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Abstract. A detailed dynamical study is presented for N+
2 /He collisions running

in the electronic ground state of the collision complex. Hybrid, quantum-classical

dynamical calculations have been performed considering a broad range of collision

energies (Ecoll = 0.01–100 eV) and various initial rotational-vibrational excitations of

the N+
2 ion. Both non-reactive and reactive (N+

2 collision-induced dissociation) cross-

sections have been calculated with the momentum-transfer approximation applied to

the former ones. A thorough comparison with pseudo-experimental data obtained from

mobility measurements reported in the literature via an inverse-method approach has

been performed and the effect of the rotational alignment of the N+
2 ion on calculated

cross-sections has been assessed and analyzed.

1. Introduction

The interest in cold rare-gas plasmas is primarily motivated by their

promising applications. Various areas have been mentioned in the literature,

like biomedicine [1, 2, 3], agriculture and food production [4, 5], VUV light

emission [6, 7], and others. Noteworthy, helium plays an important role

in such applications. To make the applications as efficient as possible, a detailed

understanding of plasmas properties is needed, both at the qualitative and quantitative

level. For this, numerical modeling and simulations represent an indispensable tool

since they are able to provide realistic data, mainly because of the rapid development

of simulation methods and hardware resources seen in the last decade, which are

quantitatively comparable with experiments but can be produced at much lower costs

and with deeper insight. In this way, a goal of reaching a quantitative description of

macroscopic properties of cold plasmas based exclusively on first-principles treatments

becomes both very attractive and achievable.

The cold rare-gas plasmas are usually generated via a dielectric-barrier discharge

ignited in a carrier rare gas by high voltage [8]. First, atomic as well as molecular

(mainly diatomic) ions of the carrier rare gas are formed inside the plasma generator,

carried downstream by the flowing carrier gas, and, finally, come into contact with the

environment (air) upon the plasma jet leaves the generator. Then, secondary ions

are formed from the main constituents of air, nitrogen in particular. In the

present paper, we specifically focus on the interaction of the N+
2 ion with

helium carrier gas. In this way, our former calculations on collisions of atomic and

molecular ions of helium with helium carrier gas [9, 10], occurring inside helium plasma

generators, are extended to interactions of the plasma with environment upon the plasma

leaves the generator. As a first step, adiabatic conditions and collisions running on the

ground-state potential energy surface of the N+
2 /He complex are assumed. The role of

electronically excited states of the complex and non-adiabatic transitions between them

will be the subject of a future study.

At the microscopic level, two main reaction paths are expected to take place if a

molecular dynamics simulation (MDS) is expected to run adiabatically on the ground-
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state potential energy surface of the N+
2 /He collision complex, the more abundant non-

reactive scattering (NRS),

N+
2 + He→ N+

2 + He, (1)

and, due to the strong binding in the N+
2 ion, much less frequent collision-induced

dissociation (CID) of the ion,

N+
2 + He→ N+ + N + He. (2)

A couple of other processes may also in principle appear but will not be considered

here because of their marginal importance (as approved by our calculations). For

example, a reaction of N+
2 + He → [NHe]+ + N may occur at high collision energies.

However, it has not been detected in our simulations at all. Another example of similarly

unimportant processes, which are not taken into account here, is N+
2 +He→ NHe+N+.

This process has neither been observed in our calculations, mainly because of the

extremely weak binding in the NHe complex. In addition to the two “exotic” collision

processes mentioned above, the charge transfer channel, N+
2 + He → N2 + He+, may

become important as the collision energy increases. However, it will also be ignored

here because a) very high collision energies are needed for it to open (Ecoll >∼ 10 eV) due

to a large difference of the ionization potentials of He and N2, and b) highly excited

electronic states of the N+
2 /He complex will have to be included, which goes beyond the

scope of the present study.

It should be also noted that the understanding of the processes of

activation and/or disintegration of colliding ions is of principal importance in

mass-spectrometry experiments [11]. The results of the present study may

thus be useful, though indirectly, in that field of research as well. It should

be noted, however, that much higher collision energies (in the keV range)

are considered in the mass-spectrometry experiments [12, 13] than those

taken into account in the present work. Under such extreme conditions,

electronically excited states of the N+
2 and N+ ions are produced. Since, on

the other hand, the present work is exclusively focused on the ground-state

dynamics of the N+
2 /He collision complex, its relevance for the field of mass

spectrometry may be limited and will not be discussed below.

To numerically model the processes of Eqs. (1) and (2), a direct dynamics

method [14], with energies and forces calculated on the fly using ab initio approaches,

has been primarily used. In addition, analytic representations of ab initio potential

energy surfaces have also been considered to get computationally cheap interaction

models working at the accuracy basically comparable to the accuracy of high-level ab

initio methods. For the latter, artificial intelligence approaches [15] based on the use of

artificial neural networks [16] have been utilized.

The rest of the present paper is organized as follows. Immediately following this

introductory part, computational methods are summarized in Sec. 2, including the

treatment of collisional dynamics and models of interactions in N+
2 /He (Subsecs. 2.1
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and 2.2, respectively), calculated cross-sections (Subsec. 2.3), and auxiliary inverse-

method calculations for extracting pseudo-experimental cross-section data from mobility

measurements of N+
2 in helium (Subsec. 2.4), the latter being used to assess the accuracy

of our numerical predictions. Finally, a summary of the main results and observations,

and conclusive remarks are provided in Sec. 4.

