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1 Chapter

Foundations and Purpose of
this Research

1.1 Introduction

Investigations of charge exchange reactions are of fundamental interest
to physicists studying a wide range of phenomena in astrophysics, where the
displacement of electrons effects the behavior of all interstellar gases [1], and
to plasma physics where edge effects, in part due to electron transfer, have
detrimental consequences on the process of thermonuclear fusion [2]. These
reactions are also determinant in understanding the complex mechanisms
involved in ion beam therapy of cancer disease.

A detailed theoretical description of charge transfer is so challenging
that several approximative techniques have been developed, from the sim-
pler methods such as the Landau-Zener approximation, or the classical tra-
jectory Monte Carlo model, to very accurate quantum mechanical methods,
such as the quantum mechanical close-coupling approximation. Quantal
calculations, in which both the projectile and electronic motions are de-
scribed quantum mechanically, are necessary for low collision energies (E
< 50 eV/a.m.u.). Collisions of ions with atoms and molecules at impact
energies above 50 eV /a.m.u. are usually described by semiclassical meth-
ods. In these methods, the relative ion-atom (molecule) motion is treated
by means of a classical trajectory and the remaining degrees of freedom are
described quantally. For E>20 keV /a.m.u., purely classical calculations can
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be performed in the framework of the model potential approximation.

Detection methods, like photon emission spectroscopy, translational en-
ergy spectroscopy, energy gain spectroscopy, Auger electron spectroscopy or
recoil ion momentum spectroscopy has allowed charge transfer to be studied
leading to a wealth of experimental data being available.

This chapter attempts to provide a succinct outline of the historical
background of the charge-transfer process and reviews on aspects of ion
beam therapy. Near the end of this chapter the motivation and objectives
behind this research are formulated. The organization of this document is
presented at the end of the chapter.

1.2 Historical Review

Charge exchange was discovered by G. H. Henderson (1923) during
course of experiments in which a-particles were passed through absorbing
screens of mica [3]. Numbers of singly charged He™ ions and also He atoms
were observed to emerge from the far side of the screens, and these were
attributed to the capture of electrons by the a-particles. This interpreta-
tion of the experiments was confirmed, and the measurements extended to
electron capture by a-particles from air and hydrogen, by E. Rutherford [4],
G. H. Henderson [5], and J. C. Jacobsen [6].

Shortly after the discovery of charge exchange in ion-atom collisions by
Henderson, a theoretical model of such reactions was constructed by Thomas
in 1927 |7], based on classical mechanics. It was assumed that the electrons
in the target were at rest and were uniformly distributed over the surface
of a sphere. Kinematically the reaction requires twos successive collisions to
take place. In the first the incident ion of velocity vy strikes an electron in
the target. Since the ion is much heavier than the electron it is essentially
undeflected. On the other hand it is possible for the electron to acquire
the speed vy and to make a collision with the target nucleus in such a way
that it is deflected to move in the same direction as the incident ion. Those
electrons which emerge moving with the same velocity as the incident ion
and in the same direction are considered to be captured. This mechanism
produced a capture cross section decreasing with velocity like vy 1 which
is, in fact found from quantum theory to be the correct asymptotic velocity
variation of the non-relativistic cross section.
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At the same time other theories have emerged. The first applications
of quantum mechanics to charge exchange were perturbation treatments by
Oppenheimer in 1928 [8] and by Brinkman and Kramers in 1930 [9]. The
latter authors were the first to make use of the fact that, at all except the
very lowest energies, the wavelength associated with the relative motion
of the heavy particle is very small compared with the distance over which
interaction takes place, with the consequence that the heavy-particle motion
follows a classical Newtonian trajectory; only the electronic motion needs to
be treated by quantum mechanics. At low energies the charge exchange cross
section is large and a perturbation treatment is not adequate. When the
relative velocity of the heavy particles is small, the interaction time is long
compared with the characteristic times of electrons in bound state orbits.
Under these circumstances the electron to be captured is shared between
the two ions during the collision, forming quasimolecule. The electrons are
fast enough to adjust their motion to the relative position of nuclei at each
instant of time. The first theoretical description of this mechanism was given
by Massey and Smith (1933) who developed a theory based on the expansion
of the electronic wave function in a series of molecular orbitals [10]. In the
original form this model contained some serious difficulties, and it was not
until some twenty-five years later that Bates and his collaborators [11-15]
corrected these and presented the theory in its modern form [16]. The title
of the first paper of the series entitled 'Inelastic heavy particle collisions
involving the crossing of potential energy curves’ is "Charge transfer from H
atoms to Be?", Si*T and Mg*" ions’ [11].

The development and application of the models for a more accurate un-
derstanding of the charge-transfer processes of increasingly complex systems
continue till today.

1.3 Reviews on Aspects of Ion-Beam Ther-
apy

The interaction of ionizing radiation with biological tissue can induce
important damage to DNA. The cell has a very efficient repair system for
single and isolated lesions like single strand breaks that occurs very fre-
quently and is not only caused by ionising radiation. Even simultaneous
damage at both DNA strands, i.e. double strand breaks, can be repaired
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by the cell rather quickly with a reduced but still high fidelity. But if the
local damage is enhanced by higher local doses more complex DNA damage
(cluster damage) is produced which is less reparable [17]. Important damage
has been shown to be due not only to the primary radiation itself, but to
the secondary particles, low energy electrons, radicals, and also ions which
are generated along the track after interaction of the ionizing radiation with
the biological medium [18].

1.3.1 Physical Advantage

The most prominent advantage of ion beams compared to conventional
photon radiation (X-rays, gamma rays, high energy photons) is their fa-
vourable depth-dose profile. A comparison of depth-dose profiles for photon
and particle beams is displayed in Fig. 1.1. Low energy X-rays show a
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1.1. Figure: Depth-dose distribution of photon and particle beams. [19]

steep exponential decrease of dose with depth. For high-energy photons
(mostly used in conventional therapy nowadays) the initial buildup, mainly
caused by forward scattered Compton electrons, shifts the peak dose by a few
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centimeters away from the surface of the patient’s body, thereby improving
the target-to-entrance dose and sparing the radiosensitive skin. In contrast
to photons, the dose profiles of protons and heavier ions are characterized
by a distinct narrow peak at the end of their path [20]. Because of their
charge, the ions interact mainly with the electrons of the penetrated tissue.
At the high initial speed, this interaction is short and only little energy is
transferred to the tissue. With increasing depth, the ions are slowed down
and the local interaction becomes longer, transferring a higher dose to the
tissue. Therefore, the dose increases at the end of the ion range to very
high values, the so called Bragg maximum. This yields an ideal depth-
dose distribution for therapy: a low dose at the entrance channel in the
normal tissue and a large dose at the end of the penetration in the tumour
volume [21].

The increased energy deposition with penetration depth up to a sharp
maximum at the end of the particle range was first measured by Sir William
Henri Bragg wit alpha particles in air [22], and therefore this maximum
is known as the Bragg peak. Many years later R. Wilson has recognized
the potential for using the Bragg-peak feature of protons or heavier ions
for radiation therapy. In his paper Wilson mainly discusses protons but
also mentions alpha particles and carbon ions [23]. It took almost 10 years
from his first publication until the first patient was treated with protons at
Lawrence Berkeley National Laboratory in 1954. Ions heavier than protons,
such as helium and later on argon, first came into use at Lawrence Berkeley
Laboratory in 1957 and 1975, respectively. Argon ions were tried in order
to increase the effectiveness against radioresistant tumours, but problems
arose owing to non-tolerable side effects in the normal tissues. Trials with
silicon and neon ions did not give good results and only toward the end of
the program was found that the neon charge is too large and undesirable
effects were produced in the traversed and downstream healthy tissues [24].
Until its closure in 1993 the Bevalac radiotherapy facility was the only fa-
cility worldwide using heavy ions for radiotherapy of localized deep-seated
tumours. Over time it became evident that carbon ion beams were the
most effective at treating certain types of cancers that were not responsive
to conventional therapies or involved greater radiation doses to surrounding
normal tissues.

For ions heavier than protons, like the carbon beams, the nuclear frag-
mentation as a second process beside the energy loss determines the depth-
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dose distribution. In these nuclear reactions, lighter ions are created that
continue their path with approximately the same velocity. However, because
they are lighter, they have a larger penetration and create a dose tail at the
distal side of the Bragg peak [25]. A frequent process is the stripping of one
or two neutrons, converting the stable 2C to 1C and '°C. Both isotopes
are radioactive and decay with a half life of 20 minutes and 19 seconds,
respectively under the emission of a positron [26]. The positron annihilates
with a target electron and emits two 511 keV gamma rays coincidently under
180°. A large fraction of these coincident quanta can be detected by two
gamma cameras on opposite sites of the patient and their origin i.e. the
region of the stopping carbon ions can be reconstructed after each treat-
ment session. Using this technique of positron emission tomography (PET)
it is possible to verify with a precision of two millimeters whether the target
volume was irradiated correctly [27]. For protons, there is no dose tail and
also no projectile isotopes that can be used for a PET analysis.

1.3.2 Biological Advantage

Besides the physical differences discussed in the previous section there
can be biological differences in terms of dose response dependent on the
irradiation type. For a given survival fraction less dose is needed for carbons
compared to photons. Thus, for the same dose the biological effect of carbon
is higher than for photons.

Furthermore, the choice of carbon ions as the optimum ion is mainly
determined by the gain in radiobiological efficiency between entrance channel
and tumour. For light ions like protons, only at the very end of the track i.e.
at the last few micrometers, a clustering of DNA damage can be realized.
This seems not to be of major importance for therapy. Heavier ions like
Argon are extremely efficient in cell killing but unfortunately the efficient
region also extends into the normal tissue in front of the tumour, causing
heavy severe late effects. For ions between proton and argon, in the region
of carbon, the energy loss and consequently the lesion density is distributed
in a very favourable manner. At high energies, the local ionization is low.
Therefore, individual DNA lesions are produced with a large repair potential
and the damage produced in the normal tissue in front of the target is
reparable. At the end of the carbon ions’ range, in the last centimetres, the
local ionisation density reaches a level where a majority of irreparable DNA
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damage is produced in a single particle track yielding high radiobiological
efficiency values and efficient tumor inactivation [17].

Carbon ions are best in the balance of the production of lethal lesion
in the tumour on one hand and reduced damage to the normal tissue on
the other. Measurements of DNA double strand breaks as well as of cell
survival have confirmed the high repair rate in the healthy tissue and the
very effective cell killing in the tumor region [28].

1.3.3 Carbon Therapy Facilities in the World

Encouraged by the prospective results of heavy-ion radiotherapy at Law-
rence Berkeley National Laboratory and the recent progresses in the acceler-
ator and beam-delivery technologies [29], in 1994 the NIRS (National Insti-
tute of Radiological Sciences) in Chiba, Japan decided to carry out heavy-ion
radiotherapy using the HIMAC (Heavy-Ion Medical Accelerator in Chiba)
synchrotron, and clinical trials with carbon at the GSI (Helmholtzzentrum
fiir Schwerionengorschung GmbH) in Darmstadt, Germany followed. The
heavy-ion therapy at NIRS began treatment with carbon ions right from
the start, although it would have been possible to accelerate heavier ions up
to Argon at the HIMAC. The therapy unit at Chiba is the first heavy-ion
accelerator that is dedicated solely to therapy. On the base of the excellent
clinical results obtained on about 4500 patients in Chiba and on 400 pa-
tients at GSI, several hospital-based ion therapy centers have been proposed
worldwide.

