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Wavepacket dynamics and quantum scattering in spin-orbit induced excitation
and quenching in N+(3P)–He(1S) and N+(1D)–He(1S) collisions
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The nonadiabatic wavepacket dynamics is used to calculate the excitation and quenching cross sections in the
N+(3P)–He(1S) and N+(1D)–He(1S) collisions using potential energy curves and spin-orbit coupling elements
calculated ab initio. The results are verified by comparison with cross sections calculated by solving the
time-independent coupled Schrödinger equation with the logarithmic derivative method, as well as with cross
sections calculated semiclassically using the Landau-Zener method. The comparison shows that the wavepacket
dynamics can be used for both the excitation and the quenching processes at energies ranging from 0.01 to 0.02
Hartree above the activation energy up to the energies of the order of 10 Hartree.
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I. INTRODUCTION

This study presents a comprehensive investigation of in-
elastic processes in collisions between atoms and/or atomic
ions based on a two-dimensional nonadiabatic wavepacket
dynamics approach. The validity of this treatment was initially
noted in the Appendix of Ref. [1], where cross sections for
charge transfer in collisions between hydrogen ions and nitro-
gen atoms were verified using a quantum scattering approach.

To our knowledge, the only previous attempt to apply two-
dimensional dynamics to an inelastic atom-ion process was
reported by Łabuda et al. [2]. However, that work did not
include verification against quantum scattering calculations or
other independent methods, and it was limited to relatively
low collision energies.

We will here further investigate the validity of the two-
dimensional wavepacket approach by studying both excitation
and deexcitation (quenching) in the

N+(3P) + He(1S) ↔ N+(1D) + He(1S)

scattering processes. In case of quenching, the deexcitation
energy is transferred to kinetic energy of the helium atom,
so this process is superelastic scattering. To model the re-
action, multistate scattering is needed where two pairs of
spin-orbit coupled states are included. The potential energy
curves and the effective spin-orbit couplings are here calcu-
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lated ab initio. In the present study, the cross sections for
excitation and deexcitation will be calculated using the two-
dimensional wavepacket approach. The cross sections will
then be compared with those calculated semiclassically (us-
ing a Landau-Zener model), and with cross sections obtained
by solving the time-independent Schrödinger equation for
the nuclear wave function using a logarithmic derivative
method [3].

The presented approach is based directly on wavepacket
dynamics on the coupled potential energy curves (PECs),
which is a fundamentally different approach from close-
coupling approaches in which nuclear radial wavefunctions
are represented as wavepackets [4–6].

In chemical research, low-dimensional nonadiabatic
wavepacket dynamics is often used to validate various sur-
face hopping algorithms [7,8]. Furthermore, it often serves
as a reference for developing novel semiclassical frame-
works, such as those based on the Exact Factorization of
the electron-nuclear wavefunction, ensuring that approximate
algorithms correctly capture complex features such as quan-
tum decoherence [9]. Wavepacket dynamics is also used for
rate constants of simple chemical reactions. In this case, the
overcoming of the energy barrier of the potential energy sur-
face is usually investigated, but sometimes also nonadiabatic
transitions are studied [10,11]. A recent application of nona-
diabatic wavepacket dynamics that incorporates spin-orbit
coupling is the study of nitrogen atom recombination in the
photodissociation of N2 [12], which utilizes a one-
dimensional wavepacket dynamics approach.
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FIG. 1. The potential energy curves used for the cross-
section calculations: 3� state with the N+(3P)–He(1S) dissociation
limit and 1� and 1� with the N+(1D)–He(1S) dissociation limit.
Activation energies of both excitations (EA1 and EA2) are shown.

The N+-He collisions are chosen because the excitation
and quenching dynamics depends only on the spin-orbit cou-
plings, and there are only two such couplings. This makes the
system the simplest case for studying multistate scattering.
In addition, these collisions could also be relevant for under-
standing various air/nitrogen and helium-containing plasmas
[13], particularly nitrogen-seeded fusion plasmas [14,15],
where helium and nitrogen atoms at different ionization states
are produced and may interact [16]. The processes studied
here may be additionally relevant for modeling conditions in
the European Shock-Tube for High-Enthalpy Research (ES-
THER), where helium is mixed with oxygen or nitrogen [17].