2. Methods and computations

2.1. Dynamics

The MDSs have been performed on the ground-state potential energy surface

of the N+
2 /He ion using a hybrid approach. It means that atomic nuclei have

been treated classically while a full quantum treatment has been adopted for

electrons. For the classical treatment of nuclei, Hamilton’s equations of motion have

been used,

−̇→r k =
−→p k

mk

, −̇→p k =
−→
F k, (3)

where −→r k, −→p k and mk are the position vector, linear momentum and mass of the k-th

atom, respectively,
−→
F k = −∇kE is the force acting on the k-th atom, with E standing

for the ground state potential energy surface (PES) calculated at the Born-Oppenheimer

level.

The quasi-classical trajectory (QCT) approach [17] has been used to obtain bunches

of trajectories to be further utilized in calculations of collision cross-sections. For each

trajectory, a multi-step 4th order method has been used to numerically integrate the

classical equations of motion, Eq. (3). A predictor–corrector method of a prediction–

evaluation–correction–evaluation (PECE) scheme [18] has been used with the Crane–

Klopfenstein [19] and Adams–Moulton [20] methods used as the predictor and the

corrector, respectively. To initialize the calculation, the classical 4th order Runge-Kutta

method [21] has been employed.

The initial conditions of Eq. (3) consist of a couple of parameters that

are fixed for a particular bunch of trajectories and some other parameters

which are allowed to vary across different trajectories included in the

bunch, the latter being sampled from distributions corresponding to typical

experimental conditions. The fixed parameters include the rotational-

vibrational state of the N+
2 ion given by its rotational, j, and vibrational,

v, quantum numbers, and the N+
2 /He center-of-mass collision energy, Ecoll,

while the sampled quantities comprise the isotropic orientation of the N+
2 ion

in space, the phase of its vibrational motion, the orientation of the N+
2 angular

momentum in space, and the impact-parameter of the N+
2 /He collision.

The generation of initial conditions proceeds for particular values of j, v, and

Ecoll as follows. First, a grid of collision impact-parameters, b, ranging between b = 0

and b = bmax with bmax chosen iteratively in course of a calculation so that b ≥ bmax

contribute negligibly to any of the calculated cross-sections, is considered with a step
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of ∆b = 0.4 bohr. For each value of the impact parameter, an ensemble of 128

initial conditions has been generated in a couple of subsequent steps. Firstly, the N+
2

internuclear distance has been randomly assigned utilizing the probability distribution

obtained from the square of the nuclear wave function of the selected rotational-

vibrational state of the N+
2 ion. The center of mass of the ion has been put to the

origin of coordinates. Secondly, linear momenta of nitrogen atoms are adjusted so

that the angular momentum of N+
2 corresponds to the rotational quantum number of

the selected state of the ion and its internal energy is equal to the eigenenergy of the

selected rotational-vibrational state. Thirdly, the N+
2 ion is randomly rotated in space,

including the linear momenta added to the nitrogen nuclei. Fourthly, the position of

the incoming He atom is adjusted in the x-z plane so that its x-coordinate corresponds

to a particular value of the impact-parameter, xHe = b, and the z-coordinate is equal

to a preset value z = zmax (zmax = 10 bohr in the present calculations). The linear

momentum of the He atom is assigned a value corresponding to the particular value of

the N+
2 /He collision energy, Ecoll, transformed from the center-of-mass of the collision

complex to the current frame (linked to the center of mass of the N+
2 ion). Finally, the

coordinates and momenta of all the three atoms are transformed to the center-of-mass

system of the N+
2 /He collision complex.

To create a particular rotational-vibrational state in the N+
2 ion prior to its collision

with He, corresponding rotational-vibrational wave function and energy level are needed.

They have been calculated using the LEVEL16 package [22] and an N+
2 potential

calculated at the same level of theory as used in dynamical calculations (see Subsec.

2.2). Cubic splines have been used to interpolate between discrete ab initio points.

Each particular trajectory has been evolved numerically until a distance-based

termination criterion is met. Specifically, a calculation is terminated if at least two

of the three distances between the nuclei of the N+
2 /He complex become larger than

the maximum of the three distances recorded at the beginning of the calculation. If

all three distances exceed this limit, the CID channel is considered to take place.

Otherwise, the stability of the resulting diatom, which has exclusively been the N+
2

ion in our calculations, is tested using its internal energy. If the internal energy is

below the dissociation limit, the NRS channel is considered on the output, otherwise

the CID channel is assumed to take place. In this way, final coordinates of the colliding

particles and their momenta have been obtained to be used in subsequent cross-sections

evaluations (see Sec. 2.3).

It should be noted that for collision energies Ecoll <∼ 0.1 eV, long-lived, “orbiting”

trajectories have been encountered for specific values of the impact parameter, which

has led to considerably increased computational times. To meet wall-time limits

imposed by the computational resources we used in our calculations, another termination

criterion has been adopted for such cases consisting c) in checking the maximum time

of computation and repeatedly chaining calculations until the distance-based conditions

(a and b) are obeyed.

All the MDSs reported in this study have been performed using homemade
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codes [23] in which both the dynamical part of the calculations and necessary interfaces

to third-party electronic structure codes are implemented. Communication with the

electronic structure codes has been performed by sharing messages and data exchanged

via files saved to a fast hard drive and/or RAM disk. Most of the implementation

has been written in the Fortran 90 language with an envelope of bash scripts used to

implement the interfaces.

2.2. Interactions

A key input to any MDS is the calculation of forces (energy gradients) acting between

interacting particles. In the present work, most of the MDSs have been performed in

the direct dynamics regime [14] with the forces and energies calculated via ab initio

methods employed on the fly. For this, standard methods of quantum chemistry have

been used as implemented in the MOLPRO software package [24], versions mpp-2020.1.2

and mpp-2021.1.

