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Abstract We study the charge transfer between colliding

ions, atoms, or molecules, within time-dependent density

functional theory. Two particular cases are presented, the

collision between a proton and a Helium atom, and

between a gold atom and a butane molecule. In the first

case, proton kinetic energies between 16 keV and 1.2 MeV

are considered, with impact parameters between 0.31 and

1.9 Å. The partial transfer of charge is monitored with

time. The total cross-section is obtained as a function of the

proton kinetic energy. In the second case, we analyze one

trajectory and discuss spin-dependent charge transfer

between the different fragments.

Keywords Time-dependent density functional theory �
Charge transfer � Collisions

1 Introduction

For more than two decades, density functional theory (DFT)

has been used as a reliable tool to describe the electronic

structure, total energy, and associated characteristics of

molecules and solid-state materials, in the adiabatic approx-

imation [1, 2]. The level of accuracy achieved by DFT is

acceptable for a range of purposes in quantum chemistry with

a better balance between accuracy and computational cost

than more sophisticated approaches based on interacting

electronic wave function theory (WFT) [3].

However, quantum chemistry is not restricted to the

description of static (or adiabatic) phenomena. Collision

dynamics, or the description of systems excited with femto-

second lasers, requires time-dependent approaches. Phenom-

ena like photoionization, excitation, and ionization by electron

impact, charge transfer processes [4, 5], atomic scattering, and

interstellar chemistry, also call for theoretical support.

For many years, the atomic physics community has been

using highly accurate WFT to investigate time-dependent

phenomena, including the electronic correlation effects,

with impressive success [6]. However, even with present

computational resources, only a few electrons can be

tackled when such approaches are followed.

Several routes to avoid the treatment of many-body wave

functions in collisions, still accounting for adiabatic effects,

have been explored. Without being exhaustive, let us mention

the approach from Saalmann et al. [7], in which the authors

study an exact case with one electron, time-dependent

Hartree-Fock (TD-HF), that was used in [8] to explore the

charge exchange in the collision He2? ? He, and many studies

based on non-adiabatic hopping between hypersurfaces [9].

Time-dependent density functional theory (TD-DFT)

[10] shares with DFT a favorable scaling with the number

of electrons and allows one to compute the evolution of the
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electronic structure with a time-dependent Hamiltonian, a

characteristic that traditionally was only possible from first

principles using WFT. In the past few years, TD-DFT has

been used by a few groups to study ion–atom collisions :

Keim et al. [11] used a basis generator method (BGM) to

examine the collisions of bare ions with helium, with

excellent agreement with the experimental results from

Rudd et al. [12, 13], while Wang et al. [14] examined

proton–Argon and proton–Neon [15] collisions, also with

reasonable agreement with experimental data. In the latter

case, the authors went beyond the analysis of the single

electron transfer channel and explored different methods to

quantify the double electron transfer. The study of more

complex phenomena has been also undertaken recently:

collisions between atomic oxygen and graphite clusters

[16], and studies of the stopping power of ions impacting

on surfaces [17, 18].

Within a long-term effort aiming at the description of

the transfer of charges occurring in secondary ion mass

spectrometry [19–21], we explore the use of TD-DFT for

collisions between ion, atom, and molecule. In the line of

Keim, Wang, and coworkers, [11, 14, 15, 22], we examine

first the transfer of charge during a simple proton–atom

collision, namely the proton–Helium case. We base our

analysis on tools that will scale easily to more complex

physical situations : the combination of real-space inte-

grated density representation and Hirshfeld partitioning

[23] of charge between atoms. Then, we explore the col-

lision between a gold atom and a butane molecule, and

apply the same analysis tools. The charge transfer is

quantified for each spin channel.

2 Theoretical background

Time-dependent density functional theory (TD-DFT) is an

extension of ground-state DFT (GS-DFT) to solve the

electronic structure problem under a time-dependent

Hamiltonian. Its foundations are similar in purpose to those

in GS-DFT, although the set of theorems and their math-

ematical demonstrations are considerably different. More

detailed references about the TD-DFT formalism can be

found in [24]. In what follows, we will consider the com-

bination of TD-DFT, for the electronic system, with a

classical representation of nuclei motion.

