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Nonadiabatic quantum molecular dynamics with hopping.
II. Role of nuclear quantum effects in atomic collisions
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The role of electron-nuclear correlations, i.e., quantum effects in the nuclear motion in atomic collisions
with complex targets, is discussed using the recently developed nonadiabatic quantum molecular dynamics with
hopping method [Fischer, Handt, and Schmidt, paper I of this series, Phys. Rev. A 90, 012525 (2014)]. It is shown
that the excitation process is nearly unaffected by electron-nuclear correlations as long as integral quantities are
considered (total kinetic energy loss), whereas the relaxation mechanism of the molecular target is greatly affected
(total fragmentation probability). To describe highly differential quantities (kinetic energy loss as a function of
the scattering angle), however, the consideration of nuclear quantum effects during the initial excitation process is
indispensable, even in collisions where one would expect purely classical behavior of the nuclei due to their small
de Broglie wavelength. The calculations reproduce and explain in detail old but still unexplained experimental
data of differential energy-loss spectroscopy in He + He and He + H2 collisions.

DOI: 10.1103/PhysRevA.90.012526 PACS number(s): 31.15.xv, 34.50.Gb, 31.15.ee, 36.40.−c

I. INTRODUCTION

Recently, much progress has been made in the understand-
ing of nonadiabatic phenomena, arising from electronic exci-
tations in collisions between complex particles. In particular,
collisions of atoms or ions with molecules and clusters have
attracted much attention in various fields such as material
science, plasma physics, astrophysics, and biophysics. Nowa-
days, ion-beam radiation provides a fundamental resource for
cancer therapy and is largely utilized to modify mechanical,
electronic, and magnetic properties of nanostructures [1–5].

Refined scattering experiments have allowed us to gain
detailed insights into the complex mechanisms and the
interplay between electronic and vibrational excitations in-
volved in these collisions. Thereby, a rich variety of in-
teresting phenomena has been uncovered, for example,
transparency in collisions involving water clusters [6] and
fullerenes [7], charge transfer in ion-molecule [8–11] and ion-
cluster collisions [12], nonadiabatic fusion between fullerenes
[13,14], and (multi)fragmentation processes in collisions
involving metal clusters [15], hydrocarbons [16,17], or
fullerenes [18–20].

The theoretical description of nonadiabatic collisions is a
challenging task, as it requires the self-consistent treatment of
all nuclear and electronic degrees of freedom. The (in prin-
ciple, necessary) solution of the time-dependent Schrödinger
equation for electrons and nuclei is a priori precluded due
to the invincible computational effort. Instead, solely mixed
quantum-classical methods have been developed for this
purpose, e.g., grid-based [21–25] or basis expansion-based
[26–29] ab initio methods using time-dependent density-
functional theory (TD-DFT) for the electrons. Thereby, the
nuclear motion is described purely classically, whether self-
consistently in the mean-field limit (also known as Ehrenfest
dynamics in quantum chemistry [30] or simply as mean-
field approximation in solid-state physics [31]) or by using
the straight-line approximation [32–34] (widely applied in

*Ruediger.Schmidt@tu-dresden.de

ion-atom collision theory). In both cases, electron-nuclear
correlations (i.e., quantum effects in the nuclear dynamics) are
neglected completely. Alternatively, Babikov et al. [35] have
developed an interesting nonadiabatic molecular-dynamics
(MD) method that accounts approximately for electron-
nuclear correlations in collisions. Its microscopic foundation,
however, is less general, as it builds upon an approximate
treatment of the electron dynamics in terms of the so-called
diatomics in molecule approach [36]. Here we report an
ab initio approach, which combines electron dynamics with
quantum correlated nuclear motion, in atomic and molecular
collisional physics.

The nonadiabatic quantum molecular dynamics with
hopping (NA-QMD-H) method, developed recently [37]
(cited as Paper I in the following), provides such an approach
by coupling TD-DFT or time-dependent Hartree-Fock theory
in a basis expansion to trajectory surface hopping dynamics
for the nuclei. In Paper I we outlined the general formalism
as a rigorous extension of the general [26–29] and confirmed
[15,38–40] NA-QMD method. We demonstrated exemplarily
the specific relevance of electron-nuclear correlations for the
simplest possible (two-state) collision model of the H+ + H
system. It was shown that for this benchmark system the
NA-QMD-H approach exactly reproduces the full quantum-
mechanical results. In the present paper we apply the whole
many-body version of the NA-QMD-H formalism (without
laser field) and elaborate the general role of electron-nuclear
correlations (ENCs) in complex atomic collisions.