The main working tool of the present study has been the multi-configuration self-

consistent field (MCSCF) method [25, 26]. In a preceding study [27], we analyzed the

performance of the MCSCF method by comparing it with the more accurate multi-

reference configuration interaction (MRCI) approach, both for the N+
2 ion and the

N+
2 /He collision complex, and showed that it provided a sufficient level of accuracy

while leading to acceptable computational costs. As a consequence, the MCSCF method

is selected here to serve as a suitable trade-off between accuracy and computational

feasibility if applied on the fly.

All the electronic structure calculations have been performed for the electronic

ground state of the N+
2 /He complex in the state-specific regime. An aug-cc-pVQZ

(avqz) basis set [28, 29] has been utilized to properly describe induction interactions

between the weakly polarizable He atom and the N+
2 ion. The g-orbitals, inherently

included in the quadruple-zeta basis sets, have been omitted in order to make the use

of analytical gradients possible in the used versions of the MOLPRO package and to

avoid time-consuming numerical calculations of forces. Hereafter, the reduced basis set

will be denoted as avqz(spdf).

The orbital space (OS) adopted for the MCSCF calculations on the base of thorough

testings [27] consists of eleven A’ and two A” functions, i.e., the minimal active space has

been used with two more A’ orbitals added to better describe the anisotropic distribution

of the positive charge in the N+
2 ion. Such an OS improves the numerical accuracy

while the computational demands still remain feasible. Moreover, as was shown in

Ref. [27], the use of the MCSCF method combined with the moderate basis set and

the OS considered in this work leads to an accuracy comparable with the accuracy of

benchmark MRCI calculations, in contrast to big basis sets and extensive OSs when

worse agreement with the benchmark calculations is achieved1.

1 To make these extensive tests employing larger basis sets (up to aug-cc-pV6Z) and orbital spaces

including all the 3p orbitals of nitrogen (in addition to the 3s ones considered in this work) practicable,
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Because of the high computational demands of the ab initio methods, an alternative

approach based on artificial neural networks (ANNs) has been employed to save

computer time in some dynamical calculations performed in the present work.

Specifically, the use of an ANN representation of the PES of a system is expected to

provide a much less computationally demanding interaction model which may be, on

the other hand, of comparable quality as the underlying ab initio calculation used to

generate data against which the ANN has been trained. Basically, any accuracy of

quantum chemical calculations may be reproduced in this way at considerably reduced

computational costs.

In our work, fully connected, feed-forward ANNs have been used as implemented in

a homemade code developed recently in our group (neuron4dyn). ANNs with four layers

comprising an input layer with three neurons representing coordinates of the N+
2 /He

collision complex (see below), two hidden layers containing twenty and five neurons,

respectively, and an output layer providing the interaction energy of the complex have

been used. Standard logistic activation functions have been assigned to the neurons in

hidden layers while linear activation is used in both the input neurons and the output

neuron. The ANNs have been trained against data collected as a “side product”

of the MDSs performed in the on-the-fly regime.

It should be emphasized here that it is not the aim of the present work

to develop a general-purpose ANN representation of the N+
2 /He ground-state

PES. Instead, computationally cheap models of the PES have been developed

which reproduce the underlying ab initio data as close as possible. For this

reason, separate ANNs have been trained for each collision energy2 using

a training method based on a Kalman filter approach [30]. In this way, a set of Ecoll

specific ANNs have been obtained which almost identically reproduce all

the parts of the N+
2 /He ground-state PES relevant for the specific value of

Ecoll. Typically, hundreds of thousands to millions of points collected during dynamical

simulations 3 have been used as training sets, which ensures a very high fidelity of the

resulting ANNs.

The quality of the developed ANNs is justified by insignificant deviations between

the training energies and the estimates returned by the ANNs. Typically, the deviations

are well below 1 meV for the ANNs developed for Ecoll ≤ 1 eV, up to 5 meV for

1 eV < Ecoll ≤ 15 eV, and only exceed this value for the highest collision

energies considered (Ecoll ≥ 20 eV). The mean absolute errors (MAEs) are
<∼ 0.2 meV, <∼ 1.2 meV, and about 4−5 meV, respectively. Note that much

less favorable results would have been obtained if a general ANN had been

they were only performed for the N+
2 ion, the most difficult part of the N+

2 /He complex.

2 In the present work, only the j=0,v=0 initial state of the N+
2 ion has been considered for the developed

ANNs.
3 The number of training points depends on the dynamical data collected for particular collision

energies, the number decreases with increasing Ecoll. For example, 2 × 106 to 4 × 106 training points

have been available for the smallest two collision energies while 105 to 7 × 105 points have been used

for Ecoll ≥ 0.15 eV.
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trained using the same ANN architecture and/or considerably bigger ANNs

should have been used. For example, if the data sets obtained for the highest

collision energies (Ecoll ≥ 20 eV), which cover the largest part of the N+
2 /He

PES, are used to train an ANN of the same architecture as employed in this

work, typical MAEs amount to about 2−7 meV for the points generated for

Ecoll ≤ 1 eV and to about 5−14 meV for 1 eV < Ecoll ≤ 15 eV. This means that

at least by an order of magnitude worse accuracy is achieved in this case for

the most relevant range of collision energies4.

Permutational invariant polynomials of reciprocal values of distances between

atomic nuclei in the N+
2 /He complex, f1(r1, r2, r3) = r−11 , f2(r1, r2, r3) = r−12 + r−13 ,

f3(r1, r2, r3) = r−22 +r−23 , with r1 being the internuclear distance between nitrogen atoms

and r2 and r3 representing the distances between the helium atom and nitrogen atoms,

have been used as the input to the ANNs. As a consequence, not only translational and

rotational invariance of the resulting PES is assured, but also permutational invariance

with respect to the exchange of the two nitrogen atoms is included.