Previous work has focused on collisions of excited nitro-
gen ions with helium, which lead to charge transfer and do
not proceed via spin-orbit coupling mechanisms [18]. Re-
lated processes, such as charge exchange in He+ and He2+

collisions with neon, have been studied both experimentally
and using the classical overbarrier model with empirical
corrections [19]. However, the processes studied here are dis-
tinct from these previous works.

Throughout the article we use atomic units, unless other-
wise specified.

II. METHODS

A. Potential energy curves and couplings

For the scattering process, relevant states are the spin-orbit
coupled states 3�, 1�+, and 1� of the N+-He system with
potential energy curves crossing each other. These potential
energy curves are calculated ab initio and are displayed in
Fig. 1. The noncrossing potentials will have a negligible effect
compared to the crossing ones. The potential energy curves
are obtained using the MOLPRO package [20] with the MRCI-
F12 method using the (6,3,3,2) active space of orbitals in
C2v symmetry. The cc-pVQZ-f12 basis set is used and the
calculations are carried out in the large range of internuclear
distances between 0.1 and 30 bohr.

FIG. 2. The spin-orbit coupling constants for each pair of cross-
ing states. The figure shows the calculated couplings before the
asymptotic couplings are transformed away.

The calculated potential energy curves obtained here were
previously studied in [21] using CASSCF/MRCI (Com-
plete Active Space Self-Consistent Field/Multi-Reference
Configuration Interaction) with a smaller active space, but ex-
trapolations of the potentials at both long and short distances
were performed. The potential energy curves obtained in [21]
are in good agreement with the ones calculated here.

All molecular states with potentials associated with the
lower dissociation limit [N+(3P) + He] have multiplicity 3;
and all states associated with the higher dissociation limit
[N+(1D)+He] have multiplicity 1. Because of that, the spin-
orbit coupling is the only coupling mechanism; there is no
contribution from radial or rotational couplings among the
states.

The effective spin-orbit coupling constants, VSO, are
obtained from the full spin-orbit matrix calculated using MOL-
PRO, for the singlet-triplet coupling, according to [22–24]

VSO =
√∑

M,M ′

∣∣HSO
SM,S′M ′

∣∣2
, (1)

where the spin-orbit matrix elements are calculated with
combination of the full Breit-Pauli operator and mean-field
one-electron Fock operator. The coupling constants are also
calculated at distances of 0.1–30 bohr. Studies of low-energy
collisions explicitly treat fine atomic states and use individual
elements of the spin-orbit matrix [25], rather than the effective
ones. A recent example of using effective spin-orbit coupling
in atom-molecule collisions is given in Ref. [26]. The effective
spin-orbit coupling constants are shown in Fig. 2, where the
sharp variations are also observed in other systems [27].

The potential matrix for the spin-orbit coupled states is
given by

V(R) =
⎛
⎝V1(R) V12(R) V13(R)

V21(R) V2(R) 0
V31(R) 0 V3(R)

⎞
⎠, (2)

where V1(R), V2(R), and V3(R) are the potentials of the
3�, 1�, and 1�+ states, respectively. The effective spin-orbit
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TABLE I. Parameters of the crossings: interatomic distance rx ,
difference of derivatives DF = |dV1/dR − dV2/dR|, and the cou-
pling constant VSO at the crossings. Atomic units are used.