The Hyogo Ion Beam Medical Center was constructed in 2001 as the
world’s first charged particle radiotherapy center where both proton and
carbon-ion radiotherapy can be performed. Superficially-placed tumours
have been treated with carbon ions at the Institute of Modern Physics (IMP),
Chinese Academy of Sciences (CAS), since November 2006. The Heidelberg
Ion Therapy Center (HIT) started clinical operation in November 2009. The
third carbon ion therapy facility in Japan was commissioned at the Gunma
University Heavy Ion Medical Center (GHMC) at Maebashi, where its first
patient was treated in March 2010. The Saga Heavy lon Medical Accel-
erator project (Saga-HIMAT) in Tosu started construction of a carbon-ion
radiotherapy facility in February 2010. This is based on the design of the
GHMC facility and will be opened in 2013. In France, the ETOILE (Espace
de Traitement Oncologique par Ions Légers dans le cadre Européen) cen-
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ter in Lyon will be chiefly dedicated to clinical practice while ARCHADE
(Advanced Resource Centre for Hadrontherapy in Europe) in Caen will be
the first center in the world devoted to hadron therapy research, helping
both clinicians and their patients. The ETOILE Center will receive its first
patients in 2015. Besides, three other facilities are in advanced phase of
construction: the Italian Hadron Therapy (CNAO) at Pavia, the Koopera-
tiven Ionen Therapie Zentrum at Marburg (KITZ) and the North European
Radiooncological Center (NRoCK) at Kiel.

Following its successful clinical operation, new ion beam particle centers
will be soon constructed in: Wiener Neustadt (2015), Austria; Shanghai
(2015) and Lanzhou, China; and Busan (2016), Korea. Kanagawa Cancer
Center (KCC) is also pursuing plans to introduce a carbon ion radiotherapy
system and start its operation in 2015.

Clinical research are carried out at these institutions to enhance beam
delivery accuracy, such as beam scanning that compensates for organ move-
ments, which will further improve the clinical efficacy of the ion-beam ther-
apy in the future.

1.4 Purpose of this Work

Owing to high dose localization and high biological effect of the carbon-
ion beam used in cancer radiotherapy, the carbon-ion beam is considered to
be useful against intractable, photon-resistant cancers, and to greatly reduce
the treatment period compared with photon or proton radiotherapy.

The analysis of such mechanisms at the molecular level is important to
provide detailed information on the different processes occurring during the
collision, as charge transfer between the projectile ion and the molecule.
This may involve direct processes where collisions of ions with biomolecular
targets have to be considered, but also indirect processes corresponding to
reactions of ions with the environment, in particular the solvent, generally
water. Such reactions have indeed been shown to drive important damage
[30] and charge transfer with water or OH targets are of fundamental interest.

We have been interested in particular in charge-transfer processes in-
volving diatomic targets, as the OH radical which may be formed in the
biological system. Besides, we have extended our research taking account of
the characteristics of the molecular target (electronic structure, electronega-
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tivity of its elements) to have a better understanding of the charge-transfer
mechanism for different diatomics and, if possible, establish a number of
general rules for these reactions.

Motivated particularly by ion beam therapy studies, this thesis describes
in detail charge-transfer process in collisions of C** jons with hydrogen
halide molecules (HF, HCI) for which experimental measurements have been
proposed by the Institute of Nuclear Research of the Hungarian Academy of
Sciences. The comparison between theoretical and experimental results is of
great importance from both sides, i.e. with the intention of either checking
the theory or interpreting the experiments.

A comparative analysis is presented involving quite similar molecular
targets in order to investigate the efficiency of the charge-transfer process
with regard to nonadiabatic interactions, influenced by the proposed exper-
imental results.

The structure of this thesis is as follows.

CHAPTER 1 gives a general introduction on the particle radiation ther-
apy with some special emphasis on the physical and biological rationale for
the use of ions (especially carbon ions) compared to conventional photon
radiation, together with a glance at the world carbon therapy facilities.

CHAPTER 2 describes the theoretical background for the ab initio cal-
culations and reviews the theoretical concepts of semiclassical dynamical
treatment of ion-molecule collisions.

CHAPTER 3 presents numerical methods used to solve the Schrodinger
equation. Quantum chemical approaches are introduced to calculate the po-
tential energy surfaces and related nonadiabatic coupling terms. The objec-
tives of using effective core potentials and translation factors are discussed.

CHAPTER 4 presents our detailed analysis of the charge-transfer pro-
cess in collisions of C?" ions with hydrogen halide molecules in the keV
collision energy range. The mechanism is investigated in detail in connec-
tion with avoided crossings between states involved in the reaction. The
orientation of the projectile towards the molecular target is developed for
the C** + HF collision system. The vibration of the molecular target is
also analyzed and cross sections on different vibrational levels of HF™T are
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estimated in the Franck-Condon approximation. The theoretical treatment
of charge-transfer processes induced by collision of the C?T projectile on
hydrogen chloride is also presented. A comparative analysis is performed
for hydrogen halide targets.

CHAPTER 5 includes the summary of the results, reports the conclusions
and also presents the future developments and perspectives.



2 Chapter

Theory of Ion-Molecule
Collisions

2.1 The Adiabatic and Born-Oppenheimer
Approximations

The starting point of all that follows is non-relativistic quantum mechan-
ics. Thus, one starts from the time-dependent Schrédinger equation

9 B ) B
iﬁa‘l’(ﬂ', Rp;t) = H¥(r, Rr; t). (2.1)

The standard form of the non-relativistic molecular Hamiltonian in an
arbitrary coordinate system takes into account five contributions to the total
energy of the system: the kinetic energies of the electrons and nuclei, the
attraction of the electrons to the nuclei, and the interelectronic and internu-
clear repulsions. Casting the Hamiltonian into mathematical notation, we
have
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E[ = Tnuc + Tel + Vnuc,el + ‘7el,el + Vnuc,nuc
= Y
o &Myt om,

1 27z 1 €2 1 e27:7
4 Z 5 I—» +4 Z 2 _ = +4 Z = I"J
TEQ I,i‘RI—T” 7T50Z-<j|7'i_7"j| 7T50[<J|R]—RJ|

= - V4 H,
- z]: 2MI I + el
(2.2)

for the R} nuclear positions and 7; electronic coordinates. I and J run over
nuclei, ¢ and j run over electrons. M; and Z; are mass and atomic number
of the I'th nucleus, the electron mass and charge are denoted by m. and —e,
and gq is the vacuum permittivity. In order to keep the current derivation
as transparent as possible, the more convenient atomic units (a.u.) will be
introduced only at a later stage.

Accurate wave functions for many-particle molecular systems are ex-
tremely difficult to express because of the correlated motions of particles.
That is, the Hamiltonian in Eq. 2.2 contains pairwise attraction and repul-
sion terms, implying that no particle is moving independently of all of the
others. It is convenient to compute electronic energies for fixed nuclear posi-
tions. This allows the electronic part to be solved with the nuclear positions
as parameters.

Assume for the moment that the exact solution of the corresponding
time-independent electronic Schrédinger equation,

Ho(7; Rp)®(7; Rr) = Ep(Rr)®x(7:; Rr) (2.3)

is known for clamped nuclei at positions R;. The spectrum of H,, is assumed
to be discrete and the eigenfunctions to be orthonormalized

/‘I’Z(Fi; Rp)®,(7%; Br)dr = 6y (2.4)

at all possible positions of the nuclei. Knowing all these adiabatic eigen-
functions at all possible nuclear configurations, the total wave function in
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Eq. 2.1 can be expanded

oo

U(7, Brst) =Y @7 Rr)x(Rrst) (2.5)

=0

in terms of the complete set of eigenfunctions {®;} of H,; where the nu-
clear wave functions {x;} can be viewed to be time-dependent expansion
coeflicients.

Applying the V; operator to the wavefunction on the right hand side of
Eq. 2.5 gives

V(7 Br)xi(Br; t)] = Vi[Vi®(75; Rr)xa(Br; )]
= &,(7%; Rr)Vixi(Brt) + xi(Rpit) Vi (7 By)
+ 2(V (B 1) (V1@ (75 By).
(2.6)
Insertion of Eq. 2.5 into the time-dependent Schrodlnger equation Eq.

2.1 followed by multiplication from the left by ®7 (7; RI) and integration over
all electronic coordinates 7 leads to a set of coupled differential equations

2
[—Z 2?\/_, Vi+ Ew(Rr) | xr(Br;t) +zl:Clez Rp;t) = Zﬁthk(EIQt)y
(2.7)
where
_ K2 I
Chi :/<I>’,;(RI) —ZQM V2| & (Rp)dr
(2.8)

+Z { / O} (Ry) [~ihV /] QZ(EI)dF} [—ihV/]

is the exact nonadiabatic coupling operator. The first term is a matrix
element of the kinetic energy operator of the nuclei, whereas the second
term depends on their momenta.

The diagonal contribution cg; depends only on a single adiabatic wave
function @ and as such represents a correction to the adiabatic eigenvalue
E}. of the electronic Schrodinger equation Eq. 2.3 in this kth state. As a
result, the adiabatic approximation to the fully nonadiabatic problem Eq.
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2.7 is obtained by considering only these diagonal terms,

h? . .
1

the second term of Eq. 2.8 being zero when the electronic wave function is
real, which leads to complete decoupling

h? -, - 0
[— Z 7V% + Ek(R[) + Ckk(R[) Xk = Zﬁ§Xk (2.10)

1

of the fully coupled original set of differential equations Eq. 2.7. This, in
turn, implies that the motion of the nuclei proceeds without changing the
quantum state, k, of the electronic subsystem during time evolution [31].

The next simplification consists in neglecting also the diagonal coupling
terms

ﬁ2 2 =g . 8
[_ZI:QMVI+Ek(R[) Xk —Zﬁaxk, (2.11)

which defines the Born-Oppenheimer approximation [32].

The term (®y|V7|®;) Vix; in Eq. 2.7 corresponds to the dynamical
coupling. With the choice of molecular frame in spherical coordinates,
it is decomposed in nonadiabatic coupling elements. The radial coupling

0
(D] IR |®;) couples states of same symmetry and same spin multiplicity,
while the rotational coupling (®y|iL, |®;) couples states of same spin multi-
plicity but different symmetry. The nonadiabatic coupling matrix elements

are important as they generate transitions between the different molecular
states involved in the process.