In Sec. II we present a systematic study of various
atom-molecule and atom-cluster collisions (with increasing
electronic and nuclear complexity) as a function of the impact
velocity v. For the sake of completeness, the velocity v is
varied in a wide range, i.e., starting from v � 1 a.u. (where
the collisions proceed adiabatically, i.e., only vibrational
excitations occur) up to velocities v � 1 a.u. (where the
mechanism is strongly nonadiabatic, i.e., initially exclu-
sively electronic excitations appear). The generic influence
of ENCs on the excitation and relaxation mechanism will
be examined by studying integral scattering observables, in
particular, the total kinetic energy loss of the atomic projectile

1050-2947/2014/90(1)/012526(9) 012526-1 ©2014 American Physical Society

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Technische Universität Dresden: Qucosa

https://core.ac.uk/display/236371635?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1103/PhysRevA.90.012525
http://dx.doi.org/10.1103/PhysRevA.90.012525
http://dx.doi.org/10.1103/PhysRevA.90.012525
http://dx.doi.org/10.1103/PhysRevA.90.012525
http://dx.doi.org/10.1103/PhysRevA.90.012526


M. FISCHER, J. HANDT, AND R. SCHMIDT PHYSICAL REVIEW A 90, 012526 (2014)

excitations

vibrational excitations

NA-QMD NA-QMD-H

QMD

Ehrenfest Tully

adiabatic limit

electronic + vibrational electronic + vibrationalexc. +
electron-nuclear correlations

Born-Oppenheimer

FIG. 1. (Color online) Overview of the ab initio molecular-
dynamics methods used in this work: QMD, NA-QMD, and NA-
QMD-H. In the adiabatic limit (i.e., if electronic excitations do not
occur in collisions) both nonadiabatic approaches (NA-QMD and
NA-QMD-H) should merge into the QMD method (see the text and
Paper I).

and the total fragmentation probability of the molecular
target.

In Sec. III the theory will be confronted with an experiment
of He + He and He + H2 collisions [41]. We will shed light
on old, but still unexplained, experimental data of energy-loss
spectroscopy, where highly differential observables were mea-
sured (e.g., the angular distribution of the projectile as a func-
tion of the energy loss). It will be shown that in this case ENCs
are crucial in order to understand the measured spectra and that
the present NA-QMD-H approach can explain them in detail.

In Sec. IV a brief summary and outlook are given.
Throughout this work the investigation will be performed

by applying and comparing the results of three different ab
initio MD methods, which treat the collision dynamics of
increasing generality (see Fig. 1 and Paper I for details):

(i) QMD, which considers a priori only vibrational exci-
tations and thus describes the nuclear motion on the Born-
Oppenheimer ground-state surface;

(ii) NA-QMD, which includes both vibrational and elec-
tronic excitations but treats the nuclear dynamics in the
Ehrenfest limit; and

(iii) NA-QMD-H, which additionally takes into account
ENC effects.

Comparing the results of the three approaches allows
us to distinguish between initial electronic and vibrational
excitations (QMD vs NA-QMD) and to reveal the relevance
of ENC effects in excitation and relaxation (NA-QMD vs.
NA-QMD-H). Evidentially, all three approaches should deliver
identical results in the adiabatic limit, i.e., if electronic
excitations do not occur.

II. EXCITATION AND RELAXATION IN
ATOM-MOLECULE AND ATOM-CLUSTER COLLISIONS

In this section we investigate systematically atom-molecule
and atom-cluster collisions with increasing complexity rang-
ing from the diatomic one-electron case to the polyatomic
many-electron case, namely, He + Na2

+, He + Na2, He + N2,
and He + Na9

+ collisions. It is the main aim to gain insight
into the general relevance of ENCs on both the initial excitation
process and the subsequent postcollisional relaxation mecha-
nism under well-defined scattering conditions. Thus, for each
system a fixed collisional geometry (with impact parameter

zero) is considered whereas the impact energy is varied in a
wide range. Details of all calculations, presented in this section,
are summarized in Appendix 1.