3� - 1� 3� - 1�

rx1 = 2.7342 rx2 = 2.4687
DF1 = 0.12509 DF2 = 0.18857
VSO1 = 2.132 × 10−4 VSO2 = 1.538 × 10−4

couplings between 3� and 1� are V12(R) and 3�–1�+ is
V13(R); for simplicity of notation, the SO subscript is omitted
in the couplings. For the spin-orbit couplings Vi j (R) = Vji(R).
Since the spin-orbit coupling elements are nonzero asymp-
totically at large distances (see Fig. 2), we make a constant
similarity transformation of the diabatic potential matrix (2),
such that the asymptotic coupling is transformed away:

Ṽ(R) = TT
0 V(R)T0. (3)

Here T0 is the constant orthogonal transformation matrix
that transforms the states such that the diabatic potentials
are uncoupled in the asymptotic region: Ṽi j (R∞) = Ṽi(R∞)δi j ,
where Ṽi(R∞) is the asymptotic energy of channel i when the
spin-orbit coupling is considered.

In collisions between the ground state ions and atoms,
N+(3P) + He(1S), molecular (�-S) states of 3� and 3�− can
be formed. In addition, molecular states of 1�, 1�, and 1�+
symmetries are associated with the limit N+(1D)+He(1S). As
discussed above, the effective spin-orbit coupling will couple
the states of 3� symmetry to the 1� and 1�+ states. When
calculating the cross sections, the probability for forming one
of the coupled states has to be considered. These probabilities
are given by the ratio of the degeneracy factor for the specific
molecular state to the sum of degeneracies from all molecular

states formed by the reactants. In the case of N+(3P) + He(1S)
collisions, the probability is g1 = g(3�) = 2/3, while for
N+(1D)+He(1S), the factors are g2 = g(1�) = 2/5 and g3 =
g(1�+) = 1/5.

B. Landau-Zener method

The excitation and quenching cross sections can be calcu-
lated semiclassically using a multistate Landau-Zener model.
In the Landau-Zener model, the survival probability (proba-
bility to remain in the same crossing potential) is given by

p(E , b) = exp

(
−π

√
2μ

E − b2E/R2
x − EA

V 2
SO

dF

)
. (4)

Here, the impact parameter is b and the energy of the collision
is E . The internuclear distance of the crossing of the two
potentials is Rx, μ is the reduced mass of the system, EA is
the activation energy of the process (i.e., the minimum energy
for the process to occur), and dF = |dV1/dR − dV2/dR| are
derivatives of the potential energy curves, taken at the cross-
ing point. The probability is zero when the factor under the
square root is less than or equal to zero. The probability of
transition to the other PECs at the crossing is then 1 − p(E , b).
The parameters of both crossings, needed for calculation of
probabilities below, are given in Table I, where all values are
given in atomic units.

For the excitation process N+(3P)–He(1S) →
N+(1D)–He(1S), the reaction is activated at energy
EA1 = 0.069 67 Hartree and occurs with a single crossing.
When the energy of collision reaches EA2 = 0.1040 Hartree,
the higher crossing becomes available, and the appropriate
probability has to be calculated considering all possible paths
(multistate Landau-Zener theory). The resulting excitation
probability is the following (assuming the process is active,
i.e., E > EA1):

Pexcit =
{

g12p1(1 − p1) for E < EA2

g12p1 p2(1 − p2) + g1 p1(1 − p1)[1 + p2
2 + (1 − p2)2] for E � EA2,

(5)

where p1 is the survival probability at the 3� - 1� (lower energy) crossing and p2 is the survival probability at the 3� - 1� (higher
energy) crossing. The factors gi are the statistical factors discussed in Sec. II A. Activation energy (i.e., the energy at which the
probability is nonzero) is EA1 for p1 and EA2 for p2. The second of the expressions in (5) agrees with the probabilities given in
[28], which considers a different quenching-type process.

The quenching process N+(1D)–He(1S)→ N+(3P)–He(1S) is active at all nonzero collision energies. At energies below EA2,
only the probability p1 is nonzero [the activation energy in Eq. (4) is zero] and when the collision energy reaches EA2 the
probability p2 activates [with the activation energy EA2 − EA1 in Eq. ((4). The corresponding probability of quenching becomes

Pquench =
{

g22p1(1 − p1) for E < EA2 − EA1

g32p1 p2(1 − p2) + g2 p1(1 − p1)[1 + p2
2 + (1 − p2)2] for E � EA2 − EA1.