The Born-Oppenheimer separation of the electronic and nuclear motions
is a cornerstone in molecular physics and chemistry. The physical picture
of Born-Oppenheimer approximation is one where the fast moving electrons
are able to readapt instantaneously to new nuclear geometry, as a result of
the light electron mass with respect to the nuclear one. Once the electronic
Schrédinger equation has been solved for a large number of nuclear geome-
tries, the potential energy (hyper)surface (PES) is known. The motion of
the nuclei on a given predetermined electronic potential energy surface can
then be solved. The major computational effort is in solving the electronic
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Schrédinger equation for a given set of nuclear coordinates. The solution
of the electronic time-independent Schrodinger equation with given nuclear
geometry represent one point of the PES. Methods aimed at solving the elec-
tronic Schrédinger equation are broadly referred to as ’electronic structure
calculations’.

The nonadiabatic coupling terms are responsible for the coupling be-
tween the adiabatic states, and since for a long time most studies were
related to the ground state, it was believed that the Born-Oppenheimer ap-
proximation always holds due to the weakness of the nonadiabatic coupling
terms. This belief persisted although it was quite early recognized, due to
the Hellmann-Feynman theorem, that nonadiabatic coupling terms are not
necessarily weak, on the contrary, they may be large and eventually become
singular. They become singular at those instances when two successive adi-
abatic states turn out to be degenerate.

Introducing the electronic Hamiltonian defined by Eq. 2.2 one obtains

- (0 9\ - B OH,
(@l 1 () 100 = @il (7 ) Ha o) = — (@l S o). 212

Using Eq. 2.3 the left-hand side of 2.12 becomes equal to (Ej(R) — Ej(R))
(D] IR |®;), thus the matrix element of the operator 9/0R can be expressed
as
OH,,
) (k] 55 120)

PR = B R - BB

By the Wigner and von Neumann non-crossing rule [33], the difference of the
adiabatic potential energies (F;(R) — E;(R)) can never vanish at any value
of R, if the adiabatic states ®j and ®; have the same symmetry. However
potential energy curves for states of the same symmetry can approach each
other in a narrow region about some value of R and this is called an avoided

crossing. In the region of the avoided crossing we see from Eq. 2.13 that

(k#1). (2.13)

the matrix element (®y| —— |®;) is large. At low energies in many systems

charge exchange only takes place with a significant probability in the region
of one, or a few, avoided crossings of this type, and this fact in turn implies
that accurate cross sections can be obtained from limited sets which contain
these crossings [34].
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The non-crossing rule is strictly valid only for diatomic molecules. For
polyatomic system involving N atoms, where N > 3 (i.e. for not diatomic
molecules), any two adjacent adiabatic electronic states can be degenerate
for a set of nuclear geometries even if those electronic states have the same
symmetry [35]. Such intersections, also called conical intersections because
of the topology of the surfaces at the crossing point, occur more frequently
in such polyatomic systems [36] than it was previously believed. The reason
is that these systems possess three or more internal nuclear motion degrees
of freedom, and only two independent relations between three electronic
Hamiltonian matrix elements (in a simple two electronic state picture) are
sufficient for the existence of doubly degenerate energy eigenvalues. As a
result, these relations can be easily satisfied explaining thereby the frequent
occurrence of intersections [37-40]. The question whether a true conical
intersection or avoided crossing is observed for a particular system of in-
terest can be answered only with quantum mechanical calculations of high
accuracy.

2.2 Adiabatic-to-Diabatic Transformation

3}
If two surfaces become degenerate, the coupling (®| — |®;) exhibits

a singular behaviour. As a result, the electronic wave function becomes
discontinuous and the energy has a cusp like behavior at such points, making
the uniquely defined adiabatic representation unsuitable for the numerical
simulation of the dynamics. In order to deal with this situation, one resorts
to a diabatic electronic representation, where these diverging kinetic energy
coupling elements are transformed into smooth potential energy couplings
and thereby the discontinuity of the adiabatic representation is avoided.
This representation is not unique and different approaches are proposed.
The diabatic molecular states are constructed by a unitary transformation
of the corresponding adiabatic electronic states. The Hamiltonian in the
diabatic representation H®%? can be obtained from that in the adiabatic
representation H¥® through the following unitary transformation

fdia — Afpodia A+ =T 1+ W. (2.14)
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Here A defines the orthogonal transformation matrix. For a 2 x 2 Hamilto-

nian A is given by
cosa  sino
. )
—sina  cosa

where o represents the adiabatic-to-diabatic transformation angle and ¥9¢ =
Swdie i doing so, the diverging kinetic couplings of Eq. 2.13 are trans-
formed into the smooth potential coupling (off-diagonal elements of W in
Eq. 2.14) and thereby the discontinuity of the adiabatic representation is
avoided. In the diabatic representation the electronic wave functions are no
longer eigenfunctions of the electronic Hamiltonian. The transition between
two adiabatic states corresponds to remaining in the same diabatic state.
Such diabatic electronic states can be constructed in several ways.

Baer suggested the derivation of the adiabatic-to-diabatic matrix for a
tri-atom system by involving an integral equation along a two-dimensional
contour, and analyzed the validity of the transformation in regions where the
nonadiabatic coupling becomes singular [41,42]. Pascher et al. developed the
block diagonalization method to obtain the transformation matrix directly
[43].

Mead and Truhlar emphasized that strictly diabatic electronic states do
not exist in general [44]. Exceptions are the case of a single nuclear degree
of freedom as for atomic collision processes, and the case where the complete
manifold of interacting states is considered in the diabatization procedure.

The two approaches are expected to yield similar results because the
two frameworks are connected by an unitary transformation. However, it
was shown that the two frameworks cannot always be connected through an
unitary transformation [45,46|.

Despite the limitations, difficulties in obtaining the nonadiabatic cou-
pling elements for polyatomic molecules have lead to the development of
alternative approaches to provide the diabatic or quasidiabatic representa-
tion. A basis is called strictly diabatic if in that basis the derivative couplings
vanish and quasidiabatic, if in that basis these couplings still exist but do
not display the singular behavior of the adiabatic representation.
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2.3 Basic Scattering Theory

In the following outline the general formulation of the typical collision
process involving the N-electron diatomic molecule problem is presented. It
is convenient to work in the atomic unit system, which is defined by setting
me = e = h = 1. The total Hamiltonian which describes the motion of the
system formed by two colliding atoms, A and B, may be written as

1 1 1
H=—-——V% - —— v - - "Vv2
oM, Fa ™~ 2Mp  Es 2; i
N N (2.15)
Z Z 1 ZuZ
_Z<4A+ B)"’Z* n A_’B’
S \Iral - Irisl) gl R

is the internuclear distance.

where N is the number of electrons, and ’}?f
Sometimes spin-orbit coupling terms must be introduced in the definition
of the total potential energy operator.
The Hamiltonian takes the form in the center of mass frame

2
. 1 .
H=-—V% - —Vv%_- - 1%
1 Vhe ~ 52V Z% SO T ) (ZV> +V,
(2.16)

N
where M = Mg + Mp + Zme is the total mass of the system, pu =
i=1
My - Mp
My + Mp
are the total center of mass, the nuclear center of mass and the internu-
clear vectors, respectively, as shown in Fig. 2.1. The origin of electronic

coordinates is taken to be the nuclear center of mass.

is the reduced mass, R, Ro, R= Rp — R4 and 7,0 = 7; — Ro
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2.1. Figure: Schematic figure of a system formed by two colliding atoms.

2
The fourth term ————— Vi represents a mass polariza-
s (25
tion contribution; owing to the electron-to-mass ration, this term is negligible
with respect to the second term and is usually dropped. Separation of the

total center of mass yields a new Hamiltonian

H—_—v2
QMVR

+ A, (F, é) : (2.17)

750

where H,; is the Born-Oppenheimer electronic Hamiltonian

N

A 1 9
He = 9 Z Vio

i=1

V. 2.18
5t (2.18)

The time-independent Schrédinger equation corresponding to the Hamilto-
nian of Eq. 2.17 is

(IS{ - E) T =0. (2.19)
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To solve Eq. 2.19 for a collision A+ B — A’ + B’ one must specify the
boundary conditions.

The scattering angle 6 is given by the expression_ cos = ky - kp, where
kI denote the direction of the incident beam and kF is the direction of
observation.

When the initial and final states of internal energy E; and Er can be
presented by @’;‘@? and @é@? (elastic and inelastic scattering) the linear

k2 k2
momenta of the atoms for R — oo are defined by F = 2—1 +FE; = Q—F + Ep.
v v

For charge-exchange processes the final state, with an internal energy
/2

E'%, corresponds to @A/@?,, and we define £ = 2—5/ + Ef.

_(arThme) (Me+ S me)

M
(MA + Zfi’*l me> (MB + Z = me)

/
Vv = are the reduced mass of atoms

(A, B), (A’, B’), while 84, 3p, sp’ and sp’ denote the center of mass of
atoms A, B, A’, B’, respectively. We define 5§ =55 — 54 and 5§’ = sp’ —s4'.
The boundary condition for elastic and inelastic processes is

zkps

lim ¥ = ’kf$q>A<1>B+Z fr(0, o) a0, (2.20)

§—00

where the first term represents the incident plane wave corresponding to
the relative motion of the centers of mass of A and B, times the initial
atomic wavefunctions; the second term represents outgoing spherical waves,
with scattering amplitude fr(6, ) for each possible final atomic state; for
charge-transfer processes [47]

lim ¥ = Z

s'—o00

szs

0,0)08 d8 (2.21)

2.4 Cross Sections

For a flux of projectile particles (i.e. the number of particles crossing
per unit time a unit surface placed perpendicular to the direction of propa-
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gation), the differential cross section is defined to be the number of particles
in the state F scattered in the direction (6, ¢) into an element of solid angle
dS2, per unit time divided by the incident flux of projectile particles

dop Number of particles scattered in direction(6, ¢)/td$2

dig(gv ) -

. (2.22
Incident flux ( )
The differential cross section for scattering from an initial state to a final
state is given in terms of the scattering amplitude fr (6, ¢) by

dop

00 = S0, (223)

v
where — is the ratio of reduced masses between subsystems in the entry

v
and exit channels. The total cross section o is obtained by integrating the
differential cross section over all angles

aF:/dQCZg(G ). (2.24)

2.5 Description of Ion-Molecule Collisions

In our work we study collisions between atomic ions and diatomic mol-
ecules. The basic idea of a slow heavy-particle collision is to view as a
process of temporary formation and then breakup of a sort quasimolecu-
lar system built from all the nuclei and electrons of the colliding partners.
One may thereby effect the well-known separation of electronic and nuclear
motions, which fundamental step rests on the electronic to nuclear mass ra-
tio. Electrons in a molecule are likely to move so fast compared to nuclei
that they may be assumed to readjust instantaneously and continuously to
the slowly varying nuclear field. The different Born-Oppenheimer electronic
wavefunctions are obtained for different arrangements of the clamped nu-
clei and depend not only on the electronic coordinates but also on those of
the nuclei, even if parametrically so. Likewise, the corresponding eigenval-
ues of the electronic Hamiltonian depend on the nuclear coordinates; these
electronic energies are intended to represent the potentials that govern the
nuclear motions. A collision problem henceforth splits into two parts: (1)
determination of electronic wavefunctions and energies for fixed nuclei and
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(2) treatment of the nuclear motion.
Neglecting the mass polarization term, we may write the non-relativistic
Hamiltonian of the ion-molecule system containing N electrons

I;[ = — iv% _ Z V2 ZAZy + YAVA YAYA)
21“ R 2#12 _ up—» ‘
N N
Zl ZQ
Z Fal 2 TFp ] 2 o 4 07| ;;ﬂ W
(2.25)

where the target is formed now by two nuclei of mass M; and M, as il-
lustrated in Fig. 2.2 by 1’ and ’2’, respectively. Besides, g is the vector
joining the two nuclei of the diatomic molecule. The distance of the di-

My
—_— d
My + Mo 7l an

is the reduced mass of the projec-

My My
My + M
is the reduced mass of the two nuclei and Zy, Zs their charge numbers.
E, T;4, ;g and 75; connect the nuclear center of mass of the molecule and
the projectile nucleus, the ith electron and the projectile nucleus, the ith
electron and the nuclear center of mass of the molecule, and two electrons,
respectively. ¥ = 71,75, ..., "y denotes all electronic coordinates with respect
to origin.

atomic center of mass from each of these nuclei is u, =

My A = M (My + M)
My + My ™" M+ My + M,

tile nucleus with charge Z4 and the two molecular nuclei. @0 =

vy =

2.2. Figure: Schematic figure of an ion-molecule collision system. A’ represents
the projectile nucleus, while '1” and 2’ the two nuclei of the diatomic molecule.
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Indicating the Born-Oppenheimer electronic Hamiltonian by H,;, the
Hamiltonian of the presented ion-molecule system takes the form

/\

. 1 .