2.3. Cross-sections

As mentioned in Sec. 1, the collisions of interest in this work are the N+
2 /He non-

reactive scattering (NRS), Eq. (1), and the collision-induced dissociation (CID) of the

N+
2 ion, Eq. (2). The basic quantity used to quantitatively describe these collision

processes is the differential cross-section, dσ/dΩ. However, the differential cross-section

of the former process cannot be directly used since, within the classical approach, the

differential cross-section of the NRS process has a non-integrable singularity at the zero

deflection angle and, thus, the corresponding integral cross-section diverges.5

To deal with this problem, approximate cross-sections calculated at the momentum-

transfer approximation level [32], momentum-transfer cross-sections (MTCSs), are used.

Following our previous studies (see, e.g., Ref. [33]), two types of MTCSs have been

considered,

σ
(MT1)
NRS =

∫
4π

[
dσ

dΩ

]
NRS

(1− cos θ) dΩ, (4)

σ
(MT2)
NRS =

∫
4π

[
dσ

dΩ

]
NRS

(
1− p′

p
cos θ

)
dΩ, (5)

where θ is the scattering angle, p and p′ are the magnitudes of the linear momentum

of the He atom before and after the collision, respectively, and [dσ/dΩ]NRS denotes the

differential cross-section of the NRS channel. Hereafter, we will denote the two types

of cross-sections as MTCS1 (or, alternatively, “type 1 MTCS”) in the case of Eq. (4)

and MTCS2 (or “type 2 MTCS”) for Eq. (5). It is noteworthy that the presence of

4 As follows from our preliminary calculations and will be discussed in a following work [31], N+
2 /He

collision energies are well below 15 eV if an external electric field up to E/N ≈ 200 Td is applied.
5 The NRS process comprises the elastic scattering channel which has, at the classical limit, an infinite

integral cross-section. As a consequence, the same holds for the NRS channel.
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the cosine terms in integrals on the right-hand side of Eqs. (4) and (5) suppresses the

divergence of the differential cross-section at θ → 0 and the resulting MTCSs are finite.

As discussed before [9], the use of the momentum-transfer approximation introduces

only a negligible error. Note also that MTCS1 was originally introduced for elastic

scattering while MTCS2 represents a generalized version presumably better describing

non-elastic processes accompanied by a transfer of energy between translational and

internal degrees of freedom. Both approaches were successfully tested in a series of

previous calculations on rare-gas ionic diatom/atom collisions reported from our group

(see, e.g., Refs. [34] and [35] and references given therein).

For the CID process, a process with a non-zero energetic threshold, such problems

do not occur, and a standard integral cross-section,

σ
(int)
CID =

∫
4π

[
dσ

dΩ

]
CID

dΩ, (6)

may be used even at the classical level.

In order to check the convergence of cross-sections with respect to the impact-

parameter and to properly choose the maximum value of the impact-parameter, bmax,

for a particular [Ecoll,j,v] calculation, an auxiliary quantity representing (dimension-less)

contributions to the considered cross-sections from trajectories started at a particular

value of the impact-parameter, ∆σ
(Y)
X (b) (X = NRS or CID, and Y = MT1, MT2 or

int), has been introduced by

σ
(Y)
X =

∫ +∞

0

2πb∆σ
(Y)
X (b)db. (7)

For each calculation, we observed the evolution of ∆σ with b for both NRS and CID

and set bmax so that 2πb∆σ(b) ≈ 0 for both channels at b ≥ bmax.

2.4. Inverse-method calculations

To our best knowledge, no experimental data have been reported in the literature for

N+
2 /He for either NRS or CID cross-sections. As a consequence, it is not possible to

directly compare the data calculated within the present work with experiment. For

MTCS1, however, pseudo-experimental estimates of the cross-section can be extracted

from measured mobility of the N+
2 ion in helium gas [36] via a so-called inverse method [8].

Following a good practice of our preceding studies [8, 34, 35], we use this approach

to calculate type 1 MTCSs to serve as “experimental” benchmarks for testing our

theoretical approaches.

The inverse method (IM) [36, 37] is an approximate computational approach using a

simple spherical core potential to describe the interactions between the colliding particles

(which are considered to be structure-less and point-wise),

Vcore =
nεw

3n− 12

[
12

n

(
rm − a
r − a

)n
− 3

(
rm − a
r − a

)4
]
, (8)
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with n, εw, rs, and rm being adjustable parameters to be optimized against available

(experimental) data, usually the ion mobility in buffer gas measured over a sufficiently

broad range of the reduced electric field. The method starts with setting a

plausible ansatz for the core-potential parameters and then typically proceeds through

three iterative steps: a) MTCS1 calculations6 based on Jeffreys-Wentzel-Kramers-

Brillouin (JWKB) method [38], b) mobility calculations utilizing the cross-sections

obtained in the preceding step and employing, e.g., Monte Carlo simulations [39],

and c) the readjustment of the core-potential parameters based on the comparison of

calculated and measured (mobility) data. These three steps are repeated until a good

correspondence between experimental and calculated data is achieved.

3. Results and discussions

3.1. Inverse-method calculations

Prior to presenting the data calculated within this work, let us briefly discuss how their

accuracy has been tested and justified. As mentioned above, to our best knowledge,

no direct measurements have been reported in the literature for the cross-sections of

the NRS of N+
2 /He nor for the CID cross-sections. As a consequence, only indirect

comparisons with experiments can be made using pseudo-experimental values of MTCS1

obtained from N+
2 /He mobility measurements via the inverse method approach described

in Subsec. 2.4.