In the presence of a time-dependent Hamiltonian, WFT

solves the Schrödinger equation

i
o

ot
Wðfrg; tÞ ¼ Ĥðfrg; tÞWðfrg; tÞ; ð1Þ

where the Hamiltonian Ĥ and the wave function W are

functions of the spatial coordinates of N electrons frg ¼

fr1; r2; . . .; rNg and the time. The Hamiltonian is

decomposed as:

Ĥðfrg; tÞ ¼ T̂ðfrgÞ þ ŴðfrgÞ þ V̂extðfrg; tÞ

¼ � 1

2

XN

i¼1

r2
i þ

1

2

XN

i;j¼1

1

jri � rjj

þ
XN

i¼1

mextðri; tÞ

ð2Þ

In the case of scattering, without electromagnetic fields,

the dependence with time of the Hamiltonian comes from

the classical path followed by M point-like nuclei. In such

case, the external potential mext(ri, t) can be written:

mextðr; tÞ ¼ �
XM

k¼1

Zk

jr� RkðtÞj
ð3Þ

where Zk denotes the charge of the nucleus k and Rk

denotes its position.

Once Eq. (1) has been solved, the many-body wave

function W defines the electronic density

nðr; tÞ ¼ N

Z
d3r2d3 � � � d3rN jWðr; r2; . . .; rN ; tÞj2 ð4Þ

TD-DFT uses the real scalar field n(r, t) as the basic

variable, instead of the many-body wave function. The

foundations of this switch from wave functions to the

density as a fundamental quantity comes from the so-called

Runge-Gross theorem [10] that establishes a one-to-one

correspondence between the external potential mext(r, t) and

the density n(r, t). In a similar way as GS-DFT is

implemented, TD-DFT also uses an artificial set of non-

interacting N wave functions, where the Hamiltonian for

each of them is a functional of the time-dependent density.

An evolution equation for non-interacting electrons

replaces Eq. (1). An initial condition must provided. In

our case of collisions between ions, atoms, and/or

molecules, we assume that both target and projectile start

from their electronic ground state, so that the Hohenberg-

Kohn theorem establishes that the ground-state density is

sufficient to determine the many-body ground state.

Explicitly, let /i(r, t) be the one-electron orbital, the

evolution equation reads :

i
o

ot
/iðr; tÞ ¼ ĤKSðr; tÞ/iðr; tÞ ð5Þ

with the Hamiltonian ĤKSðr; tÞ separated in terms of

ĤKS½n�ðr; tÞ ¼ �
r2

2
þ mextðr; tÞ

þ mHartree½n�ðr; tÞ þ mxc½n�ðr; tÞ
ð6Þ

where mHartree(r, t) is the classical Hartree potential.
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We will rely on the so-called adiabatic local density

approximation (ALDA) to describe the exchange-correla-

tion time-dependent functional mxc[n](r, t), based on the

exchange-correlation of a free electron-gas [25–28].

Simulations of collisions were performed using the

software package Octopus [29, 30]. Octopus is an imple-

mentation of TD-DFT based on a real-space grid discreti-

zation. The simulation space is a parallelepiped whose

longer axis is along the direction of collision. In general,

the projectile and target are placed sufficiently far from

each other inside the simulation box. However, for the

specific case of proton projectile, the initial position could

be also at the frontier or outside the simulation box. The

ground state is computed first and used as initial condition

for the time evolution. The time evolution is also discret-

ized, the optimal time step is very dependent, not only on

the velocity of the ions, but also on the kinetic energy of

the electrons. To reduce the number of electrons involved

in the dynamics, the description of core electrons is

implemented using norm-conserving pseudopotentials (see,

e.g., Chap. 11 in [2]). In that case, particular attention has

to be paid to avoid overlappings of the cutoff radius of

those pseudopotentials that could induce artefacts in the

simulation.

During the time evolution, the electrons are treated

quantum-mechanically (TD-DFT) and the nuclei are point

particles treated classically using a modified Ehrenfest

formalism, as described in [31, 32]. The algorithm used to

approximate the evolution operator is the approximated

enforced time-reversal symmetry (AETRS) as imple-

mented on Octopus. The exponential of the Hamiltonian is

expanded using a Krylov subspace approximation of the

action of the exponential and the evolution follows the

technique described in [33]. The Perdew-Zunger’s

exchange-correlation [34] is used, and the core electrons

are represented using norm-conserving pseudopotentials

from Troullier and Martins [36]

3 Proton impacting Helium

Our first case corresponds to the simulation of a collision

between a proton and a Helium atom. This is a well-studied

problem in atomic physics [11, 13, 37–40], for which a

wealth of experimental data as well as results from higher

levels of theory are available.