7 R) = ——V% — —VZ Hy (7 0, R). 2.26
AG5F) = —5- V5= 5 Vi Al ) (226)
The wave function ¥ (7, p, ﬁ) of the system in the center of mass frame may
be written as a development of electronic functions {®;}

(7,7, R) = ZXI (7 7, R), (2.27)

where ®;(7 5, R) depend parametrically on R and x;(g, R) are the nuclear
functions. The electronic wave functions {®;} involved in the development
Eq. 2.27 of (7, p, R) are the eigenfunctions of the electronic Hamiltonian

— — —

Ha®(7 5. ) = Ei(5. R)®.(7 . R). (2.28)

Insertion of Eq. 2.27 in the time-independent Schrodinger equation

HY = EV, (2.29)
we obtain
1 o 2 - B - - 3
—— V4 - — He FE E , R)Pi(7;p, R) = 0. 2.
< QMVR 2M12V + H, — ) xi1(7, R)®y (7 p, R) =0 (2.30)

l

Multiplying Eq. 2.30 from the left side by ®;, and integrating over the elec-
tronic coordinates 7 with the orthonormality condition between the elec-
tronic wave functions, we obtain the coupled equations for the expansion
coefficients in Eq. 2.27

S| 1
= (E— Ey(p, —Vi4 —V2 2.31
% CRIXI ( k(ﬂ,R)ﬂLQMVR‘FQmQVp) Xk (2.31)
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where . )
cp = — 5 (k| V| B1) — 5—— (Py[ V5 @)
2p 2p12 5 99
1 1 (2:32)
. (Pr| Vi3 1P1) Vg — s (k| V5 |P1) V.

In the present work the dynamics of the ion-molecule charge-transfer
process is investigated in the semiclassical framework, known to be well
suited to the intermediate energy region we are interested in. Therefore the
eikonal approximation is presented in the following.

2.6 Eikonal Approximation

Originally introduced in quantum scattering theory by Moliére [48], the
eikonal approximation has been considerably developed by Glauber [49] who
proposed a very fruitful many-body generalization of the method. Basically,
this approximation coming from optics, where we assume that light travels
in a straight line. This assumption is valid as long as the size of the obstacle
is large compared to the wavelength of light.

Semiclassical methods are useful when the de Broglie wavelength A\ =
27 /k of the projectile is sufficiently short with respect to the distance in
which the potential varies by an appreciable amount. If the potential varies
smoothly and has a range a, this short wavelength condition is equivalent to
the requirement that ka > 1 [50]. However, the eikonal approximation also
requires high scattering energies, such that E > |V, where |Vp| is a typical
strength of the potential [51].

The eikonal approximation can be derived starting from either the Schro-
dinger equation, or the Lippmann-Schwinger equation by a linearization of
the Green’s function in momentum space. Here we follow the first approach.

In order to introduce the eikonal approximation in the context of ion-
molecule collisions, we must subtract from the total Hamiltonian the nuclear
kinetic energy term associated with the coordinate R

. 1
H(F,ﬁ,R) = 5

9 N L L=

Since the potential varies slowly on the length scale of the incident wave-
length, it is reasonable to extract the free incident plane wave from the
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scattering wave function as a factor [52]. Developing formally the solutions

of Eq. 2.29 in a power of series of ™,

— = — — 2 —
U(7, p, R) = 'K w(ﬁﬁ,R)Jriw“)(ﬁﬁ,R)Jr(i) VO (F, 5, R) + ...

(2.34)
substituting in Eq. 2.29, and setting the coeflicient of each power of p equal
to zero, and defining a vector K such that |K|* = 2uF we obtain,

iK -V g = pHipyth. (2.35)

In the semiclassical eikonal approximation the projectile-target relative mo-
tion is treated classically by means of a rectilinear trajectory

R=b+ot, oL1b (2.36)

with ﬁ, internuclear distance, ¥, relative constant velocity and impact pa-
rameter b. Replacing V 3z by a time derivative using the relation

v 0
L = 2.37
VR v2 at’ ( )
Eq. 2.35 can be written as
A 0 L=
Hip —i— (7, p, R) = 0. (2.38)
otlrp

The semiclassical equation (Eq. 2.38) must be solved with the appro-
priate initial condition; this can be obtained by looking for the solutions
of Eq. 2.38 in the limit when ¢ — —oo. In particular, the semiclassical
wavefunction fulfills

lim ¢ = p~'Yyur(p)xw (p) i(7 p)e 7, (2.39)
t——o0
where Y/ is a spherical harmonic, x, denotes the vibrational wavefunction
of the molecule, @; is the initial electronic wavefunction and F; is the initial
asymptotic internal energy of the system.
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2.7 Sudden Approximation

At nuclear velocities that are sufficiently large, the collision time is short
compared to the nuclear vibration and rotation periods. In the sudden
approximation one therefore assumes that no appreciable change in the ro-
vibrational wavefunction is effected whilst electronic transitions take place.
Therefore the collision can be divided into two independent steps: the col-
lision itself, where capture processes occur, and the ro-vibration of the
molecule.

In this approach, the eikonal wavefunction describing the collision system
is expressed as

¥ = Yo (P)xp) U (7 5, 1), (2.40)

with W (7 p,t) describing the electronic structure. Furthermore, the elec-
tronic wavefunction ¥ (7 g, t) of Eq. 2.40 is expanded in terms of the molec-

ular wavefunctions ®;(7; g, R), eigenfunctions of H,, for the quasimolecular
system

Ho (7 6, R) = e1(p, B)®y(7 p, R). (2.41)

For each value of p) this expansion takes the form:

v =" at; )7 . R)e ot (2.42)
l

where from Eq. 2.39 for the entrance channel may be written

lim ®;(7; 5, R) = &;(7: p). (2.43)
The expansion coefficients a;(t; p) are then obtained by substituting 2.40 and
2.42 in 2.38. For a given nuclear trajectory and fixed p, one obtains [53]:

da _

A d ) ,
it = D (W Ha — i |9) e~ Jo(ek—en)dt’, (2.44)
k
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2.8 Dynamical Couplings

d
The dynamical couplings (®;| — ’La |®k) cause transitions between the
molecular states ®;.

While Eqgs. 2.38 and 2.39 are expressed in a laboratory reference frame
XYZ, with the Z-axis pointing along the direction of ¥ and the X-axis along
the direction b, the MOs are calculated in a molecular frame X'Y'Z’, with
the Z’-axis along the internuclear direction R as displayed in Fig. 2.3.

Considering the molecular system represented in Fig. 2.3, within the
semiclassical impact parameter treatment, the coupling operator may be
expressed as

.0 ) .

—ig = —iV g = —ives ”
_ [z oxt oy wzo  wo oGP
- "lozoz Toazox' |~ "Roz T 'Rox"

where the plane Z X coincides with the so-called collision plane Z’ X', defined
by the projectile, the nuclear center of mass of the target molecule and the
velocity vector ¢. Therefore the Y-axis coincides with the Y’-axis, both
perpendicular to the collision plane. The vector g is generally not placed in
the previously mentioned plane.

A X

Z?

2.3. Figure: The relationship between the laboratory reference frame XYZ and
the molecular frame X’Y’Z’ with R directed along OZ’.
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Changing into spherical coordinates, and by considering the coincidence
of the unit vectors of the molecular frame (X,Y, Z) and newly defined sys-
tem (60, ¢, R), we may write

0 _10
0X'  RO0’
0 1 0
=—— 2.4
Y’  Rsinf 0¢’ (2.46)
0 _ 0
0Z'  OR’
. 0 .
The matrix element of the operator 57 corresponds to the radial cou-

0
pling, whereas % denotes the rotational coupling. The last mentioned

operator is related to the total electronic angular momentum operator L.

Developing the derivatives defined in the laboratory-fixed frame with
respect to the molecular-fixed frame, we may write

N
9 9 or; o
%‘R,d),ﬁf B %‘R,qﬁ,ﬁﬁ + ;r{:;{;ﬂ 0 R Orl o (2.47)
and
N
9 9 o, o
%‘Rﬂ,ﬁf_ %’R,O,ﬁ’f’ + Z Z / % ROGF (M‘R,e,ﬁ’f" (2.48)

The components of the position vector of the ith electron in the lab-
oratory system (z;, y;, z;) are related to those in the molecular system

(2, wi, 2) by

x;, = xicosfcosd + y;cosbsing — z;sinb,
Yi = —x;sing + y;cosd, (2.49)

zZ' = x;s1tnbcosp + y;sinbsing + z;cosb.
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Using the relations Eq. 2.49, we find

BT, v 20 — 00 " (2.50)
Oz; _ Lcost 0y; _ —xtcosl — 2l sind a—Z’/ = yisind |
a¢ =Y; ’ a¢ - % ) ’ 8(15 =Y ’
then using these relations with Eq. 2.47 and Eq. 2.48, it is seen that
N
0 , 0 , 0
il - g — 2.51
80 ‘(p}R’ﬁ’F ; |: ZZ 8:1}; + -’I}Z 827{:| ) ( )
N N
0 0 0 0 0
9 — sind 9 g9 0 'L (252
8(Z)‘R,6‘,ﬁ,f’ s ; [yl 0z} “ 8y§] eos ; [yl oz T 8%} (2:52)
Using the expressions below
. ) 0 ]
Lx/:—lz y/'i_z/i )
- ! J(?z; ]Gy;_
. _ ) o |
L, = —ZZ [zg Er x;@ , (2.53)
j J J ]
. ) 0
LZ/:—ZZ[ZC;a,_y;aT}/ )
j i
we obtain
0 ~
il — —iL.., 2.54
39’¢,R,ﬁf ey 254
0 - -
%’Re . = i(sinfL, — cosOL,), (2.55)

where ﬁx/, ﬁy/ and I:Z/ are the components of the electronic angular mo-

mentum in the molecular frame. Since the collision is considered in the X 7
plane, the term of the derivative 8Tb is zero, as follows the electronic angular

momentum vector has only a Y-direction component.
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Eq. 2.45 may be expressed as

0 vZ 0O bu -
A Ll ly 2.56
ot "R OR 0,6,7 7 * R27Y” (2.56)

where i}y/ is the Y/ component of the electronic angular momentum. There-
fore, dynamical couplings have two components:

3}
(i) Radial couplings: (@] 3R |®), which are due to the change of the wave-

functions with the internuclear distance R.
(ii) Rotational couplings: (®;|iL, |®), which are due to the rotation of the
internuclear axis during the collision.