(6)

The cross sections of excitation and quenching are calcu-
lated from the nonadiabatic process probability:

σ (E ) = 2π

∫ ∞

0
bP(E , b)db. (7)

Note that there is no restriction on the integration limit, be-
cause the probabilities are defined to be zero if the expression

under the square root in Eq. (4) is less than or equal to
zero.

The cross sections can also be calculated with the sum of
the transition probabilities generated by both crossing points
treated separately. It turns out that the difference between the
multistate cross section and the sum of single-crossing
cross sections is of the order of 10−4–10−5 a.u. The
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difference in probabilities in both cases is 2p2(1 − p2)(1 −
p1)
(gb − ga p1), where ga and gb are connected to appropriate
reaction channels. That expression is always small in the
case of weak coupling (p approaching 1 results in 1 − p
approaching zero).

This result suggests that the quantum scattering and
wavepacket dynamics approaches can be treated as a simple
sum of two separate processes.

C. Quantum scattering

The cross sections can be computed by solving the time-
independent coupled Schrödinger equation for the nuclear
wave function. Using a partial wave expansion of the nu-
clear wave functions for the coupled states, the radial wave
functions satisfy a time-independent coupled Schrödinger
equation

[
2μ

d2

dR2
+ 	(	 + 1)

2μR2

]
ui,	(R) =

3∑
j=1

Ṽi j (R)u j,	(R) = Eui,	(R),

(8)

with the boundary condition ui,	(R0) = 0. With appropriate
boundary conditions for u′

i,	(R0), three linearly independent
solutions can be formed that are combined into the 3 × 3
matrix u	(R).

By introducing the logarithmic derivative of the ra-
dial wave function, y	(R) = u′

	u−1
	 , the coupled Schrödinger

equation (8) can be transformed into a matrix Riccati
equation [3,29]

y′
	 + Q	 + y2

	 = 0, (9)

where Q	 = 2μ[E1 − Ṽ(R)] − 	(	+1)
R2 1.

Johnson [3,29] developed an efficient algorithm to nu-
merically solve the matrix Riccati equation. This has been
used from R0 = 0.5a0 to Rstop = 30a0 in the steps of
dR = 0.005a0. From the asymptotic value of the logarithmic
derivative, the scattering matrix S	 can be calculated (see
[3] for expressions). The cross section for inelastic scattering
j → i is then given by

σi j (E ) = g j
π

k2
j

	max∑
	=0

(2	 + 1)|S	
i j − δi j |2. (10)

Here, the asymptotic wave number is k j =
√

2μ(E − V th
j )

with V th
j being the corresponding threshold energy. g j is the

statistical factor discussed in Sec. II A. The summation in
Eq. (10) is terminated when the ratios of the partial cross
sections to the accumulated integral cross sections remained
less than 3 × 10−5 for 100 terms in succession.

D. Two-dimensional nonadiabatic wavepacket dynamics

The nonadiabatic wavepacket dynamics are simulated us-
ing the split-operator method. This approach, also known as
Strang splitting, is a general numerical technique for solving
partial differential equations, which, in the present context, is
the time-dependent Schrödinger equation. The formal solu-

tion can be written as

|�(t )〉 = e−itH |�(0)〉 , (11)

where |�(0)〉 is the initial wavefunction and H = T + V is
the Hamiltonian. Because the kinetic energy operator T and
potential energy operator V do not commute, the time evolu-
tion operator for a small time step �t is approximated using a
second-order splitting as

e−i�tH ≈ e−i(�t/2)Ve−i�tTe−i(�t/2)V. (12)

This factorization allows the kinetic and potential propagators
to be applied sequentially. Furthermore, because the kinetic
operator is diagonal, it is evaluated efficiently using Fourier
transforms. The final expression for propagating the wave-
function over a single time step �t is