For the simulation, a rectangular parallelepiped of 16.94 Å

along the direction of impact and 10.58 Å in the transversal

directions is used. The simulation box is defined by its

extremes (-8.47, -5.29, -5.29) and (8.47, 5.29, 5.29).

The spacing between points in the mesh is 0.1 Bohr (that is,

0.0529 Å). The total number of points in the mesh is

321 9 201 9 201 = 12968721 grid points plus some extra

points outside of the boundary to properly compute spatial

derivatives.

The Helium atom originally located along the major

central axis of the parallelepiped is impacted by a proton

that starts in one of the faces of the box with a certain

kinetic energy and impact parameter. The starting coordi-

nates for the He target is (-4.2, 0, 0), and for the proton

projectile is (-8.47, b, 0), where b is the impact parameter

(the perpendicular distance between the path of a projectile

and the center of the target)

In scattering processes, usually only the final product of

the collision is considered. First principles methods also

allow to understand the dynamics during the collision. With

the aim to gain understanding of computational as well as

physical aspects, we monitor the dynamics of the electronic

structure during the entire evolution. However, the amount of

data accumulated per time step is quite large, and thus must be

handled with care. To fix the idea, the storage of electronic

density for 12968721 grid points will require a binary file of

about 96 MB. Supposing a total of 25,000 time steps, storing

the data each hundred steps will require 24 GB. Instead of

storing such amount of data for post-processing purposes

only, we decided to introduce small modifications to the

Octopus source code to extract the relevant data in a more

detailed way during the execution, focusing on selected

integrated quantities, described later. Those modifications are

only affecting the output of the density : the physics and

algorithms implemented in Octopus were not changed.

As the kinetic energy of the proton spans several orders of

magnitude, the time step needs to be properly adjusted for

each value of kinetic energy. The optimal value was com-

puted for the most energetic proton in such a way that the total

energy of the system be constant under a tolerance of

0.03 eV. The larger deviations for the total energy occurs

when the proton reaches the closest distance with the He

nucleus. After the time step was scaled proportionally for the

different energies in such a way that the same number of time

steps are needed to move the proton the entire length of the

simulation box. The number of time steps required to move

the proton from one side of the box to the opposite one is

around 30,000. The simulation is stopped at 25,000 time steps

when the proton is sufficiently far from the He nucleus and

around 3 Å far from the end of the simulation box. At this

point, the electronic capture is complete.

As the proton follows its path, coming close to the

Helium atom, the electronic structure of the latter is per-

turbed. Depending on the initial kinetic energy of the

projectile and its impact parameter, some charge is ejected

out of the Helium atom region and either becomes attached

to the proton projectile, or is ejected in all direction of

space, including backwards the direction of impact.

In the TD-DFT formalism for a two-electron spin-satu-

rated system such as the Helium atom, only one Kohn-
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Sham orbital is explicitly treated. Contrary to WFT, the

knowledge of the final state of the system does not allow a

unambiguous interpretation of the final result in terms of

probabilities of one- and two-electron transfer. However,

the one-electron transfer probability is much larger than

the two-electron transfer probability, and in the present

context, we will assume that the charge density outside

the Helium region is a direct image of the one-electron

transfer process. This is consistent with the results obtained

in [14, 15]

Figure 1 presents several snapshots of the time evolu-

tion of the electronic density inside the simulation box, for

a typical collision. For the purpose of visualization, the

electronic density is integrated in planes perpendicular to

the direction of propagation, inside discs of different radii

in the y - z plane. One notices that before the collision, the

lines for radii larger or equal to R = 1.59 Å are undistin-

guishable from the line obtained in the whole plane, while

the spread between different radii increases steadily after

the collision, meaning that the electronic charge that is

localized within 1.59 Å before the collision, is scattered

and occupies the whole simulation box after the collision,

as expected.

To measure the amount of charge being transferred to

the proton, we integrate the charge around the two nuclei

after the scattering and when they are sufficiently separated

to measure a stable number of electrons to each of them. In

this simulation, the proton carries at the end about 0.4

electrons in a sphere of 1 Å of radius.

In order to examine the stability of the quantitative

estimation of the charge transfer, Fig. 2 presents the evo-

lution of the integrated charge in slices of 2 Å, centered on

each atom. For completeness, we also present in this graph,

the integral of the charge density in the region of space

with x lower than -1 (called ‘‘Back-scattering slice’’), and

with x larger than ?1 (called ‘‘Forward-scattering slice’’).