The first step in the application of the molecular expansion is the solution
of Eq. 2.41 in order to obtain the wavefunctions and their energies. Efficient
techniques have been developed to solve Eq. 2.41 and also to evaluate the
dynamical couplings. Electronic energies and couplings are then substituted
in the system Eq. 2.44, which is solved to obtain coefficients a;(t; p) of Eq.
2.42.

2.9 Calculation of the Cross Sections

When molecular vibration can be ignored, the probability Py for tran-
sition to the final state @ is calculated from the coefficient a; of expansion
Eq. 2.42 obtained by solving Eq. 2.44

Py (b,v, p) = lim |a(t; )|*. (2.57)

The partial cross section for the electron capture to the final state is obtained
by integrating the corresponding transition probability over all possible val-
ues of the impact parameter

o0

0i(v, ) = 27r/bP7;f(b,v,ﬁ)db, (2.58)
0
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or

bmaz

oif(v,p) =27 / bP;f(b,v, p)db. (2.59)
0
where b4, is the maximum value of parameter b beyond which the particle
is no longer subject to the influence of the potential.
The total cross section is a sum of the partial cross sections

o(v,p) =Y oif(v, ). (2.60)
f

All along this work, the cross sections have been calculated by means
of EIKONX program of Allan [54-57], which is a development from the
previous program PAMPA [55].

2.10 Centroid Approximation

An estimate of the vibrational motion of the diatomic molecule, neglect-
ing the rotational modes, may be obtained by introducing Franck-Condon
factors in the framework of the centroid approximation.

The centroid method is basically a peaking approximation in which one
takes into account that the product of the initial and final vibrational wave-
functions xoY,, exhibits especially as v increases, a sharply peaked structure.
One may then approximate the amplitude a;(oco; p) by its value at p = p,
where p is usually the distance for which the product xoY,, takes its first
(and largest) extremum

P (b, v, p) = P (b,v, p) Fow, (2.61)
where the capture probabilities are given by
P (b,v,p) = laj(o0; p)I?, (2.62)
J

with the summation extending over all charge-exchange channels, and Fp,



32 2 Theory of Ion-Molecule Collisions

is the Franck-Condon factor

Foy = (/ XO(p)xL(p)dp>2- (2.63)

By integration over impact parameter we find the expression for the capture
cross sections
o§ (v) = (v, p)Fo,. (2.64)

Finally the roughest approximation draws from the Franck-Condon me-
thod of vertical transitions in molecular spectroscopy. It is generally assumed
that at high collision energies the population of the vibrational states of the
diatomic molecule subsequent to electronic transitions obeys the Franck-
Condon principle. In Franck-Condon approximation, the centroid is ap-
proximated by the equilibrium distance pe, of the target molecule

U(I;/C(v) = Ud(va peq)FOV‘ (265)

An obvious advantage of this approach is that since pe, is independent of
v, summation of the cross sections over all values of v yields by closure

(Z Fy, = 1) the corresponding electronic cross section 0. Therefore when
14
vibrationally-resolved cross sections are not required, one could just ignore

vibration, and treat the electronic dynamics with the target internuclear
distance fixed at the equilibrium value [58].
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Electronic Structure
Calculation

3.1 Electronic Structure Methods

Ab initio quantum chemistry has become an essential tool in the study
of atoms and molecules. Firstly, the Born-Oppenheimer approximation [32]
is applied. The ab initio program like Molpro [59] computes the electronic
energy by solving the electronic Scrodinger equation for fixed nuclear con-
figuration. The electronic energy as a function of the 3N-6 internal nuclear
degrees of freedom defines the potential energy surface.

The electronic Schédinger equation cannot be solved exactly, except for
very simple systems like the hydrogen atom. Therefore, the electronic wave-
function is represented in certain finite basis sets, and the Schrodinger equa-
tion is transformed into an algebraic equation which can be solved using
numerical methods.

The simplest type of ab initio electronic structure calculation is the
Hartree-Fock (HF) method [60,61], in which each electron moves in an av-
erage potential of the remaining electrons, but has no knowledge of the
positions of these. Thus, even though the Coulomb interaction between
the electrons is taken into account in an averaged way, the electrons with
opposite spin are unable to avoid each other when they come close, and
therefore the electron repulsion is overestimated in Hartree-Fock method.
Many types of calculations begin with a Hartree-Fock calculation and sub-
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sequently introduce electron-electron repulsion correction, referred to as elec-
tronic correlation. If we want to describe a molecular system accurately, we
have thus to take into account the electron correlation by going beyond the
Hartree-Fock approximation. Mgller-Plesset (MP) perturbation theory [62],
Configuration Interaction (CI) [63,64], Coupled Cluster (CC) theory [65-67],
Multiconfiguration Self-Consistent Field (MCSCF) [68,69], Complete Active
Space Self-Consistent Field (CASSCF) [68-73| and Multireference Configu-
ration Interaction (MRCI) [74-76] are examples of these post-Hartree-Fock
methods. Today, by far the most popular post-HF method is the Configu-
ration Interaction (CI). The standard CI method relies on partitioning the
exact wavefunction into a selected collection of smaller functions and their
corresponding coefficients. Using the method of undetermined multipliers,
the contribution of these other determinants can be determined utilizing the
constraint of the already known Hartree-Fock wavefunction. If this set is
complete, it is a full CI (FCI) calculation.

Many of the most interesting research directions in quantum chemistry
have involved the solution of multireference problems. Chemically speaking,
a multireference system is a molecule or reaction in which the one-electron
approximation is not only quantitatively but also qualitatively wrong. Prac-
tically all reactions that involve bond-breaking are of this type, as are some
low-lying excited electronic states of many molecules. In such situation, the
typical HF wavefunction is not a good description of the system, and some-
thing more complex is necessary to reproduce the chemistry. The simplest
idea is the MCSCF technique, which performs an HF /SCF calculation upon
a set of configurations chosen for their chemical importance. More general
techniques mainly differ as to how the various determinants are included in
the wavefunction; perhaps the most popular method is the CASSCF method.
Using CASSCF, the references are selected by choosing an active space of
several chemically important orbitals and performing a FCI in the span of
the active space. If it appears necessary to include excitations into the
higher orbitals, a perturbational calculation is performed on each reference
to improve the correlation description. Such a calculation is referred to as
CASSCF plus second-order perturbation theory, or (CASPT2). If a com-
pletely variational method is desired, then a multireference version of the CI
method (MRCI) is the method of choice.

Density functional theory (DFT) [77,78] represents somewhat of a de-
parture from conventional ab initio quantum chemical methods in that it
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does not formally deal with wavefunctions, but rather with the electron
density. In some revolutionary work done the early 1960s, Kohn and co-
workers discovered that all ground-state properties of a molecular system
could be completely described using only the electron density and the (fixed)
nuclear positions. The first Hohenberg-Kohn theorem [77] proved the exis-
tence of a unique functional relationship between the electron density and
the electronic Hamiltonian. Thus, if the exact relationship were known we
could compute all of the molecular properties using only the electron den-
sity (which depends on only three coordinates) and avoid the building of
a wavefunction (which depends on 3N coordinates). From a practical per-
spective, the most important advance was made in 1965 by Kohn and Sham.
Utilizing the well-developed iterative techniques of the HF /SCF method, a
computationally feasible approach to DFT was found which avoided the
explicit construction of the electronic kinetic energy portion of the energy
functional. This formalism is called Kohn-Sham Density Functional Theory
(KS-DFT) [78] and it can be fairly easily implemented with computation
times comparable to conventional SCF procedures. The chief difference be-
tween the SCF and KS-DF'T approaches lies in the exchange-correlation den-
sity functional, which accounts for both electron correlation and nonclassical
exchange effects on the energy. If the exact form for the exchange-correlation
functional were known, the KS-DFT approach would give the exact energy.
KS-DFT therefore requires the construction of accurate exchange-correlation
functionals [79].

The choice of the method is always a compromise between several fac-
tors. The level of accuracy is the first and foremost criterion, and then the
computational cost has to be taken into account. The computational cost
grows with the size of the system and the level of the method and accuracy
required. Each methods has its advantages and its limits. Some care is
needed to decide which method is the best compromise and in that sense,
this method cannot be used as a black box method and the results have to
be analyzed carefully.

The ab wnitio methods used in this work are introduced in this chapter.

In the Hartree-Fock approach, it is assumed, in accordance with the
independent particle approximation and the Pauli exclusion principle, that
the N-electron wave function is a Slater determinant ®, or in other words
an antisymmetric product of individual electron spin-orbitals. Choosing the
single determinant as a trial function, the variational principle can be used
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to derive the Hartree-Fock equations, by minimizing the energy subject to
the boundary condition, that the @; are orthonormal.

P(1)  Do(1) Py (1)
cp(l,...,N)—\/% 21(2) %,(2) . @N'(Q) i (D] D5) = dij
& (N) Do(N) ... In(N)
(3.1)

The columns in a Slater determinant are single-electron wave functions, or-
bitals, while the electron coordinates are along the rows. We are interested in
solving the electronic Schrodinger equation for a molecule. The one-electron
functions are thus molecular orbitals, which are given as the product of a
spatial orbital and a spin function, also known as spin-orbitals, which may
be taken as orthonormal. Since a determinant vanishes when two columns
(or rows) are equal, the Slater determinant will vanish if two electrons have
the same values of the four quantum numbers.

If we denote by Pa permutation of the electron coordinates, we may
rewrite the Slater determinant as

=
O(1,...,N) = —= > (=) P&i(1)...0n(N)
N P:O (3.2)
= Ady.
@ is the simple product of spin-orbitals
Oy = d1(1)...O5(N), (3.3)

which is referred as a Hartree wave function. The operator which appears
in Eq. 3.2 is the antisymmetrisation operator

A= 7 (-1)PpP = ZPZ] +Y Pyr .| (34)

" P=0 ijk

Using Eq. 3.2 the energy may be written in terms of the permutation
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operator as
E = (®|H, |®) = (Aby| Hy|ADy) = VN (g | Hy |ADg)

- Z(_l)P (®p| He |POy) . (3.5)
7

The nuclear-nuclear repulsion term of the electronic Hamiltonian oper-
ator does not depend on electron coordinates and is a constant for a given
nuclear geometry. The nuclear-electron attraction is a sum of terms, each
depending only on one electron coordinate. The electron-electron repulsion,
however, depends on two electron coordinates. The operators may be col-
lected according to the number of electron indices.

