH+
3 cation.

The PES obtained, if R(N-H) is fixed at equilibrium,
is thus parabolic as θ varies. Predissociation of the
well-defined vibrational levels of the N-H wagging mode
within the quasibound state explains the progression of
narrow peaks in the DEA cross sections found by Tronc
et al. [33] and Stricklett and Burrow [32]. A bump is
observed as R stretches at every individual θ, e. g. 90◦

and the equilibrium value of about 112◦. Specially, a
bump is around at θ=90◦, generating a saddle structure
with increased R. The reason that experimental angular
distributions of the anionic fragments H− and NH−

2

presenting minimum at 90◦ is immediately apparent. As
pointed out by Rescigno et al. [16], the 5.5 eV NH−

3

TNI will dissociate with θ flattened and R stretched
simultaneously, i.e., dissociation flux indicated by the
arrows on the surface is free from an energy barrier.

The significant discrepancy between the computed
and experimental DEA cross sections, as well as the
disagreement between three different experiments, urge
us a further consideration of the process, considering the
isotopologue molecule ND3, for which experimental data
also exist. Using the same approach, we computed the
DEA cross section for ND3. The results obtained are
briefly summarized and compared with the experiments

in Table I. Similar to NH3, the theoretical cross section
for ND3 is larger than in the experiments [31]. However,
the ratios of the NH3 and ND3 cross sections, obtained in
the experiment and theory, agree surprisingly very well:
Figures 5 compares the theoretical and experimental [30,
31] cross sections normalized to NH3 peak values. Given
that the experimental DEA cross sections still disagree
with each other and, therefore, cannot be etalons to
benchmark the theory, the fact that the NH3/ND3 ratios
agree well justifies the present theoretical approach.
To conclude, we have studied DEA to the NH3

molecule through the 5.5 eV resonance. The cross
sections obtained for NH3 and ND3 isotopologues
are larger by factors 2-4 compared to the available
experimental data, while the experimental cross sections
measured by three groups differ from each other by
about a factor of 2. On the other hand, an excellent
agreement of the present theory with two experiments
was found for the ratio of cross sections for the two
isotopologues. Given that the experiments disagree
with each other in calibration of the absolute cross
section, the excellent agreement for the ratio with the two
experiments validates the present approach and suggests
also that the absolute cross sections obtained in this
study are also accurate. In addition, the PES of the
5.5 eV NH−

3 resonance was studied and computed as a
function of the N-H distance and the angle of between the
N-H bond and the molecular axis, i.e. for C3v geometries.
The determination of the PES has been informative in
revealing the DEA mechanism. The PES can also help
modeling the structure of overlapping peaks produced
by N-H wagging-mode vibration and shed light on the
branching ratios in the dissociation products. Such a
study will be performed in a future.
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FIG. 4. PES of the 5.5 eV NH−
3

TNI state 2A1 as a function of the N-H nuclear distance R(N-H) and the angle θ(NH-C3)
between the NH bond and C3 axis. The surface is shown in the left panel. The arrows indicate the DEA flux on the surface
starting from the equilibrium geometry Re of the neutral NH3 marked by a red dot where the incident electron is captured.
The right panel shows the PES by isosurfaces. Horizontal lines representing the PES of the 2A1 state obtained with θ fixed at
90 (in blue) and 112 (in violet) degrees and R(N-H) stretched, are given on the top. Red vertical lines is the PES computed
fixing R(N-H) at 1.012 Å and varying θ.
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