First, the total kinetic energy loss �E (i.e., the total amount
of electronic and vibrational excitation energy transferred to
the molecular target) is investigated as a function of the impact
velocity in all three MD variants. It is defined as

�E = Ec.m. − Ec.m.(t → ∞), (1)

with Ec.m.(t) = μ

2 vrel(t)2, where vrel(t) is the relative velocity
of the projectile and target and μ is their reduced mass. The
impact energy is Ec.m. = Ec.m.(t = 0). Comparison of the
results of the QMD calculations with those of the nonadiabatic
methods (NA-QMD and NA-QMD-H) then clearly allows
us to discriminate between the impulsive regime (where only
rovibrational excitations occur), the electronic regime (where
the excitation process is dominated by electronic transitions),
and the intermediate transition region (where electronic and
rovibrational excitations coexist). Evidently, the influence of
ENCs on the initial excitation process can occur only in the
electronic and transition regimes and will be quantified by
comparing the �E values obtained from the NA-QMD and
NA-QMD-H methods.

Second, the postcollisional relaxation process is studied by
following the molecular dynamics up to time scales much
longer than the collision time. As a quantitative measure
of ENC effects, we consider in particular the fragmentation
probability PF in the whole range of impact velocities. Note
that in the present academic QMD and NA-QMD studies
(without orientation and impact parameter averaging), this
quantity can only be exactly 1 or 0 (fragmentation or not) as the
dynamics is described by a single deterministic trajectory for
each impact velocity. This, however, must not be the case when
ENCs are taken into account as the dynamics is described by
an ensemble of stochastic trajectories at each impact velocity
for one at the same initial condition.

For physical reasons, all three ab initio MD formalisms
must deliver identical results in the purely impulsive regime
despite all very different equations of motion (see Paper I),
which, by the way, may also serve as a sensitive test of the
numerical implementations.

A. He + Na2
+ and He + Na2 collisions

The He + Na2
+ system represents a one-electron system

and has been investigated by us earlier [15,42] under realistic
scattering conditions (i.e., impact parameter and orientation
averaged). Here it serves as reference system for the (as physi-
cally expected) similar He + Na2 system, which represents an
effective one-electron system (one active-electron pair).

The corresponding kinetic energy losses �E are shown
in Figs. 2(a) and 2(b). Indeed, the Na2

+ and Na2 cases are
qualitatively similar, apart from some quantitative differences.
In both cases we are faced with two dominating regimes:
For Ec.m. < 0.8 keV the collision dynamics is governed
by momentum transfer leading exclusively to rovibrational
excitations (impulsive regime), whereas for impact energies
Ec.m. > 2 keV electronic excitations predominate (electronic
regime). Appreciable simultaneous electronic and vibrational
excitations occur in a rather small window of impact energies
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FIG. 2. (Color online) Kinetic energy loss �E as a function of the impact energy Ec.m. for collisions of He with different targets calculated
with QMD (green squares), NA-QMD (black squares), and NA-QMD-H (red squares): (a) Na2

+, (b) Na2, (c) N2, and (d) Na9
+. The top

abscissae denote the corresponding impact velocities v. The collision geometries are sketched in the insets. The typical collision scenarios for
the labeled impact energy regions I–IV in (a) and (b) are discussed in detail in the text.

located around Ec.m. = 1 keV (transition regime). As ex-
pected, all three methods—QMD, NA-QMD and NA-QMD-
H—give exactly the same results in the impulsive regime,
demonstrating nicely that the nonadiabatic MD approaches
automatically merge into the adiabatic QMD limit (Fig. 1).
More importantly, in the transition and electronic regimes,
there is also no remarkable difference between the NA-
QMD and NA-QMD-H results, demonstrating that quantum
effects in the nuclear dynamics do not affect the initial
electronic excitation process. Maybe this is not too surprising
as the wavelength of the projectile is orders of magnitude
smaller than the scattering region (internuclear distance of
the molecule) and thus a purely classical description of the
scattering process is justified.

This, however, holds in the whole region of the considered
impact energies in Fig. 2 and fairly well allows us to character-
ize the collision dynamics by single classical trajectories. By
doing so, one can understand and interpret the general behavior
of �E in Figs. 2(a) and 2(b) [increasing energy loss in region
I, minimum in region II, maximum in region III, and plateau

in region IV; see Figs. 2(a) and 2(b)] in full microscopic detail,
discussed in the laboratory frame in the following.

(I) The He atom is scattered dominantly by the front Na
atom with a scattering angle below 90◦ (forward scattering
with reflection).

(II) The He atom is scattered by both Na atoms with a
similar effect with a scattering angle below 90◦ (forward
scattering with reflection), resulting in a translation of the
target as a whole and minimum rovibrational excitation.