A 1 Z;
hi=—--Vi-) ———
ooz Z|Rl—ﬁ"

I
R 1
9ij = m (3.6)
I:[el = Z iLz + ng + ‘A/nuc,nuc
i i<j

The one-electron operator ﬁz describes the motion of electron ¢ in the field of
all the nuclei, and g;; is a two-electron operator giving the electron-electron
repulsion.

The Hartree-Fock approximation is obtained from the variational mini-
mum of the energy expectation value (®| H, |®) using a single Slater deter-
minant ® = 1/ V/N! det {®;} to represent the exact electronic wave func-
tion subject to the constraint that the one-electron particle wave functions
(namely the orbitals) @; are orthonormal. The standard Hartree-Fock dif-
ferential equations are given by

Fiﬁpi = Eidsi, (3.7)

where the F' is the Fock operator, which can be given in the following form

Fi=hi+ Y (- K). (3.8)

J
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The Fock operator is an effective one-electron energy operator, describing
the kinetic energy of an electron and the attraction to all the nuclei (h;), as
well as the repulsion to all the other electrons through the J and K operators

Ji(1) | 2i(1)) = (2;(2)] 12 2(2)) |@4(1))

R ’ (3.9)
K;(1)[2i(1)) = (2;(2)| 12 | 2:(2)) | 2;(1).)

The orbital energies can be considered as matrix elements of the Fock
operator with the molecular orbitals. The total energy can be written in
terms of molecular orbital energies

1
FE = Zz’fi — 5 Z (Jz - Kz) + Vnuc,nuw
v " (3.10)
gi = (Di| Fi|®;) = hi + Z (Jij — Kij) -

1

The total energy is not simply a sum of molecular orbital energies. The Fock
operator contains terms describing the repulsion to all other electrons (j and
K operators), and the sum over molecular orbital energies therefore counts
the electron-electron repulsion twice, which must be corrected for. The total
energy cannot be exact, as it describes the repulsion between an electron and
all other electrons, assuming that the spatial distribution is described by a
set of orbitals. The electron-electron repulsion is only accounted for in an
average fashion, and the Hartree-Fock method is therefore also referred to

as a mean-field approximation [80].

3.2 Electron Correlation

The exact wave function for a system of many interacting electrons is
never a single determinant or a simple combination of a few determinants.
Hartree-Fock method replaces the instantaneous electron-electron repulsion
with the repulsion of each electron with an average electron charge cloud.
These instantaneous interactions are keeping out the electrons of each other’s
way and, as a result, the inter-electronic repulsion is reduced. The motion
of these electrons is said to be correlated as they avoid each other. That is
referred to as electron correlation. When electrons come close together there
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is a very strong repulsive effect inducing an error of the Hartree-Fock energy
due to a positive contribution resulting from lack of proper electron correla-
tion. The correlation energy FE.., is defined as the difference between the
exact non-relativistic energy of the system E and the Hartree-Fock energy
Eyr obtained in the limit in a given basis set

Eeorr = E — Ep. (3.11)

The inclusion of electron correlation is at least necessary to obtain reliable
order of magnitude of the energies of excited and transition states. There
are three main methods for calculating electron correlation: Configuration
Interaction (CI), Many-Body Perturbation Theory (MBPT) and Coupled
Cluster (CC) theory.

3.3 Basis Sets

Each molecular orbital (one electron function) @; is expressed as a linear
combination of n basis functions ¢,

N
&, = Z CuiPp- (3.12)
p=1

The coefficients c,; are called molecular orbital expansion coefficients.
The basis functions ;. are assumed to be normalized. Usually these
basis functions are located at the center of atoms and are therefore often
called atomic basis functions, although they in general are not solutions to
an atomic Schrodinger equation.

There are two commonly used types of functions to built the atomic
orbitals: Slater type orbitals (STO) and Gaussian type orbitals (GTO).

Slater type orbitals have the functional form shown in Eq. 3.13

p(r,0,6:¢,n,l,m) = NYj (6, ¢)r"te™, (3.13)

The radial part 7" 'e™¢" depends on the distance r from the origin of the
basis function (usually the location of the nucleus), the orbital exponent (,
and the principal quantum number n. The spherical part Y, depends on
the angular quantum number [ and the magnetic quantum number m. The
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normalization constant N is chosen such that the integral over the square
of the basis function yields unity.

Gaussian type orbitals can be written in terms of polar or Cartesian
coordinates as shown in Eq. 3.14

P(r,0,6:.00m,1,1m) = N¥i (6, 9)r2" e,

a, b c, —o(x?+y>+2?)

(3.14)
o(r,y,2,0,a,b,¢c) = Nxy’ 2 :

The radial extend is proportional to 6_"”2, a being the exponent. The nor-

malization constant IN serves a similar purpose as for STOs. The spherical
part may be expressed through the cartesian x, y and z in powers of a, b,
and ¢, respectively. The sum of these exponents [ = a + b + ¢ is used to
define the angular momentum of the basis functions: s-type (I = 0), p-type
(I =1), d-type (I = 2), f-type (I = 3), g-type orbital (I = 4), etc. Although
a GTO appears similar in the two set of coordinates, there is a subtle dif-
ference. A d-type GTO written in terms of the spherical functions has five
components (Ya2, Ya1, Yoo Y2 1, Y2 _2), but there appear to be six com-
ponents in the Cartesian coordinates (xQ, y?, 22 ay, xz, yz). The latter
six functions, however, may be transformed to the five spherical d-functions
and one additional s-function (x2+y2+z2). Modern programs for evaluating
two-electron integrals are geared to Cartesian coordinates and they generate
pure spherical d-functions by transforming the six Cartesian components to
the five spherical functions.

Slater-type orbitals are similar to Hydrogenic orbitals in the regions close
to the nuclei. Specifically, they have a non-zero slope near the nucleus on
which they are located p

2 (¢ - _
(o), =6 (315)
therefore they can have proper electron-nucleus cusps. In contrast, GTOs
have zero slope near r = 0 because

The other problem is that the GTO falls off too rapidly far from the nucleus
compared with an STO. Nevertheless, the great advantage of GTOs is that
all the integrals can be calculated either analytically, or with a limited com-
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putational effort (one-dimensional integrals), thus saving precious computer
time.

In order to combine the best feature of GTOs (computational efficiency)
with that of STOs (proper radial shape), most of the first basis sets devel-
oped with GTOs used them as building blocks to approximate STOs. That
is, the basis functions used for SCF calculations were not individual GTOs,
but instead a linear combination of GTOs fit to reproduce as accurately as
possible a STO, i. e.,

M

o(z,y, 2 {a},a,b,¢) = Y cjp(,y, 2 05,0, b, 0), (3.17)
j=1

where M is the number of Gaussians used in the linear combination, and
the coefficients ¢ are chosen to optimize the shape of the basis function
sum and ensure normalization. When a basis function is defined as a linear
combination of Gaussians, it is referred to as a contracted basis function,
and the individual Gaussians from which it is formed are called primitive
Gaussians, and could be s, p, d, f, etc. type Gaussian functions. Thus,
in a basis set of GTOs, each basis function is defined by the contraction
coefficients ¢ and exponents a of each of its primitives. The contraction
coefficients are fixed for the basis set, and do not vary in any calculation.
The degree of contraction M refers to the total number of primitives used
to make all of the contracted functions. However, contracted GTO does not
really correctly produce a cusp because every Gaussian has a zero slope at
r = 0, thus any combination will have zero slope.

Hehre, Stewart, and People (1969) were the first to systematically de-
termine optimal contraction coefficients and exponents for mimicking STOs
with contracted GTOs for a large number of atoms in the periodic table.
They constructed a series of different basis sets for different choices of M
in Eq. 3.17. In particular, they considered M = 2 to 6, and they called
these different basis sets STO-MG, for 'Slater-Type Orbital approximated
by M Gaussians’. The optimum combination of speed an accuracy (when
comparing to calculations using STOs) was achieved for M = 3 [81].

The STO-3G basis set is what is known as a single-( basis set or a
minimal basis set. One way to increase the flexibility of a basis set is to
decontract it. Taking the STO-3G basis set, and instead of constructing
each basis function as a sum of three Gaussians, one could construct two
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basis functions for each AQO, the first being a contraction of the first two
primitive Gaussians, while the second would simply be the normalized third
primitive. A basis set with two functions for each AO is called a double-(
basis. The next step up is a triple- basis, which contains three times as
many functions as the minimum basis.

Core orbitals are only weakly affected by chemical bonding. Valence or-
bitals, on the other hand, can vary widely as a function of chemical bonding.
Atoms bonded to significantly more electronegative elements take on partial
positive charge from loss of valence electrons, and thus their remaining den-
sity is distributed more compactly. The reverse is true when the bonding is
to a more electropositive element. From a chemical standpoint, then, there
is more to be gained by having flexibility in the valence basis functions than
in the core, and recognition of this phenomena let to the development of so-
called split-valence or valence-multiple- basis sets. In such basis sets, core
orbitals continue to be represented by a single (contracted) basis function,
while valence orbitals are split into arbitrarily many functions.

One very economical, small split valence basis set is the 3-21G basis
set [82-84|. The nonvalence electrons are described by single basis functions
composed of a contraction of three Gaussians. This is a valence double-
¢ basis set as there are 2 digits after the hyphen. Each valence electron
is described by two basis functions. The first of these basis function is
composed of two Gaussian primitives while the second consists of a single
uncontracted Gaussian primitive.

Dunnings D95 basis set has been derived from an already existing large
atomic basis set of nine uncontracted Gaussians primitives of s- and five
uncontracted Gaussian primitives of p-type [85]. Six of the nine s-type func-
tions have been grouped into a single contraction, while the other three
s-type functions have been left alone. Similarly, four of the five p-type func-
tions have been contracted into a single function, while one function was left
uncontracted. Overall, this yields a basis set of four s-type and two p-type
basis functions. The D95 basis set is a full double-( basis set in that it al-
locates two basis functions for each atomic orbital of the core as well as the
valence region occupied in the electronic ground state. The standard nomen-
clature used specifies the uncontracted basis set in brackets and the resulting
contracted version in square brackets. Using the D95 basis set as an exam-
ple, the contraction can be described as (9s,5p)—|4s,2p|. This notation does
not specify, how many primitives are contained in each contraction. This



3.3 Basis Sets 43

can be specified in more detail as (6111,41), listing first the s-type functions
(here distributed over four contractions) and the p-type functions.