A survey of the most extensive experimental data on the N+
2 /He mobility [40, 41, 42]

is provided in the inset of Fig. 1, related type 1 MTCSs derived from the IM are shown

in the main panel of the figure, and for comparison, the N+
2 /He mobility values

calculated from the IM cross-sections are also shown in the inset. Looking at

the inset of the figure, one can clearly see that different experimental mobility points are

rather close to one other, so, their reliability is mutually verified. Just the most recent

measurement by Anthony et al. [42] are slightly above the older ones by McFarland et

al. [40] (in this work we use the values reported in a compilation by Ellis et al. [43]) and

Kaneko et al. [41]. The IM representations of the N+
2 /He mobility also perfectly

agree with one another as well as with the experimental points. Mainly

the latter correspondence clearly shows a good performance of the IM in

the specific case of the N+
2 /He scattering, at least over the range of the reduced

electric field considered in the experiments. The resulting IM type 1 MTCSs (shown

in the main panel) may thus be considered a realistic substitute of missing experimental

data7. As mentioned above, a similarly favorable performance of the IM

6 Since a simple interaction potential is used, which does not take into account either the CID channel

or the non-elastic scattering, only type 1 MTCS can be calculated in this way. The simplifications used

in the IM method may, in addition, lead to a serious failure of the method if very strong electric fields

are involved in which both neglected processes may become important.
7 Since the IM approach cannot be used to calculate the CID cross-sections, which are neither available

in the literature, we will exclusively rely on tests based on the comparison of MTCS data in this work.
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approach was also observed in our preceding studies [8, 34, 35], which further

supports the use of the IM cross-sections as a reliable pseudo-experimental

benchmark.

3.2. Momentum-transfer cross-sections

A summary of the MTCSs we have obtained is provided in Fig. 2.

Specifically, MTCS1 is considered in this figure. Note that various initial

vibrational and/or rotational excitations of the N+
2 ion have been taken into

account. Firstly, the rotational-vibrational ground state of N+
2 (j=0,v=0)

has been included as a representative of a thermal population8 of the ion at

T = 300 K. Secondly, j=0,v=1 (about +0.27 eV above the ground state at the

MCSCF/avqz(spdf) level) is used to represent low-lying vibrational states

of the N+
2 ion and to see the effect of its vibrational excitation. Thirdly,

j=36,v=0 represents a rotationally excited state of the N+
2 ion with the

excitation energy (about +0.31 eV) close to the j=0,v=1 case. It is included

to see the difference between calculated cross-sections when the excitation

energy is pumped into the vibrational degrees of freedom of the N+
2 ion and

the case when the rotation of the ion is enhanced by a comparable amount

of energy. Finally, a rather high vibrational excitation of j=0,v=10 (about

+2.5 eV above the ground state) has been included to see the effect of the

highest N+
2 vibrational excitations for which the adiabatic approximation

adopted in this work is valid9.

The most important observations one can draw from Fig. 2 are as follows. Firstly,

a very good agreement between the theoretical data and IM calculations is seen for

Ecoll ≈ 0.05 − 1.0 eV. This is particularly well apparent if the theoretical data are

compared with the IM values obtained from the most recent experiment [42]. Secondly,

for low collision energies (here represented by Ecoll = 0.01 eV), a well apparent deviation

is seen between theory and IM. The theory underestimates the IM cross-section by

about 4–5 times, probably because the MCSCF method does not describe the long-

range polarization forces acting between the N+
2 ion and the He atom at long distances

with a sufficient accuracy. These long distances get particularly important at

very low collision energies. It is illustrated in Fig. 3 where contributions

of different impact parameters (see Eq. (7)) to the type 1 MTCSs are

depicted for the specific case of j=0,v=0 and selected collision energies.

Clearly, impact parameter values up to bmax ≈ 11 bohr contribute for the

lowest energy considered (Ecoll = 0.01 eV) while significantly smaller values

8 At room temperature, the vibrational state of the N+
2 ion is dominantly v = 0 (as estimated from

equilibrium statistics) and only low-lying rotational states are occupied with the mean rotational

quantum number being 〈j〉 ≈ 10.
9 Slightly above the j=0,v=10 excitation energy, a crossing occurs between the ground state (X2Σ+

g )

and the lowest excited state (A2Πu) of the N+
2 ion and the adiabatic approximation may thus fail for

these high excitation energies.
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of b <∼ 5.5− 7.5 bohr are important for higher collision energies (Ecoll = 0.05 eV

and Ecoll = 0.15 eV). Highly probably, ab initio methods with a more accurate

inclusion of dynamical electronic correlations will be needed to remove this

discrepancy. For example, the MRCI method may be an appropriate choice.

Thirdly, a similar, though less dramatic (if the logarithmic scale on the cross-section axis

is taken into account) disagreement is also seen between calculated and IM cross-sections

at the highest collision energies included in Fig. 2. However, it is not clear whether the

approximate IM provides reliable results in this high-energy region. Fourthly, the effect

of the initial rotational-vibrational excitation in the N+
2 ion on the resulting MTCS

data is only marginal. Interestingly, it holds even for rather highly vibrationally excited

ions (j=0,v=10), the linear dimension of which and, as a consequence, corresponding

geometric cross-sections are non-negligibly increased.

Another important question, namely what will be the difference between data

obtained using type 1 (Eq. (4)) and type 2 (Eq. (5)) MTCSs, is examined in Fig. 4.