(III) The He atom is scattered by both Na atoms, but dom-
inantly by the rear Na atom with a scattering angle above 90◦
(backscattering). With increasing Ec.m., in this range, a direct
hit of both target atoms is possibly connected with a zigzag
scattering through the target molecule, which leads to the maxi-
mum in the energy loss in Figs. 2(a) and 2(b) (passing through).

(IV) At high impact energies, the He atom passes through
the target molecule nearly on a straight line without leaving
significant vibrational excitations anymore.

These scenarios are observed in all three types of calcula-
tions. This fact, together with the same �E values in NA-QMD
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FIG. 3. (Color online) Fragmentation probability PF as a func-
tion of the impact energy Ec.m. for the same collisions as shown in
Fig. 2: (a) He with Na2

+ and (b) Na2, from QMD (green squares),
NA-QMD (black squares), and NA-QMD-H (red squares).

and NA-QMD-H calculations in Fig. 2, leads to the preliminary
conclusion that ENCs do not affect the dynamics of the atomic
projectile and/or the initial excitation process at least as long
as integral quantities such as �E are considered.

Electron-nuclear correlation effects, however, arise dis-
tinctly in the postcollisional relaxation of the molecular target.
In Fig. 3 the corresponding fragmentation probabilities are
shown for both collisions. Again, all three methods predict
nicely the same results in the pure impulsive regime, with
PF = 1 or 0, as the (purely vibrational) excitation energy �E

is larger or smaller than the fragmentation threshold of about
1 eV (cf. ranges of PF = 1 values in Fig. 3 and the �E values
within the corresponding impact energy windows in Fig. 2).

In the transition and electronic regimes, the range of
impact energies with PF = 1 values is definitely larger in the
NA-QMD calculations than for the QMD results. This is due
to the fact that the total (vibrational and now also electronic)
excitation energies exceed the fragmentation threshold and
thus electron-vibration coupling leads to and allows for
fragmentation, as it should. Nevertheless, the unphysical jumps
of PF from one to zero are inherent in the Ehrenfest dynamics
of the nuclei as (at fixed initial conditions, i.e., without impact
parameter and orientation averaging) the nuclear motion
is described by one deterministic trajectory with only one
fragmentation pathway.

This, however, is basically different if ENCs are taken into
account and many fragmentation pathways (contained in the
exact quantum-mechanical wave packet) are taken into account

approximately. Clearly shown in Fig. 3, the fragmentation
probabilities PF (physically reasonable) smoothly decrease
from 1 towards 0 above an Ec.m. of about 2 keV, i.e., in the
transition and purely electronic regimes. Thereby, they reflect
all details of the structures in the �E values in Figs. 2(a) and
2(b), e.g., the plateau between 3 and 5 keV in He + Na2

+

collisions [see Figs. 2(a) and 3(a)] or the maximum around
10 keV in the He + Na2 collisions [see Figs. 2(b) and 3(b)].

Concluding this part, ENCs are of vanishing importance in
identifying the mean kinetic energy loss of the atomic projec-
tile (excitation), but are relevant in describing realistically the
subsequent relaxation of the molecular target (fragmentation),
at least in simplest atom-molecule collisions, as investigated
so far. This conclusion, however, remains unchanged if much
more complex systems are considered, as will be shown in the
following section.

B. He + N2 collision

As our first “real” many-electron problem, collisions
between a He atom (with frozen-core electrons) and a N2

target (with five active-electron pairs) will be considered. The
total kinetic energy loss �E as a function of the impact
energy Ec.m. is shown in Fig. 2(c). The chosen interval of
impact energies (0.1–20 keV) is now restricted to the electronic
regime [see vanishing �E values predicted by the QMD
calculations in Fig. 2(c)], as in this region quantum effects in
the nuclear dynamics can be inherently of importance (as long
as they are taken into account approximately by the surface
hopping methodology). Again, NA-QMD and NA-QMD-H
results agree totally and thus ENCs are of unimportance for the
global quantity total kinetic energy loss �E of the projectile.

To characterize the postcollisional dynamics, in Fig. 4
typical trajectories are shown as a function of time as obtained
from the NA-QMD calculations. At the low impact energy
Ec.m. = 1.5 keV the excitation energy �E is still too small

Ec.m. (keV)
ΔE (eV) PF

NA-QMD-H NA-QMD NA-QMD-H

1.5 43 0 0.38

7.2 94 1 0.50

18.3 96 1 0.61

R

t )(

(a
.u

.)