At the beginning of the simulation, using a slice of 2 Å

for the Helium atom, a charge 1.967 electrons is inside the

‘‘Helium slice,’’ the charge that spills out of the slice

represents the tail of the charge density, split in 0.018

Fig. 1 Snapshots of the integrated planar charge density during a

typical proton-Helium collision. The impact parameter is 0.74 Å, the

initial kinetic energy of the proton is 26.8 keV. The direction of

propagation is x. The different lines show the density integrated inside

a disc of radius R (in Å) in the y - z plane (or inside the full box)

centered on a line that passes through the Helium atom at rest. Small
black dots are used to show the locations of the nuclei in the direction

x (see text)
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electrons for the ‘‘Back-scattering slice’’ and 0.015 elec-

trons for the ‘‘Forward-scattering slice.’’ It means that more

than 98 % of the charge is initially contained inside the

‘‘Helium slice.’’ As the proton gets closer to the Helium,

part of the charge associated with the He is also associated

with the proton, as the two slices overlap. Finally, when the

proton leaves the region of interaction, some charge fol-

lows the proton, reducing the charge associated the Helium

atom.

The charges associated with proton and He stabilizes

around a well-defined value. While the back-scattered

charge is quite small, the difference between forward-

scattered charge and the charge centered on the proton,

after the collision, is non-negligible and calls for further

analysis, especially with respect to its angular dependence.

Artefacts due to the reflecting nature of the simulation box

must also be analyzed. At the end of the time simulation

corresponding to Fig. 2, the charge present in the ‘‘Back-

scattering slice’’ is 0.023, the charge present in the

‘‘Helium slice’’ is 1.504, the charge present in the ‘‘For-

ward-scattering slice’’ is 0.473, while the charge present in

the ‘‘Proton slice’’ is 0.367.

Figure 2 also presented the Hirshfeld partitioning [23]

of the total charge, as a function of time. The Hirshfeld

partitioning attributes the charge at each point in space

either to the Helium or to the proton, according to a weight

that is proportional to the radial densities of the neutral

(ground state) Helium or Hydrogen atoms. The imple-

mentation of this partitioning is rather easy. Although it

completely neglects the possibility that a fraction of elec-

tronic charge density might not be attributed to one of both

atoms, it constitutes a useful characterization tool that can

be transposed easily to more complex situations, as

described in the next section [41]. For the present proton–

Helium case, after the collision, the Hydrogen Hirshfeld

charge is 0.453 and the Helium Hirshfeld charge is 1.547.

The Helium Hirshfeld charge is slightly higher than the

charge in the ‘‘Helium slice.’’ It seems to gather most of the

charge excluded from the ‘‘Back-scattering slice.’’ Analo-

gously, the proton Hirshfeld charge is larger than the

‘‘proton slice charge,’’ and smaller than the charge in the

‘‘Forward-scattering slice.’’ In both cases, they stabilize

after the collision and can be used to perform an analysis of

the transfer of charge.

As seen on Fig. 2, the amount of charge being trans-

ferred becomes stable for a given value of initial kinetic

energy and impact parameter. The understanding of the

long-term evolution of the charge clearly identified to be in

the He and H regions seems rather obvious, unlike the

charge in other regions.

In Fig. 3, we examine one aspect of the behavior of the

charge that remains between the two nuclei. In this respect,

we define the planar average velocity as the integral of the

local current divided by the local density in the plane

perpendicular to the x direction. This figure shows the

planar average velocity during the proton–He collision for

a reference plane in the scattering region at x = -0.5 Å.

As the proton approaches the He atom (t \ 0.20 fs), the

charge oscillates at the reference plane, inducing oscilla-

tions in the charge velocity. Immediately after the proton–

He atom collision (x = -4.2 Å, t = 0.21 fs), some charge

crosses the reference plane, causing a sudden jump in the

charge velocity shown in Fig. 3. When the proton crosses

the reference plane, (t = 0.35 fs), the charge crosses the

plane with the same velocity as the proton, as is evident in

the plateau found around 0.35 fs. After the crossing of the

proton, the velocity of the charge in the plane decreases

exponentially. Also, some charge goes back to the Helium

atom, visible as a negative value in the current along y. The

quantification of the amount of charge going in the dif-

ferent channels (including, e.g., electron scattering) has not

been attempted.

Figure 4 gathers the electronic charge transfer values,

after collision, as a function of the initial kinetic energy of

the projectile, for several values of the impact parameter.