The data depicted in this figure clearly show that both methods of MTCS calculations

yield basically the same results, the deviations being (mostly considerably) below 0.6 Å2,

even for the largest N+
2 rotational-vibrational excitation and highest collision energies

for which inelastic processes might be expected to play a role. However, it seems that

the opposite is true and that the transfer of energy between translational degrees of

freedom of the N+
2 /He complex and the rotational-vibrational degrees of freedom of the

N+
2 ion is not much important. As a consequence, only the type 1 MTCS will be used

in the following analysis and discussion.

As mentioned before, nor experimental neither theoretical data exist for

the N+
2 /He cross-sections in the literature we could directly compare with.

An indirect comparison and validation of the present data can be however

performed using integral cross-sections of the vibrational excitation/de-

excitation of the N+
2 ion in collisions with low-energy electrons (Ecoll <∼ 2.3 eV)

calculated recently via a Multichannel Quantum Defect Theory method [44].

Despite the facts that a) the collisions studied here, N+
2 /He, and those of

Ref. [44], N+
2 /e−, are rather different from each other, b) different kinds

of cross-sections have been considered (integral vs. momentum-transfer),

and c) the levels of calculations of both studies differ considerably, it is

encouraging that the values reported in Ref. [44] compare rather well with

ours. For example, it can be learnt from Fig. 3 of Ref. [44] that the cross-

sections of N+
2 (v = 0) + e− → N+

2 (v = 1) + e−, a dominating channel of the

N+
2 (v = 0)/e− collision, range between 1 Å2 and 30 Å2 around Ecoll ≈ 0.5 eV,

and between 1 Å2 and 18 Å2 for Ecoll ≈ 1.0 eV. The estimates we obtained for

the same collision energies for N+
2 /He are about 14 Å2 and 12 Å2, respectively,

with both values matching well the experimental N+
2 /e− spans. For higher

collision energies, Ecoll ≈ 1.5 eV and Ecoll ≈ 2.0 eV, the values of Ref. [44]

( <∼ 4 Å2 and <∼ 2 Å2, respectively) are, on the other hand, well below our

estimates (about 10 Å2 and 9 Å2, respectively). In the higher-energy region,
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the methodological differences between the calculations of Ref. [44] and the

present ones seem thus to have much better pronounced effect. But, even

though and rather encouragingly, both data sets remain rather close to each

other.

3.3. Dissociation cross-sections

It is not much to be said about the cross-section of the N+
2 /He CID except that it

is very small over the whole range of collision energies and for all the N+
2 rotational-

vibrational excitations considered, as is clearly seen from Fig. 5. Interestingly, even

for the highest N+
2 vibrational excitation (j=0,v=10), the CID cross-section is always

below about 0.8 Å2, like for the two lower excitations considered here as well as for the

rotationally-vibrationally ground state of the N+
2 ion. Naturally, the energetic threshold

of the N+
2 CID decreases as the excitation of the N+

2 ion grows up, but the values of

the CID cross-section increase only marginally. In conclusion, the CID channel plays a

minor role in N+
2 /He collisions, highly probably due to a rather big difference between

the masses of helium and nitrogen atoms.

3.4. The effect of N+
2 alignment

Since the interaction of the N+
2 ion with He is strongly anisotropic, the effect of the

collision-induced alignment of the angular momentum [45] of N+
2 ions is expected to be

important in N+
2 /He collisions, as previously suggested by experiments [46, 47] as well

as simulations [48, 49, 50]. In this subsection, we briefly analyze the effect of the N+
2

alignment on calculated cross-sections. To save computer time, ANNs trained against

the data obtained from preceding on-the-fly calculations have been employed rather

than running additional computationally demanding on-the-fly calculations.

The effect of the N+
2 alignment on the cross-sections reported in this work

is analyzed for the specific case of the rotationally-vibrationally ground-state

N+
2 ion (j=0,v=0). For this, fully-connected, feed-forward ANNs of a 3−20−5−1

architecture (see Subsec. 2.2) have been specifically built for each collision

energy considered. In this way, highly accurate representations of specific domains

of the N+
2 /He potential energy surface which are relevant for at particular collision

energies have been obtained. As an illustration of achieved accuracy, in Fig. 6 we

provide a comparison between cross-sections obtained for N+
2 (j=0,v=0) from the on-

the-fly calculations and from additional calculations employing the optimized ANNs.

Clearly, the agreement between the two calculations is excellent and the accuracy of the

ANNs is thus fully warranted for the purposes of the present calculation.

The effect of the N+
2 angular momentum (J) alignment in N+

2 /He collisions is

illustrated, for the specific case of j=0,v=0, in Fig. 7 where cross-sections calculated

for parallelly (PAR) and perpendicularly (PER) oriented J are compared with data

obtained for non-aligned J (NA). An explanatory note should be added here specifying

more clearly how different alignments of the N+
2 ion angular momentum have been
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modeled in the specific case of the rotational ground state of the N+
2 ion (for which the

ion angular momentum is zero). In this case, specific alignments of the N+
2 itself are

considered. Without loss of generality, one may suppose that the center of mass of the

ion is put, at the beginning of each collision, to the origin of coordinates, the He atom is

placed in the xz plane, and that its initial velocity is parallel to the z-axis (collision axis).

Then, the PER alignment of J is modeled by initially placing the N+
2 ion in a randomly

oriented plane going through the z-axis (a plane parallel to the collision direction) and

the PAR orientation of J is imitated by putting the ion in the xy plane (perpendicular to

the collision direction). In both cases, the ion axis is randomly oriented in the respective

plane. The NA orientations of the ion are then generated randomly (isotropically) in

space.