FIG. 4. The top panel shows the internuclear distance R of N2

calculated as a function of time t in NA-QMD for three selected
impact energies Ec.m.. The bottom panel shows the excitation energies
�E [cf. Fig. 2(c)] and fragmentation probabilities PF predicted by
the NA-QMD and NA-QMD-H methods.
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to fragment the molecule and electron-vibration coupling
induces only vibrations, whereas at larger impact energies
Ec.m. = 7.2 and 18.3 keV fragmentation occurs. Interestingly,
the fragmentation dynamics is different in both cases with
delayed fragmentation for Ec.m. = 7.2 keV and immediate
decay for Ec.m. = 18.3 keV, although the �E values are
nearly equal [cf. Fig. 2(c)]. From this different dynamics
one may intuitively expect an influence on the fragmentation
probabilities PF as predicted by the NA-QMD-H calculations.
This is indeed the case, as shown in the table of the lower part
in Fig. 4, together with the �E values. While the increase of
PF between Ec.m. = 1.5 and 7.2 keV is not very surprising, the
further distinct increase at Ec.m. = 18.3 keV is nontrivial as
the �E values practically agree at Ec.m. = 7.2 and 18.3 keV.
This clearly demonstrates that the total amount of electronic
excitation energy is not enough to describe the fragmentation
process, which is of basically nonstatistical nature.

C. He + Na9
+ collision

The He + Na9
+ collision has been studied in full detail

using the NA-QMD approach [38]. Here it is of special interest
to investigate to what extent ENC effects may possibly modify
the general conclusions drawn in [38].

The corresponding kinetic energy losses �E are shown in
Fig. 2(d) again in the electronic regime (see vanishing �E

values in the QMD calculations in the figure). In addition, the
chosen collisional geometry allows for absolute �E values
that are distinctly smaller than in the previous cases and thus
hopefully more sensitive against possible ENC effects. Indeed,
there are now distinct quantitative differences between the
�E values calculated in the NA-QMD and the NA-QMD-H
methods. Qualitatively, however, the results nicely agree and
the small quantitative differences will be of negligible rele-
vance if orientation and impact parameter averaging is taken
into account to predict the final experimental (integral) �E

values. In particular, the distinct minimum at certain impact
energy (around Ec.m. ≈ 0.5 keV) with practically vanishing
energy losses is nicely reproduced in both calculations. It is
just this peculiarity that leads to the so-called transparency
effect, predicted for this collisional system [38].

III. ENERGY-LOSS–ANGLE CORRELATIONS IN He + H2

AND He + He COLLISIONS: COMPARISON WITH
EXPERIMENT

Following the previous integral studies of the gross features
of ENC effects in atomic collisions, in this section we confront
the theory with experiment, taking into account all impact
parameters and many molecular orientations in He + H2 and
He + He collisions at fixed laboratory impact energies of
Elab = 2 keV (corresponding to a center-of-mass velocity
of v = 0.14 a.u.) and Elab = 1 keV (corresponding to v =
0.1 a.u.), respectively. For these systems, highly differential
quantities have been measured in experiments using energy-
loss spectroscopy [41]. Energy-loss spectroscopy represents an
advanced experimental collision technique, which allows one
to obtain detailed insight into the reaction mechanism, e.g., to
distinguish between vibrational and electronic excitations, or
to investigate differential charge transfer and electron-capture
cross sections [41,43].

In particular, the total kinetic energy loss of the He projectile
as a function of the scattering angle has been measured [41].
Although quantitatively different, the results are qualitatively
very similar in both systems, exhibiting three characteristic
peaks in the laboratory energy-loss spectra [41]. Thereby,
the first peak, located at smallest energy losses, has been
interpreted as originating from electronically elastic collisions.
The second and third peaks, located at distinctly higher energy
losses, were attributed to one- and two-electron transitions,
respectively. Thereby, in the He + He collisions, the transitions
are a priori induced in both colliding He atoms and the
He + H2 collisions, expected to occur preferably [41] within
the molecular target H2 only. A quantitative and dynamical
analysis of the experimental findings and their interpretation
will be presented below.

In the next section the theoretical foundations and approxi-
mations (necessary to treat realistically these complex collision
systems) are summarized and the electronic excitation energies
of He and H2 are discussed (essential to interpret the results).
All technical and numerical details of the calculations are
summarized in Appendix 2.