The so-called segmented contraction implies that the primitives used for
one basis function are not used for another of the same angular momentum.
One method to carrying out a segmented contraction is to use a general con-
traction. In a general contraction, there is a single set of primitives that are
used in all contracted basis functions, but they appear with different coeffi-
cients in each. Example of split-valence basis set using general contraction is
the cc-pVTZ, set of Dunning and co-workers [86], where the acronym stands
for ’correlation-consistent polarized Valence Triple Zeta’. The ’correlation-
consistent’ part of the name implies that the exponents and contraction coef-
ficients were variationally optimized not only for Hartree-Fock calculations,
but also for calculations including electron correlation to agree within some
tolerance with experimental data. If ’cc’ is missing, the AO exponents and
contraction coefficients were determined to make the Hartree-Fock atomic
state energies agree with experiment to some precision. The ’p’ specifies
that polarization basis orbitals have been included in the basis. "VTZ’ spec-
ifies three contracted or primitive GTOs for each valence orbital. Nothing
is said about the core orbitals because each of them is described by a single
contracted Gaussian type basis orbital.

The molecular orbitals, which are eigenfunctions of a Schrodinger equa-
tion involving multiple nuclei at various positions in space, require more
mathematical flexibility than do the atoms. To further increase the flexibil-
ity of the orbital description, basis sets are frequently augmented with basis
functions of higher angular momentum. This does allow for different pre-
ferred directions in space for electrons to wonder around it. A typical first
step consists of the addition of a set of d-type functions to the basis set of
those atoms, which have occupied s- and p-shells in their electronic ground
states. For hydrogen, this corresponds to the addition of a set of p-type func-
tions. In most cases, high angular momentum functions are important. The
use of polarized basis sets is especially important for the proper description
of bonds of strongly electronegative elements such as oxygen and fluorine
and for theoretical studies using correlated methods [87]. For independent-
particle wave functions, where electron correlation is not considered, the first
set of polarization functions (i.e. p-functions for hydrogen and d-functions
for heavy atoms) is by far the most important, and will in general describe
most of the important charge polarization effect.
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The theoretical description of negatively charged species is particularly
challenging for ab initio MO theory. This is due to the fact that the excess
negative charge spreads outward to a much larger degree than is typically
the case for uncharged or positively charged molecules. The description of
such a diffuse charge distribution is not very well possible with the typical
split valence basis sets. Addition of very diffuse basis functions (with corre-
spondingly small orbital exponents) cures this problem to a certain extend
as it allows the description of electron density relatively far from the nu-
cleus [88,89]. Diffuse basis functions are typically added as an additional
set of uncontracted Gaussian functions of the same angular momentum as
the valence electrons. In the Dunning notation ’aug’ specifies that (conven-
tional) diffuse basis functions have been added, but the number and kind
depend on how the valence basis is described. At the pVDZ level, one s, one
p, and one d diffuse function appear; at pVTZ a diffuse f function also is
present; at pVQZ a diffuse g set is also added; and at pV5Z a diffuse h set
is present.

In methods including electron correlation are used, higher angular mo-
mentum functions are essential. Electron correlation describes the energy
lowering by the electrons avoiding each other, beyond the average effect
taken into account by Hartree-Fock methods. Two types of correlation can
be identified, a radial and an angular correlation. The radial correlation
refers to the situation where one electron is close to, and the other far from,
the nucleus. To describe this, the basis set needs functions of the same type,
but with different exponents. The angular correlation refers to the situa-
tion where two electrons are on opposite sides of the nucleus. To describe
this, the basis set needs functions with the same magnitude exponents, but
different angular momentum. The angular correlation is of similar impor-
tance as the radial correlation, and higher angular momentum functions are
consequently essential for correlated calculations.

3.4 Configuration Interaction

The exact adiabatic wavefunctions which satisfy I:Iel‘lf = EV can be ex-
pressed as a linear combination of Slater determinants built from a complete
set of orbitals. A whole series of determinants may be generated by replac-
ing molecular orbitals that are occupied in the Hartree-Fock determinant by
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molecular orbitals that are unoccupied (virtual). This linear combination
has infinite terms and its truncation is the foundation of the Configuration
Interaction (CI) method. We can write the wave function as

N K N K
U=codo+ > > e+ Y > oy

i=1 a=N+1 i>j=1a>b=N+1
single excitations (S) double excitations (D)
N K N K
§ : § : abe g abc § : § : abed Fabed
i>7>k=1a>b>c=N+1 i>7>k>l=1a>b>c>d=N+1
triple excitations (T) quadrupole excitations (S)

(3.18)
where ®( is the ground-state Hartree-Fock wave function, ®§ is a Slater
determinant with an electron excited from the ith occupied orbital to the
ath unoccupied orbital (which differ from ® in having the spin-orbital &;
replaced by &, ), <I>?]I? are the doubly excited Slater determinants, and so on.

The ground and excited states of the appropriate symmetry are con-
structed from the variationally computed SCF wavefunctions and orbitals.

Because, in practice, one can never compute all the unoccupied Hartree-
Fock orbitals, the upper limit in the sum is designed to indicate that there are
only K orbitals. When we truncate at zeroth-order, we have the Hartree-
Fock determinant. ®( being the determinant formed from the N lowest
energy spin-orbitals. At first order, we have configuration interaction with
single excitations, at second order we have configuration interaction with
single and double excitations, and so on. When we do not truncate the
expansion in Eq. 3.18 (so that we include N-electron excitations) we say we
are doing a Full Configuration Interaction calculations, which is called full
CIL

If we have K spin-orbitals, N will be occupied in |®p) and K — N
will be unoccupied. We can choose n spin orbitals from those occupied

N
in |®g) in < ) ways. Similarly, we can choose n orbitals from the K — N
n
. : . (K—N .
virtual orbitals in ways. Thus the total number of n-tuply excited
n

determinants is <N> (K B N) . Even for small molecules and one-electron
n n
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basis sets of only moderate size, the number of n-tuply excited determinants
is extremely large for all n except 0 and 1 [90].

Given the trial function of Eq. 3.18 we can find the corresponding en-
ergies by using the linear variational method. This consists of forming the
matrix representation of the Hamiltonian in the basis of the N-electron func-
tions of expansion Eq. 3.18 and then finding the eigenvalues of this matrix.
This is called the full CI matrix, and the method is referred to as full CI,
as already mentioned. The difference between the lowest eigenvalue and the
Hartree-Fock energy obtained within the same one-electron basis is called
the basis set correlation energy. As the one-electron basis set approaches
completeness, this basis set correlation energy approaches the exact correla-
tion energy.

It is convenient to rewrite the expansion of Eq. 3.18 in a symbolic form

\IJ:Co(bo—l-ZCSés—FZCD(I)D—FZCT(I)T—F...:Zci(bi. (319)
S D T 1=0

The energy should be minimized under the constraint that the total CI
wave function is normalized. Introducing Lagrange multiplier, we may write

= (V| H|T) = A((L|T) ~ 1),

(OLH[T) =33 cic; (@ H |)) ZCQE YN cicy (] H @),

=0 5=0 =0 j#1i
(T[W) =D i (4] B5) = > i (2] j) = .
i=0 j=0 i=0 i=0

(3.20)
The diagonal elements in the sum involving the Hamiltonian operator are
energies of the corresponding determinants. The overlap elements between
different determinants are zero as they are built from the orthogonal molec-
ular orbitals (Eq. 3.1 ). The variational procedure corresponds to setting
all the derivatives of the Lagrange function with respect to the ¢; expansion
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coefficients equal to zero

oL .
e = 2> " c; (B3| H|®;) — 2Xc; =0,
! (3.21)
ci(Bi = A+ Y ¢; (D H|®;) =0.
j#i

If there is only one determinant in the expansion (co = 1, c;zo = 0), the
latter equation shows that the Lagrange multiplier \ is the (CI) energy.

As there is one equation 3.21 for each 7, the variational problem is trans-
formed into solving a set of CI secular equations, which may be written as
a matrix equation

HC = ESC (3.22)

where C' is the coefficient matrix, E is the diagonal matrix of energies F,
H is hamiltonian matrix with elements

Hij = (®;| H |®,), (3.23)
and S is the overlap matrix
Sij = (®i] ;). (3.24)

The CI energy is obtained as the lowest eigenvalue of the CI matrix. The
second lowest eigenvalue corresponds to the first excited state, etc. [80]

The CI matrix elements can be evaluated by the strategy employed for
calculating the energy of a single determinant used for deriving the Hartree-
Fock equations. This involves expanding the determinants in a sum of prod-
ucts of MOs, thereby making it possible to express the CI matrix elements
in terms of MO integrals. There are, however, some general features that
make many of the CI matrix elements equal to zero. The full CI matrix is
presented below:
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o) [®s) [®p) |®7) |®q)
(Do| [ (Dol H |Do) 0 (®o| H [®p) 0 0
(@] 0 (@5 H |®s) (Ps|H[Pp) (Ps|H [Pr) 0
(Pp| | (Pp|H |Ro) (Pp|H |®s) (Pp|H |Pp) (Pp|H |Pr) (Pp|H [Dg)
(@] 0 (Pr| H |®s) (Pr[H [Pp) (Pr[H |Pr) (Pr|H Do)
<‘I’Q| 0 0 (P H [®p) (Pl H [Pr) (Dol H [Pq)

The schematic procedure for the CI calculations may be as follows: we
choose one-electron basis set, iteratively solve the Hartree-Fock equations to
determine one-electron atomic or molecular orbitals @; as a linear combina-
tions of the basis set, form many electron functions ®; using the orbitals &,
express the wave function ¥ as a linear combination of these configuration
functions, solve Eq. 3.22 and obtain the coefficients in Eq. 3.19.

3.5 Multiconfiguration Self-Consistent Field
Method

The Multiconfiguration Self-Consistent Field (MCSCF) method can be
considered as a CI where not only the coefficients in front of the determinants
(Eq. 3.19) are optimized by the variational principle, but also the molecular
orbitals used for constructing the determinants are optimized. Each molec-
ular orbital is defined as a linear combination of atomic orbitals or a linear
combination of basis functions which is simply a guess function developed
on a basis of orthogonal functions. The MCSCF optimization is iterative
like the SCF procedure.

MCSCF methods are rarely used for calculating large fractions of the
correlation energy. The orbital relaxation usually does not recover much
electron correlation, and it is more efficient to include additional determi-
nants and keep the molecular orbitals fixed (CI) if the interest is just in
obtaining a large fraction of the correlation energy.

The advantage of the MCSCF method is that both the expansion co-
efficients (¢;) and the orthonormal orbitals contained in |®;) are optimized
simultaneously, thus the size of MCSCF wave functions treated is somewhat
smaller than in CI calculations.
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3.6 Complete Active Space Self-Consistent
Field Method

The major problem with MCSCF methods is selecting which configu-
rations are necessary to include for the property of interest. Omne of the
most popular approaches is the Complete Active Space Self-Consistent Field
(CASSCF) method. This method is a variant of the MCSCF method and
uses the same procedure in its implementation. In this case, the molecular
orbitals used in the configuration state functions are divided into inactive
and active orbitals. Inactive molecular orbitals are always doubly occu-
pied in the wavefunction. Active molecular orbitals can be doubly, singly
or unoccupied. Electrons in the active orbitals are called active electrons.
Within the active molecular orbitals a full CI is performed and all the proper
symmetry-adapted configurations are included in the optimization. Which
molecular orbitals to include in the active space must be decided manually,
by considering the problem at hand and the computational expense.