〈R|�(t + �t )〉
= e−i(�t/2)VF−1[e−i�tTF{e−i(�t/2)V〈R | �(t )〉}], (13)

where 〈R|
(t + �t )〉 denotes the wavefunction in position
representation. By iteratively applying this procedure to an
initial wavefunction, the system can be propagated arbitrarily
forward in time. In the present work, this split-operator prop-
agation scheme was employed as implemented in the ZINQ

software package [30].
In this study, we employ the Split-Operator method to

propagate a wavepacket on a two-dimensional Cartesian grid.
The system is defined by two independent Cartesian degrees
of freedom: a longitudinal axis, z (which spans both negative
and positive values along the collision path), and a trans-
verse axis, b (corresponding to the impact parameter and
can be chosen to be either on the x or the y axis); internuclear
distance is then R = √

z2 + b2. By treating these coordinates
as independent Cartesian variables, the specific Hamiltonian
used can be written in the diabatic basis as

H = T + V = − 1

2m

(
∂2

∂z2
+ ∂2

∂b2

)
⊗ IN + V(R), (14)

where IN is the N × N identity matrix with N being the num-
ber of electronic states (we perform simulations for N = 2
as well as N = 3) and V(R) is the potential energy matrix
defined by the curves in Fig. 1. The initial state of the system
was defined as a two-dimensional Gaussian wavepacket of the
form


(z, b, 0) = � exp(−(z − z0)2 − (b − b0)2 + ip0(z − z0)),

(15)

where � is the normalization constant, (z0, b0) denotes the
initial coordinates of the center of the wavepacket, and p0 is
the initial momentum along the z coordinate corresponding

to the desired collision energy, calculated as p0 =
√

2m
E . No

initial momentum in the b direction is applied. The standard
deviation of the wavepacket can be extracted from Eq. (15)
and is equal to σ 2 = 1

2 in both directions. For all simulations,
the initial separation was set to z0 = 10 bohr. The coordinate
grid chosen for all simulations is z ∈ [−12, 16] bohr and b ∈
[−12 + b0, 12 + b0] bohr. These dimensions are specifically
chosen to ensure that the wavepacket remains fully contained
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within the simulation region, thereby minimizing nonphysical
interactions or reflections at the grid boundaries.

To evaluate the excitation and quenching cross sec-
tions, a large set of wavepacket simulations are performed
over a grid of impact parameters b and initial kinetic
energies E . This approach systematically samples the two-
dimensional probability function P(E , b) required for the
cross-section calculations, with each point on the P(E , b) sur-
face corresponding to an independent dynamical simulation.
While an alternative approach exists using an extremely broad
wavepacket in conjunction with analysis of the asymptotic
flux [31,32], we deliberately chose this sampling strategy.
Propagating an extremely wide wavepacket requires a large
spatial grid and careful placement of complex absorbing po-
tentials (CAPs), which can be memory prohibitive and is
prone to boundary artifacts. Our approach uses fairly localized
wavepackets on a relatively small grid, ensuring minimal in-
teraction with grid edges. Additionally, since the simulations
are independent, they can be massively parallelized.

The state-specific transition probability was obtained di-
rectly from the final population of the target state i, calculated
as 〈
i(tfinal )|
i(tfinal )〉. Here, tfinal represents an asymptotic
time at which the wavepacket has left the interaction region
and the probability flux between the electronic states has
completely ceased. For the simulations in this work, tfinal

ranges from approximately 20 000 a.u. for the slowest simu-
lations (E = 0.001 a.u.) to 300 a.u. for the fastest simulations
(E = 10 a.u.).

The calculations are divided into three energy regimes to
optimize computational resources. For energies between 0.0
and 0.5 Hartree, a grid of 512 points is used. For energies be-
tween 0.5e and 1.0 Hartree, a grid of 1024 points is employed,
and for energies between 1.0 and 10.0 Hartree, a grid of 2048
points is utilized. The time step for all simulations is set to
1 a.u. To ensure the accuracy of the results, all simulations are
verified for convergence with respect to both the grid size and
the time step.