As is clear from Fig. 7, the values of MTCSs obtained for PAR, PER, and NA J

are rather close to one another, which means that the effect of the alignment of J on

MTCS is only minor over the whole range of considered collision energies. The only

exception is the lowest collision energy, Ecoll = 0.01 eV, for which the difference between

both PAR/NA data and PER/NA data is about ±5 Å2 (but still well below 10 % of the

NA value). For CID cross-sections, the differences seem to be much better pronounced

if relative deviations are considered, but the absolute magnitudes of the differences are

fairly small. Importantly, the CID cross-sections are negligibly small for N+
2 with both

aligned J and non-aligned J .

In general, the PER cross-sections (both MTCSs and CID cross-sections) are below

the PAR cross-sections with the NA cross-sections in between. Such an observation is,

however, not surprising and quite expected since a) the PER alignment of the N+
2 angular

momentum means that both parallel and perpendicular orientations of the diatomic ion

(with respect to the collision axis) are involved while for the PAR alignment, only

perpendicularly oriented ions contribute, and b) the effective geometric cross-section

of a parallelly oriented diatomic ion is smaller than the geometric cross-section of a

perpendicularly oriented one.

It should be also noted that the type 2 MTCSs calculated for PAR and/or PER

aligned J (not shown in Fig. 7) are, like for non-aligned J , only marginally different

from the corresponding type 1 MTCSs. Observed differences are typically well below

1 % for Ecoll <∼ 25 eV and gradually increase up to about 6 % as Ecoll grows further up.

Again, however, very small values of both types of MTCS in this high-energy region are

responsible for the increased relative deviations. The magnitudes of the deviations still

remain fairly tiny.

4. Conclusions

Collisions of molecular ions of nitrogen, N+
2 , with helium gas have been modeled via the

direct dynamics approach [14] based on a classical treatment of atomic nuclei and the use

of ab initio approaches for potential energy calculations employed on the fly. The main

motivation of this work has been to provide quantitative data for macroscopic modeling
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of cold helium plasma and its interaction with the environment (air) after the plasma

leaves the interior of a plasma generator. The electronic ground state has been presumed

in the N+
2 /He collision complex in all points of the collision trajectory and, consequently,

the collision dynamics have been treated adiabatically. Electronic excitations have been

neglected and the assessment of their role is postponed to a future publication. A broad

range of collision energies (Ecoll = 0.01 − 100 eV in the N+
2 /He center-of-mass system)

have been considered to calculate data appropriate for the modeling of interactions

between N+
2 and carrier helium gas in strong electric fields which are present in helium

plasma jets [8].

Bunches of trajectories started from properly chosen initial conditions have been

integrated numerically and collision cross-sections of the most important processes have

been calculated from these trajectories. Forces (gradients of the N+
2 /He ground-state

PES) needed to integrate equations of motion have been calculated on the fly using a

multi-configuration self-consistent field (MCSCF) method and sufficiently large basis set

(aug-cc-pVQZ with atomic orbitals included up to the f-type functions). For selected

calculations, analytic representations of the N+
2 /He potential energy surface via artificial

neural networks (ANNs) have been used to speed up the calculations. High-quality

ANNs have been trained for specific collision energies leading to an almost perfect

reproduction of the MCSCF data.

The main outputs of the dynamical calculations are collision cross-sections. Two

main collision processes play a role under typical experimental conditions, the non-

reactive scattering (NRS) of the N+
2 ion on helium carrier gas, N+

2 +He→ N+
2 +He, and

the collision induced dissociation (CID) of the N+
2 ion, N+

2 +He→ N+ +N+He. For the

NRS process, two kinds of integral cross-sections evaluated at the momentum-transfer

(MT) approximation [32] level (Eqs. (4) and (5)) have been considered to remove the

well-known issue of the non-integrable singularity of classical differential cross-sections of

the elastic scattering channel (included in NRS) at zero deflection angles, while a “usual”

integral cross-section has been used for the CID channel (Eq. (6)). The dependence of

calculated cross-sections on the initial rotational-vibrational excitation of the N+
2 ion has

been analyzed as well as the effect of the polarization of the N+
2 angular momentum,

a well-known phenomenon in systems with strongly anisotropic interactions [45]. In

addition, state-of-the-art experimental data [40, 41, 42] on the mobility of N+
2 in helium

have been inverted via an inverse-method (IM) approach [37] to get “experimental”

estimates of the NRS cross-sections for an assessment of the reliability of calculated

data and validation of employed computational approaches.

The main results of the present calculation may be summarized as follows. Firstly,

a very good correspondence between the theoretical MT cross-sections obtained within

the present work and pseudo-experimental MT cross-sections obtained from the IM

approach has been achieved at medium-range collision energies (Ecoll ≈ 0.05− 2.5 eV).

Only for the lowest collision energy considered here (Ecoll = 0.01 eV) and for energies

belonging to the high-energy region (Ecoll >∼ 2.5 eV), a well pronounced difference is seen.

While for the latter (high collision energies), the IM approach based on a simple isotropic
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potential (and, moreover, neglecting the CID channel) may fail to correctly reproduce

collision cross-sections, in the former case (low collision energies), the main source of

discrepancies may consist in a not fully appropriate inclusion of the induction and

dispersion interactions between the N+
2 ion and He atoms at large distances within the

MCSCF method used in the present work. Highly probably, a more accurate treatment

of dynamical electron correlations (e.g., a multi-reference CI method) will be needed

to remove this discrepancy. Interestingly, the MTCSs reported in this work for

the N+
2 /He collisions agree quite well with recently reported (integral) cross-

sections of the N+
2 /e− scattering [44], even though a different collision system

was considered and a different computational methodology was used in Ref.