A. Restricted Hartree-Fock theory with
the half-electron approximation

In order to treat explicitly one-electron excitations as well
as to discriminate between one- and two-electron excitations
requires, in principle, a spin-unrestricted many-body approach,
e.g., local spin-density approximation or spin-unrestricted
Hartree-Fock (UHF) theory. In both methods, however, one
is faced with the spin-contamination problem [44], which may
cause severe problems in the adiabatic state tracking procedure
[45] that is indispensable, however, in the NA-QMD-H
calculations. To avoid this serious problem and in order to
describe realistically electronic excitations in the He atom,
we propose and apply here a restricted Hartree-Fock method
within the so-called half-electron (RHF-HE) approximation in
the spirit of [46].

Originally, the half-electron idea was used to allow for
the description of open-shell systems, such as hydrocarbon
radicals and radical ions, using a modified closed-shell, i.e.,
spin-restricted, method. In its heart, the unpaired electron of the
radical is replaced by two half electrons of opposite spin [46].
Here we extend this approach by replacing all electron pairs
by two half-electron pairs, which are treated as if they were
electrons of opposite spin. With this mathematical trick we are
able to account, approximately, for single-electron transitions
and avoid any spin-contamination problem.

The energy-level diagrams corresponding to both RHF-HE
and UHF calculations are shown and compared in Fig. 5. In
both cases, the energy levels separate into two distinct regions:
one-electron (I) and two-electron excitations (II). As can be
seen in Fig. 5, the RHF-HE approximation merely leads to
a small shift of the excitation energies as compared to the
more accurate UHF energies and thus provides a reasonable
description of the excitation spectrum. Note in advance that
the doubly excited states in H2 are located at distinctly lower
excitation energies as compared to that within the He atom
and, in addition, are clearly more dense.
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FIG. 5. (Color online) Excitation energies, constructed from bare
HF one-electron excitations (I) and double-electron (II) excitations
calculated using the RHF-HE and UHF methods for (a) the H2

molecule at its equilibrium internuclear distance and (b) the He atom.

B. Results

As the central quantity, we calculate the kinetic energy loss
Q of the He projectile in dependence on the scattering angle
θ in the laboratory frame defined as

Q(θ ) = MHe

2

[
v2

He(t = 0) − v2
He(t → ∞,θ )

]
. (2)

Physically, it is the same quantity as defined in (1), but
angularly resolved and now considered in the laboratory frame,
according to the experimental data [41].

The calculated spectra for the He + He collisions are shown
in Figs. 6(a) and 6(c). The QMD and the NA-QMD results
[Fig. 6(a)] exhibit a one-to-one correspondence of energy
loss Q and scattering angle θ as one could expect from the
unambiguity between scattering angle θ and impact parameter
b enabling also a very transparent interpretation: The largest
impact parameters result in completely elastic collisions and
thus vanishing θ . With decreasing b values the resting target
atom is more frequently encountered, leading to increasing
deflection connected with increasing energy loss in both cases.
Thereby, the purely kinematic energy loss in the laboratory
system is reflected by the QMD data, whereas additional
electronic excitations lead to pronounced larger-Q values in
the NA-QMD calculations up to maximum measured values
of Q ≈ 60eV. A widespread angular distribution (as measured
for a fixed energy loss Q), however, cannot be basically
obtained in atom-atom collisions, in either (deterministic
Born-Oppenheimer and Ehrenfest) methods.

The situation is fundamentally changed if ENCs are taken
into account. In Fig. 6(c) the spectrum is shown as resulting
from the NA-QMD-H theory and compared with experiment.
As can be seen clearly, there are three bunches in the theoretical
distribution (red squares), located between Q values of 0
and about 10 eV, 25 and 35 eV, and 50 and 60 eV,
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FIG. 6. (Color online) Angle-resolved energy-loss spectra for the (a) and (c) He + He and (b) and (d) He + H2 collisions: (a) and (b) results
calculated with QMD (green) and NA-QMD (black) and (c) and (d) NA-QMD-H spectra represented (c) by red squares and (d) as a density plot
by smoothing the results with localized Gaussian functions. The colors of the density plot range from blue (zero probability) to red (maximum
probability). In addition, the black and white lines in (c) and (d), respectively, show experimental peak positions extracted from [41].
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respectively. The first bunch agrees perfectly with experiment
and is kinematically dominated [cf. the green QMD curve
in Fig. 6(a) with the experimental points in Fig. 6(b)]. The
fluctuations in the calculations show, however, that also in
this region electronic transitions together with ENCs influence
the spectra. The other two bunches, dominated and generated
mainly by one- and two-electron excitations, respectively, are
shifted by about 10 eV to higher-Q values as compared to
experiment. This originates from the HF approximation, which
does not account for the correlations needed, however, to
describe the excitation energies in He with high precision.
Nevertheless, the NA-QMD-H calculations reflect nicely the
experimental three-peak structure and, together with the QMD
and NA-QMD simulations, explain it in detail.