Assuming an exponential behavior of the electronic capture

as a function of the impact parameter, the capture cross-

section based on the proton slice integrated charge density

Fig. 2 Amount of charge present in different regions of space during

the proton-He collision. The initial kinetic energy and impact

parameter are the same than the ones used in Fig. 1. Full line (blue)

: integrated charge in a slice with x between -5.2 and -3.2, that is,

between -1 and ?1 Å with respect to the Helium atom, defining the

‘‘Helium slice’’. Dotted line (red): integrated charge with x higher

than -3.2, that is, in the ‘‘Forward-scattering slice’’. Dash-dotted line
(light blue): integrated charge with x lower than -3.2, that is, in the

‘‘Back-scattering slice’’. Dashed line (green): integrated charge in a

moving slice, with the difference in x with respect to the proton being

between -1 and ?1, that is, in the ‘‘Proton slice’’. Note that this slice

overlaps first with the ‘‘Back-scattering slice’’, then with the ‘‘Helium

slice’’, then with the ‘‘Forward-scattering slice’’. Small dotted line
(blue), upper: Hirshfeld charge for the Helium nucleus. Small dotted
line (green), lower: Hirshfeld charge for the proton
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can be computed as a function of the initial kinetic energy

of the projectile. The corresponding data are presented in

Fig. 5. There is a good agreement with the experimental

data [12, 42–45] in the energy range where they agree

(below 150 keV).

One can wonder why the agreement is quite good,

although it is well known that TD-DFT usually overesti-

mates charge transfer [46, 47]. However, during collisions,

the electronic transfer occurs close to the nuclei, where the

electronic density is high. The contribution to the capture

cross-section is dominated by collisions with small impact

parameter. The known problem, actually related to the

presence of region of spaces weakly populated (exponen-

tial decay of the wave function) seems not to be encoun-

tered here. Even the lack of a non-local exchange [48] does

not affect the capture cross-section. We performed some

additional calculations, with the self-interaction correction

present in Octopus. We observed that differences in the

final outcome of the simulation are negligible.

4 Gold–Butane collision

The collision of an atom of gold and a molecule of butane

includes some extra challenges compared with the previous

case. Instead of two electrons, now we have a total of 113

electrons. By using pseudopotentials, the number of elec-

trons treated explicitly can be reduced to 37. The gold atom

being spin-polarized, we have to treat independently each

spin channel. The total number of Kohn-Sham spin orbitals

to be handled is thus 37.

As the butane molecule and the gold atom are bigger

than the entities of the previous case, the simulation box

needs also to be bigger: the box is 22 Å along the direction

of collision and 10.5 Å in the transversal directions. As the

projectile (Au) now contains electrons, its initial position

must be inside of the box.

In the proton–Helium case, the mass ratio between

projectile and target was 1:2. With Au as projectile, the

proportion is inverted to about 3:1. The simulation pre-

sented in Fig. 6 shows an atom of gold, with initial kinetic

energy of 23.9 keV, impacting the bond region between

two carbon atoms of the butane molecule. We observe that

the gold atom breaks the molecule precisely on that bond

and continues its path without major deflection. Two

fragments are formed from the former butane : one CH3 ion

Fig. 3 Components of the planar average charge velocity (j/n) as a

function of time, for the plane x = -0.5 Å. The physical conditions

shown here are the same as Fig. 2; the vertical dashed red lines
indicate the times of the snapshots of Fig. 1. The velocity of the

proton is also shown with a horizontal line

Fig. 4 Electronic charge capture for the proton–Helium collision, as

function of the initial kinetic energies for several different impacts

parameters. The charge depicted is the charge from the proton slice

when the transfer is completed

Fig. 5 Electronic capture cross-section by proton in Helium. Exper-

imental results [12, 42–45] are shown for comparison
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(lower part of each sub-figure) and one C3H7 ion (upper

part of each sub-figure). However, the latter can be seen to

decompose in a CH2 entity (moving upwards), and a C2H5

entity (nearly static).

This work is intended to simulate the kind of processes

occurring in secondary ion mass spectrometry (SIMS).

From a SIMS perspective, the fragmentations present in

our simulations should be similar to those occurring in

organic polymers due to secondary collision of the atoms

from a gold deposit surface as is the case in metal-assisted

SIMS (MetA-SIMS). They should have an important role

in the ionization of those organic fragments, allowing them

to be identified when sputtered.