Probabilities P(E , b) are calculated at 25 values of the
impact parameter b that ranged from zero to 10 bohr at each
energy. The calculated probabilities are interpolated using the
two-dimensional RectBivariateSpline python procedure, and
the resulting function is used in the integration to compute
the cross section according to Eq. (7), including appropriate
statistical factors.

III. RESULTS

The wavepacket dynamics is performed for excitation and
quenching including two crossings, 3� - 1� and 3� - 1�, with
both two-state and multistate approaches.

The wavepacket dynamics is significantly more time-
consuming than the time-independent quantum scattering
calculations. Therefore, according to the analysis of the
Landau-Zener results in Sec. II B, the wavepacket cross sec-
tions for the overall process can be approximated as the sum
of cross sections of both crossing pairs of potentials. The
calculated cross sections are presented in Figs. 3–10, where
both quantum scattering and wavepacket cross sections are
calculated with the full multistate approach. The excitation is
also tested for applicability of the two-state approximation.

FIG. 3. Excitation cross section for the 3� → 1� transition from
Landau-Zener (LZ), wavepacket (WP), and quantum scattering (QS)
methods. Results from the two-state wavepacket approach are also
shown as black dots.

The quantum excitation cross sections for the 3� → 1�
transition agree very well in the 0.08–0.7 Hartree region
(Fig. 3). At the lowest energies, just above the barrier, the
wavepacket result fails to reproduce the fast increase of the
cross section (Fig. 4). At collision energies over 1 Hartree,
a discrepancy between quantum scattering and wavepacket
dynamics is present. In the quantum scattering approach, an-
alytical asymptotic functions are combined with the value of
the logarithmic derivative at the boundary to compute the scat-
tering matrix [3]. For scattering energies above 6 Hartree, the
routine for computing these functions (Riccati-Bessel func-
tions of the first and second kind) have numerical challenges
and an energy of 10 Hartree could not be reached. The two-
state wavepacket approach correctly reproduces the multistate
result.

The coupling between the 3� and 1� states is very weak
at large distances, and wavepacket dynamics yielded the

FIG. 4. Low-energy excitation cross section for the 3� → 1�

transition from Landau-Zener (LZ), wavepacket (WP), and quantum
scattering (QS) methods.
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FIG. 5. Excitation cross sections for the 3� → 1� transition
from Landau-Zener (LZ), wavepacket (WP), and quantum scattering
(QS) methods. Results from the two-state wavepacket approach are
also shown as black dots.

same results with both transformed and untransformed po-
tentials and couplings. The conclusion is that the theoretical
description of the scattering process does not always re-
quire a transformation to obtain exact zero couplings at large
distances, but sometimes oscillations are negligibly small
compared with the probability.

Figure 5 presents the cross section for the 3� → 1� tran-
sition. This cross section is smaller because of the higher
activation energy. The agreement between the wavepacket and
quantum scattering is very good, but the two-state approach
does not recover a multistate result (but in absolute values, the
discrepancy is small). In this case, the wavepacket dynamics
is performed on transformed potentials and couplings because
the much higher coupling at large distances caused strong
oscillations (not only at the end of the dynamics but from
the beginning of the simulations) and resulted in completely
incorrect results.

At low energies (see Fig. 6), the discrepancy of wavepacket
and quantum scattering results increases below 0.01 Hartree
above the activation energy. The calculated total excitation
cross sections are displayed in Fig. 7, and above 1 Hartree,
the discrepancies are slightly reduced compared with Fig. 3.

The results for the quenching process are shown in
Figs. 8–10. Again, the agreement of the wavepacket and
quantum scattering methods is very good, from around 0.01
Hartree above the activation energy (which is zero for the
quenching) up to energies above 1 Hartree. In general, the
agreement is even better than for the excitation process.