Finally, we consider the molecular collision system He +
H2 for which the results are presented in Figs. 6(b) and 6(d).
In this case, the QMD and NA-QMD calculations exhibit
inherently also fluctuations in the Q(θ ) distribution resulting
naturally from different initial orientations of the molecular
target [Fig. 6(a)]. There are two noticeable well separated
regions of events, the first one at relatively-low-Q values
and large angles (with statistically distributed points) and
the second one at large-Q values and small angles (with
regularly arranged points), in both calculations. Evidently,
the second branch results from very small impact parameters
and almost one specific orientation resulting in a maximum
impulsive energy transfer (cf. also the discussion of trajectories
in Sec. II A). These exotic events, however, can hardly be
identified experimentally as they are connected with the
smallest impact parameters b ≈ 0 and thus vanishing weight in
the experimental spectra. The interpretation of the first region
is basically the same as in the former He + He case. Notably,
however, the absolute values of the electronic contribution
to the total kinetic energy losses Q are distinctly smaller as
compared to He + He collisions, which, on the other side,
could also be intuitively expected from the differences in the
electronic excitation spectra of He and H2 in Fig. 5 (note again
here that we take into account electronic excitations only in the
molecular H2 target). Although there exist indeed some regular
structures in the NA-QMD distribution, resulting apparently
from specific orientations, they have nothing to do with the
three-peak structure of the experimental results, as shown in
Fig. 6(d), where also the NA-QMD-H predictions are shown.
Obviously, the NA-QMD-H theory reproduces quantitatively
the experimental findings and confirms the given qualitative
interpretation of the spectra in terms of impulsive transfer
as well as one and two electronic transition mechanisms, as
expected [41]. More generally and importantly, the present
study demonstrates that ENC effects (i.e., quantum effects in
the relative motion in high energetic atomic collisions with de
Broglie wavelengths much smaller than the interaction region)
become noticeable even in the initial electronic excitation
process.

IV. SUMMARY AND OUTLOOK

We presented a systematic application of the recently
developed NA-QMD-H method (paper I) to atomic collisions
with complex targets. In particular, the role of ENC effects in

the excitation and relaxation processes has been examined by
means of a comparative study utilizing three different ab initio
MD methods of increasing generality, i.e., QMD, NA-QMD,
and NA-QMD-H. We found the following.

(i) As long as integral quantities are considered (mean total
kinetic energy loss �E), ENC effects are unimportant for a
realistic description of the excitation process.

(ii) The relaxation mechanism in molecular targets, how-
ever, can be reasonably described physically and understood
only if ENCs are taken into account (total fragmentation
probability PF for a given impact parameter and a selected
orientation). To what extent this conclusion will be modified
if impact parameter and orientation averaged collisions (as
usually realized in experiments) are considered remains an
interesting question for future studies.

(iii) If highly differential quantities are considered (total
kinetic energy loss as a function of the scattering angle) quan-
tum effects in the relative motion of the nuclei (approximated
by surface hopping) appear massive and must be taken into
account to understand and interpret the experimental findings,
particularly in collisions where the de Broglie wavelength
is much smaller than the interaction region (and thus a
purely classical description of the relative motion seems to
be appropriate).

(iv) We have developed a many-body technique, the
RHF-HE approximation, which helps to avoid the spin-
contamination problem.

Finally, the very good agreement with experimental energy-
loss spectra demonstrates the predictive power of the present
NA-QMD-H theory. In [47] we investigate excitation and re-
laxation (isomerization) mechanisms of photoexcited organic
molecules.
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APPENDIX: DETAILS OF THE CALCULATIONS

1. Atom-molecule and atom-cluster collisions

In Sec. II we presented a systematic study of atom-molecule
and atom-cluster collisions, focusing on excitations in the
target molecule (Na2

+, Na2, and N2) or cluster (Na9
+).

Therefore, we only take into account the valence electrons
of Na and N explicitly in the calculations, while the remaining
electrons, in particular those of the He projectile, are treated
using the frozen-core approximation.