Following the same methodology than the one used to

understand the case of proton and He collision, the planar-

integrated density was computed along the direction of

impact. It is represented in Fig. 7. As for the proton–

Helium collision, such charge density representation allows

to visualize the dynamic evolution of the electronic clouds.

The two clouds, initially well separated, merge, and then

separate, while a small component is present outside of the

two major regions.

For kinetic energies as high as in the case presented, and

with similarly large impact parameter, the fragments of the

butane molecule acquire a relatively small velocity,

making easier to partition the charge. We also tested lower

kinetic energy cases. However, for some of these, the

fragments have a velocity close to the one of the projectile.

Measures of charge based on a one-dimensional integrated

partition of the space are not as effective. The partition of

space must be three-dimensional (as was done with cylin-

der for the proton–Helium collision) to provide usable

results.

In Fig. 8, the Hirshfeld analysis is carried out for each

spin component. It shows a well-defined reallocation of the

spins charges for the gold atom. As the total amount of

charge for each component remains constant, it means that

the spin rearrangement is done at expenses of the spin

components of the carbon and hydrogen atom. While the

charge and spin on the gold atom quickly stabilizes after

the collision, on each fragment, the time-dependent

Hirshfeld analysis shows some fluctuation between atoms,

which is expected (even is confined in a fragment, the

electrons continue to oscillate, due to the Ehrenfest

dynamics). For a well-separated fragment, like the CH3

going downwards on Fig. 6, the stabilization is expected to

be faster than for each atom separately.

In Table 1, we provide the position, velocity, and

Hirshfeld charges (for each spin channel), for each atom, as

well as for the C2H5, CH2 and CH3 fragments, at the

Fig. 6 Snapshots of the collision of a gold atom with a butane molecule. The initial kinetic energy of the projectile is 23.9 keV

Theor Chem Acc (2012) 131:1289 Page 7 of 10
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beginning, and at the end of our simulation. Note that in

Fig. 6, the x axis runs diagonal in the perspective of the

snapshots. Also, the butane molecule is not symmetric with

respect to the impact axis.

The Hirshfeld analysis shows that the gold atom loses a

charge of 0.477 electrons in the spin up channel and gains a

charge of 0.280 electrons in the spin down channel, with a

global loss of 0.197 electrons. The CH3 fragment charge

change (U,D) is (?0.297, -0.135), for a global gain of

0.162 electrons, the CH2 fragment charge change (U,D) is

(?0.134, -0.039), for a global gain of 0.095 electrons, the

C2H5 fragment charge change (U,D) is (?0.047, -0.106),

for a global loss of 0.059 electrons.

5 Conclusions

In the present study, we have analyzed the charge transfer

due to collisions, using time-dependent density functional

theory. We focused first on the collision of a proton with an

atom of Helium, for which we tested analysis tools that

would scale also for more complex systems. The agreement

with experimental data for scattering cross-section is rea-

sonably good. We apply the same methodology to describe

the transfer of charge due to a collision between an atom of

gold and a molecule of butane. We find that the slice

representation allows for an easy visualization of the whole

phenomena, allowing to gauge the charge partitioning in

different region of space. The Hirshfeld partitioning yields

complementary quantitative information, although the

emission of electrons is missing from such representation.

In the case of the gold–butane collision, there is a cross-

Fig. 7 Planar-integrated charge

density, during the simulation of

an atom of gold in collision with

a butane molecule,

corresponding to the six

snapshots of Fig. 6. Each spin

contribution is considered

independently

Fig. 8 Evolution of the Hirshfeld charges, during the simulation of

the collision between an atom of gold and a butane molecule, with the

same parameters as in Fig. 6. Each spin contribution is displayed

independently for each atom. The upper curves are for the spin up and

spin down Hirshfeld charges on the gold atom. The Carbon Hirshfeld

charges start at a value of about two (for both spin up and spin down,

making four valence electrons for each carbon atom as expected), and

the Hydrogen Hirshfeld charges start at a value of about one half (for

both spin up and spin down, making one valence electrons for each

hydrogen atom as expected)
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exchange of spin charge density between the gold atom and

butane molecule (or fragments).

While in the case of the proton–Helium collision, we

were able to lead a full sampling of the parameter space

(impact parameter, kinetic energy of the projectile), the

configuration space for the gold–butane case is much lar-

ger, as the orientation of the butane molecule is to be

described in a three-parameter space, the whole charac-

terization having to be done in a five-dimensional space.

Monte-Carlo techniques should be used to investigate such

a parameter space.
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