Finally, some general conclusions can be drawn regarding
all cases. The highly changeable character of the couplings
leads to less regular behavior of the cross sections than in
the previously studied case [1]. In the present case, the cross
sections also have some broad oscillations, but not around
the Landau-Zener values as in Ref. [1]. Nonadiabatic radial
(derivative) couplings usually have a more or less pronounced
maximum and approach zero at long and short distances [33].
It can be concluded that spin-orbit induced processes exhibit

� � �

FIG. 6. Low-energy excitation cross section for the 3� → 1�

transition from Landau-Zener (LZ), wavepacket (WP), and quantum
scattering (QS) methods.

FIG. 7. The total cross section for the N+(3P) + He(1S)→
N+(1D)–He(1S) excitation process.

FIG. 8. Quenching cross section for the 1� → 3� transition
from Landau-Zener (LZ), wavepacket (WP), and quantum scattering
(QS) methods.
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FIG. 9. Quenching cross section for the 1� → 3� transition
from Landau-Zener (LZ), wavepacket (WP), and quantum scattering
(QS) methods.

more complex dynamics because their couplings have a more
intricate structure.

Previous studies show that the Landau-Zener method un-
derestimates cross sections and rate constants at low energies
above the barrier [1,34]. The same is observed in this study
for most energies.

Inspection of all the cases studied here, and also nitrogen-
proton collisions in Ref. [1], allows us to conclude that two-
dimensional wavepacket dynamics can be used above around
0.01 Hartree over the activation energy of a given process, and
agreement with quantum scattering results is very good.

In this study, the two-dimensional wavepacket dynamics is
applicable up to energies of 10 Hartree (Ref. [1]), where the
quantum scattering approach may be more prone to numerical
errors than wavepacket dynamics. Above the thresholds, the
cross sections computed using the time-independent quan-
tum scattering approach exhibit resonances not observed in
the wavepacket results. These resonances are challenging to
capture with the wavepacket method. In general, the Landau-

FIG. 10. The total cross section for the N+(1D)+He(1S)→
N+(3P)–He(1S) quenching process.

Zener method can be used as a qualitative estimation of the
cross sections.

At high energies, more channels are open and may limit
accuracy of the results but also at higher energies interference
effects are in general lower and the other channels become less
and less coupled with an increase of the energetic distance of
higher channels.

The cross sections for the excitation and quenching pro-
cesses are provided as Supplemental data in the energy range
(Ex1,10), calculated using both the wavepacket and the quan-
tum scattering methods.

IV. CONCLUSIONS

The two-dimensional nonadiabatic wavepacket dynamics
is shown to be useful in treating the spin-orbit induced in-
elastic transitions in atomic collisions. The energy range of
applicability spans from around 0.01 Hartree above the acti-
vation energy to 10 Hartree and higher, where the quantum
scattering method may be prone to numerical errors. This
allows for the treatment of collisions of atoms and atomic ions
at energies of the order of 1 keV.

The advantage of the wavepacket approach at high energies
comes at the expense of a significantly higher computational
cost. The disadvantage of the presented wavepacket approach
is the inability to recover the resonant structure at the lowest
energies above the activation barrier. For a proper descrip-
tion of a low-energy behavior of cross sections, a very wide
wavepacket, according to the uncertainty principle, is needed
but it would significantly increase the computational cost.

The proposed wavepacket approach seems to be the sim-
plest in terms of theory—it is based on the Fourier transform,
whereas scattering theory, based on plane waves, is more
involved. Because of that, the wavepacket approach should
have potential for use by nonexperts.
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APPENDIX

The potential energy curves and spin-orbit couplings
used in this study are given in the files NpHe_PECs.txt
and Vso.txt, respectively. All described files are available
at [36]. The cross sections for the excitation process are
given in sigma_ex_WP.txt and sigma_ex_QS.txt for the
wavepacket and quantum scattering, respectively; similarly,
the data for quenching are given in sigma_quench_WP.txt and
sigma_quench_QS.txt.
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