[44].

Secondly, the effect of the initial rotational-vibrational excitation in N+
2 on the MT

cross-sections is only minor. Even for the highest excitation considered in this paper

(j=0,v=10), the deviations are well below 1 Å2. A bit better pronounced sensitivity

is seen for rotational excitations (represented here by j=36,v=0). For example, the

MT cross-section deviates, in this case, by about 1.7 Å2 from the j=0,v=0 value at

Ecoll = 0.05 eV, which represents, however, a relative deviation of only 7 %.

Thirdly, the effect of N+
2 angular momentum alignment on the MT cross-sections

is also only moderate and is considerably attenuated as the collision energy increases.

As expected from geometric considerations, the parallel alignment of the N+
2 angular

momentum with respect to the direction of collision leads to slightly larger MT cross-

sections than the perpendicular alignment, non-polarized data being in between.

Fourthly, the cross-section of the N+
2 CID is very small over the whole range of

collision energies and for all the rotational-vibrational excitations considered. It seems

that the CID process is not much important in N+
2 /He collisions, highly probably due to

a rather big difference in the masses of nitrogen and helium. In addition, the CID of N+
2

exhibits rather high energetic threshold ( >∼ 10 eV) due to the strong binding in the N+
2

ion. Naturally, this threshold decreases as the initial rotational-vibrational excitation

of the N+
2 ion increases. At the same time, however, the values of the CID cross-section

remain negligibly small (σCID <∼ 0.8 Å2).

Finally, it should be emphasized that though quite a detailed calculation has

been performed, many issues concerning N+
2 /He collisions still remain open and require

additional investigations. As the most important examples of such issues, let us mention

the relaxation of initial rotational-vibrational excitations in the N+
2 ion or the effect of

electronic excitations in the ion on the way the collisions discussed in this work proceed.

Both issues will be addressed by our group and will be the subject of prospective studies.

Moreover, one may object that an ultimate test of the accuracy of cross-

sections reported in the present work consists in their use in subsequent

calculations of the N+
2 /He mobility and a direct comparison of obtained results

with available experiments. Such calculations have been performed in our

group, together with calculations of other transport properties of the N+
2

ion in helium which are not available from measurements, and will be the
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subject of an immediately following study [31].
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Figures

Figure 1. Type 1 momentum-transfer cross-sections calculated from selected

experimental mobility data via the inverse-method (IM) approach: full line – IM

cross-sections obtained from mobility data given in Ref. [40] (as reported in Ref.

[43]), dashed line – IM cross-sections based on the mobilities of Ref. [41], and dash-

dotted line – IM cross-sections based on Ref. [42]. In the inset, related experimental

mobilities are provided for comparison (circles Ref. [40], up triangles Ref. [41], and

down triangles Ref. [42]) together with their IM representations (using the same line

patterns as in the main panel.)
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Figure 2. Type 1 momentum-transfer cross-sections (MTCS1) of N+
2 (j, v) + He →

N+
2 + He collisions as calculated for selected rotational-vibrational states of the N+

2

ion at the MCSCF/avqz(spdf) level: full circles j=0,v=0, upper half-filled circles

j=0,v=1, lower half-filled circles j=0,v=10, and open circles j=36,v=0. Inverse-

method values derived from selected experimental data are also included as gray lines

in the background (with the line patterns used as in Fig. 1). In the inset, deviations

of the MTCS1 calculated for the vibrationally and/or rotationally excited

N+
2 ions from the MTCS1 values obtained for j=0,v=0 are depicted.
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Figure 3. Contributions of particular impact-parameters to type 1 momentum-

transfer cross-sections, 2πb∆σ
(MT1)
NRS (b) (see Eq. (7)), of N+

2 (j= 0, v= 0)+He→ N+
2 +He

collisions as calculated at the MCSCF/avqz(spdf) level for selected collision energies:

full line Ecoll = 0.01 eV, dashed line Ecoll = 0.05 eV, and dash-dotted line Ecoll =

0.15 eV.
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Figure 4. Deviations between type 2 and type 1 momentum-transfer cross-

sections (MTCS2−MTCS1) of the NRS channel (Eq. (1)) as calculated at the

MCSCF/avqz(spdf) level for selected rotational-vibrational states of the N+
2 ion. The

symbols used are the same as in Fig. 2, the connecting lines are added to guide eyes.
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Figure 5. The same as in Fig. 2, but for the collision-induced dissociation cross-

sections (Eq. (2)).
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Figure 6. Comparison of type 1 momentum-transfer cross-sections and dissociation

cross-sections as obtained for N+
2 (j=0,v=0)/He collisions via the MCSCF/avqz(spdf)

method (full and open circles, respectively) and using artificial neural network

(ANN) representations of the N+
2 /He potential energy surface (pluses and crosses,

respectively). In the inset, deviations between the ANN and MCSCF/avqz(spdf) data

(ANN−MCSCF) are depicted.
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Figure 7. Comparison of type 1 momentum-transfer cross-sections (cir-

cles) and collision-induced dissociation cross-sections (diamonds) as obtained for

N+
2 (j=0,v=0)/He collisions assuming angular momentum of N+

2 perpendicularly

(PER) and/or parallelly (PAR) aligned to the collision axis (open symbols), and non-

aligned (full symbols). For comparison, inverse-method cross-sections are also depicted

as grey lines in the background. In the inset, deviations of the PER/PAR cross-sections

from the cross-sections calculated for non-aligned N+
2 are depicted.
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