For all collisions, the optimized atomic basis sets are con-
structed from Gaussian basis sets [48–50] using an additional
attractive potential V (r) = ( r

r0
)2 [51,52], which describes a

pseudoatom and gives a better description of the molecular
properties [53]. The details of the basis sets are summarized
in Table I. The electronic density is described in all cases
using the deMon Coulomb fitting basis set (s,p-type Gaussian
functions only).

The calculations in Sec. II (QMD, NA-QMD, and
NA-QMD-H) are based on spin-restricted (time-dependent)
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TABLE I. Atomic basis set details: explicitly considered atomic
orbitals (i.e., not treated using the frozen-core approximation),
fundamental Gaussian basis sets, and pseudoatom parameters r0.

Atom Atomic orbitals Gaussian basis set r0 (a.u.)

He 2s 6-31G 3.5
Na 3s,3p 6-31G 5.8
N 2s,2p,3s,3p d-aug-cc-pV6Z (s,p only) 1.9

density-functional theory using the adiabatic local-density
approximation [54,55] for the exchange-correlation potential
in the case of the many-electron targets (Na2, N2, and Na9

+).
The collision scenarios are set as follows. Initially, the

system is in the electronic ground state and the target molecules
are in their ground-state equilibrium geometry with a fixed
initial orientation with respect to the collision axis. We mention
that the respective equilibrium internuclear distances of the
target molecules in our calculations are 6.9 a.u. for Na2

+,
6.4 a.u. for Na2, and 2.2 a.u. for N2, whereas the cluster radius
for Na9

+ is 6.6 a.u. The He atom starts 20 a.u. away from the
molecular target with impact parameter b = 0 a.u., i.e., we
consider only central collisions.

While single deterministic trajectories for each impact
velocity are obtained in the QMD and NA-QMD calculations,
the NA-QMD-H results for the kinetic energy loss �E

or the fragmentation probability PF are averaged over 250
trajectories for molecular targets (Na2

+, Na2, and N2) and
100 trajectories for Na9

+ targets for each impact energy. We
note that a trajectory is considered to be fragmented if the
internuclear distance R exceeds RF = 12.8 a.u. for Na2

+ and
RF = 12.4 a.u. for Na2 within a propagation time of 500 fs
and RF = 8 a.u. for N2 within a propagation time of 50 fs.

2. He + He and He + H2 collisions

In Sec. III we confronted theoretical with experimental
energy-loss spectra for the He + He and He + H2 collisions.
In the latter case, excitations in the H2 target are expected to

TABLE II. Atomic basis set details for the He + H2 and He + He
collisions: explicitly considered atomic orbitals (i.e., not treated using
the frozen-core approximation), fundamental Gaussian basis sets, and
pseudoatom parameters r0.

Collision Atom Atomic orbitals Gaussian basis set r0

(a.u.)

He + H2 H 1s,2s,2p,3s,3p d-aug-cc-pV6Z
(s,p only)

He 2s 6-31G 3.5
He + He He 1s,2s,2p,3s,3p d-aug-cc-pV5Z 3.5

1s,2s,2p,3s,3p (s,p only) 3.5

dominate the spectra [41] and thus we treat the electrons of
the He projectile within the frozen-core approximation for the
He + H2 collision.

The atomic basis sets for the respective atoms are summa-
rized in Table II. As in Appendix 1, these optimized atomic
basis sets are constructed from Gaussian basis sets [48–50],
where we use an additional attractive (pseudoatom) potential
V (r) = ( r

r0
)2 for the He atom for both collisions. The electronic

density is described in all cases using the deMon Coulomb
fitting basis set (s,p-type Gaussian functions only).

All calculations in Sec. III (QMD, NA-QMD, and
NA-QMD-H) are based on spin-restricted (time-dependent)
Hartree-Fock theory using the half-electron approximation in
the NA-QMD-H calculations (see Sec. III A).

The collision scenarios are set as follows. Initially, the
system is in the electronic ground state. For both collisions
the impact parameters b are chosen from b = 0 to 4 a.u. For
the molecular target initial orientations were chosen randomly,
thereby keeping the initial internuclear distance fixed at its
ground-state equilibrium value. While single, deterministic
trajectories for each impact parameter and orientation results
from the QMD and NA-QMD calculations, trajectories are
sampled stochastically for the NA-QMD-H calculations. The
NA-QMD-H results for the angle-resolved energy-loss spectra
are obtained from ∼104 trajectories for the He + He collision
and from ∼105 trajectories for the He + H2 collision.
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