This method is a multiconfigurational variational method which im-
proves the SCF wavefunction and energy by taking into account a part of
the electron correlation. The wavefunction is a linear combination

U=00+ > (3.25)

where @ is usually the SCF wavefunction and ®; are the wavefunctions
obtained from ®g by occupying the active orbitals with active electrons in
all possible ways with symmetry restrictions.

The success of this method lies in the concept of active space. All the
important configurations that are relevant to describe the processes under
consideration must be in the active space.

3.7 Multireference Configuration Interaction

In the CI methods the Hartree-Fock SCF wavefunction ® is used as
a reference configuration and configuration state functions are formed by
electron excitation from occupied orbitals into virtual (unoccupied) ones. In
multireference configuration interaction (MRCI) approach, a set of reference
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configurations is created, from which excited determinants are formed to be
used in CI calculation. For example, one procedure would be to perform
an MCSCF calculation and select a set of reference configurations from the
determinants that have a coefficient ¢; larger than some threshold value in
the final normalized MCSCF wavefunction. For each reference determinant,
electrons are moved from occupied spin-orbitals to unoccupied spin-orbitals
to create more determinants included in the CI expansion in Eq. 3.19. Then
the configuration interaction calculation is performed, optimizing all the co-
efficients ¢;. The reference determinants will often be singly and doubly
excited determinants with respect to ®¢ and single and double excitations
from the reference determinants are often included. As a result, the final
MRCI wavefunction will include determinants that are triply and quadru-
ply excited from ®y. Generally, a large fraction of the correlation energy
can be recovered from MRCI calculations with a much smaller number of
determinants.

The CASSCF results are only qualitative values, but we can go beyond
this level with the MRCI treatment. Using a selected space of configurations
(for instance the most important configurations of a CASSCF wavefunction
that contain the relevant information about the studied physical phenom-
ena), a new wavefunction is built, as was mentioned above, by generating
single and double excitations within this restricted space. The method intro-
duces mixing between configurations allowing interactions of reference states
with each other. If the CASSCF treatment takes into account the static elec-
tron correlation of the system, the MRCI built on the CASSCF reference
wavefunction handles for the remaining dynamical correlation effects due to
the short range instantaneous interactions between electrons.

The validity of this method is strongly dependent on the quality of the
zeroth order wavefunction, usually a CASSCF wavefunction. If an important
reference configuration is missing or if the active space is too small and
not flexible enough, electronic state inversion or convergence problems may
occur. The MRCI can give excellent results when the active space is adequate
and representative. However, the choice of active space remains in the hands
of the user.
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3.8 Effective Core Potentials

The theoretical study of electronic structures can be made simplier if the
atomic core electrons are considered invariant in the molecular environment.
Considerable savings in computer resources ca be obtained removing the core
electrons and considering explicitly only the valence electrons. It was Hell-
mann who first proposed [91] the replacement of electrons with analytical
functions that would reasonably accurately, and much more efficiently, rep-
resent the combined nuclear-electronic core to the remaining electrons. Such
functions are referred to as effective core potentials (ECPs).

The Fock operator in the atomic case may be given in the following form

N
1 Z 1l+1) .
Fr=—v2 -2 ) (J—K-)

2vr7, 7’Z+ 2’]“22 +j:1 J J ]

T Y C IR

i T 2
2 T; 2 g 2r; T

(3.26)

where 7; is the distance between ith electron and an atomic nucleus, [ is the

1 0 0
orbital quantum number of ith electron, and VZ = v <r?> is the
‘ re Or; or;

radial part of V?. The action of operators jj and K ; is defined by Eq. 3.9.

The orbitals are divided now into a group of N, core orbitals and N,
valence orbitals. The Fock operator can be expressed as

Fi——;vi—ZJrl(Hl)

r; 27“? + Vval + ‘7core' (327)

Vyai represents the coulombic and exchange integrals involving only the va-
lence orbitals and V. represents all the core coulombic integrals as well as
the core-core and core-valence exchange terms.

In order to reduce the computational intensity, it would be useful to
replace and develop an equation analogous to the Fock equation. Replacing
the core electrons in a calculation with an effective potential simply means
eliminating the need for the core basis functions, which usually require a
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large set of Gaussians to describe them.

Z, 10+ 1
ity (1+1)

r; 27“? + ‘Z}al + Veff @i =£&; @i (3.28)

_%vgi —
where the potential Viore has been replaced by an effective core potential
(ECP) Vel! | and the nuclear charge Z has been replaced by the effective
nuclear charge Z.¢s. The atomic orbitals and eigenvalues needed in the con-
struction of the effective core potentials are obtained from exact numerical
Hartree-Fock calculations in accordance with the frozen core approxima-
tion, in which the lowest-lying molecular orbitals (occupied by the inner
shell-electrons) are constrained to remain doubly-occupied in all configura-
tions.

The full atomic valence orbitals { @;}, may be replaced by approximate
pseudo-orbitals {x;}, which are nodeless. The use of approximate valence
orbitals brings a new definition of V¢// since the valence orbitals now satisfy
the equation

Ze ff l (l + 1)

1 - N
_§Vzi o T Tt VT X = eixa (3.29)
¢ )

The prime on VU/

o indicates that the valence potential is evaluated over
valence pseudo-orbitals. Because V'

7 will differ from Vg, the ECP must
represent not only the core-core and core-valence interactions, but also the
parts of the valence-valence interaction which were lost in the switch from
&; to x;. By solving Eq. 3.29 for Vleff we obtain

Zepr UI+1) N 3Ve, = Viuxi

T; 27“12 Xi

‘A/leff =& +

(3.30)

The total V¢/7/ for an atom may be written as a development in spherical
harmonics |lm)

!
Verr =3 VTS Jim) (im. (3.31)
l m=—1

The radial wavefunction of the valence orbitals is required to be orthogonal
to the core orbitals of the same angular momentum as that valence orbital.
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Equation 3.31 may be written analytically

lma:l: 1

Vers = Vimaz + Z Vel - VWZVeff Z im) (Im|.  (3.32)

m=—I

Once the nodeless pseudo-orbitals have been selected, it is possible to simply
solve Eq. 3.30 numerically. Once this has been done, a parametrized analytic
form may be fit to the numerical data. When the ECP has been modeled by
some set of functions, then Eq. 3.28 is complete and may be implemented
for a chosen set of valence orbitals.

3.9 Determination of the Dynamical Cou-
plings

3.9.1 Radial Couplings

The radial couplings take into account the variation of the electronic
wave function due to the radial motion of nuclei and connect electronic
states of the same symmetry. These radial coupling matrix elements are
given by

IRL(R) = (V| 5 |\11L> (3.33)

where the wave functions Vg and ¥; are the eigenvectors of the CI matrix.

The operator — is antisymmetric and only non-diagonal elements are not

zero. Expanding the two wavefunctions in a linear combinations of Slater

determinants Wy = Z Cik(R)®;(R), Eq. 3.33 becomes

7

SRH(R) =3 Clc(RIC() (2R o ()
(3.34)
+ X ClelR) g Cin(R) 040 (R
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Taking into account the orthogonality condition of CI functions ®;, which
are linear combinations of the molecular orbitals ,,, we have

.0
IRER) = D pln (o0l 55 Isom +ZC@K )ogCi(R),  (3.35)

n#m

9iL(R) = g’ (R) + giL(R), (3.36)

where pXL is the transition density matrix. The term ¢gMP(R) represents
the variation of molecular orbitals when the internuclear distance varies, and
the term g% (R) corresponds to the changing of the coefficients Cj; of the
wave function.

The determination of nonadiabatic couplings between molecular states is
of interest for the theoretical interpretation of variety of phenomena, as col-
lision processes, where adiabatic states are close in energy and then coupled
by nonadiabatic couplings. There are several methods to evaluate the radial

couplings (V| — |¥ ), which can be categorized into two major methods,

namely analytical methods, and numerical methods.

The analytical ones [92-94] are based on the well known Hellmann-
Feynman theorem [95], which assumes electronic wavefunctions ¥y, to be
exact eigenfunctions of the electronic Hamiltonian

Hy|Up) = EL|VL). (3.37)

Derivating this relation with respect to the internuclear distance R, multi-
plying from left side by function (V| and using the orthonormality condition
between the electronic wave functions, we obtain the radial coupling matrix
element

ra é?He
gRE(R) = (V| 5m |wL> (Ep — Br) ™ (Wpe| 52

W) (3.38)

Since the wavefunctions Vg and ¥y are presented by their corresponding
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column vectors C'x and Cf,, we obtain

6C’L _ 1 - OH
1 1 - '
= lim —70;}(}2) [H(R+ A)— H(R)|CL(R),

A—>OAEL — FEg

where the matrix H contains the electronic Hamiltonian matrix elements.

Analytical methods are not limited by Hellmann-Feynman assumption
[96,97], and are appropriate for wavefunctions built from GTOs.

Numerical methods are usually employed [98-100|. These techniques are
based on the finite difference technique, where the eigenvectors are calculated
by diagonalization of CI matrix for two nearby internuclear distances, R
and R+ A, A being very small. The radial coupling matrix element is thus
defined as

GRd(R) = Jim - (Ukc(R)| WL(R+ &) — Wy (R)

= lim (Vs (B Wi (R + A)) — (Wie(B) Wi (R))]

(3.40)

0
The R operator is antisymmetric and W and Wy are orthogonal, finally
we obtain

GRd(R) = Tim - (Wk(R)| Wo(R+ A)). (3.41)

As the last expression may be divided in g¥¢ (R) and ¢ (R) contributions,
we have

GMO(R) = lim 13 3" O (RICu(R) (@i(R)| B5(R+ A)) ¢ (3.42)
ij#1
and

gx1L(R) = lim — {Z Cix (R)Ci (R + A)} (3.43)

where the j index describes all of the determinants of ®;, which differs from
®;, only by one spin-orbital.
The use of these numerical methods requires checking the stability with
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respect to the differentiation step A. A disadvantage is the need of eval-
uating the wave functions in two nearby points R and R 4+ A, and it is
necessary to ensure that the sign of the wave functions is the same in both
points. In order to obtain better numerical accuracy one can use the three-
point numerical differentiation technique with calculations at R — A, R and
R + A [101]. This method can be relatively expensive computationally but
gives reliable results and is very widely used.

3.9.2 Rotational Couplings

The evaluation of rotational couplings is carried out analytically and it
does not involve a special difficulty from the computational level [102]. It
couples electronic states of different symmetries and the same spin multi-
plicity. The rotational coupling matrix elements are given by

9RL(R) = (Uk|iL, |¥r), (3.44)

where 7L, is the y component of the electronic angular momentum, as it has
been shown previously.

In numerical calculations, the rotational matrix elements (Vg |iL, [¥r,)
between states of angular momentum AA = +1 are calculated directly at
the CI level of theory from the quadrupole moment tensor.

It may also be evaluated analytically by means of L, and L_ operators
from the following relations [103]

L,—L_

iLy = =

(3.45)

and

Li(n,l,m|=+I11+1)—m(m=1)(n,l,m=£1]. (3.46)

This calculation neglects the contributions corresponding to Gaussian func-
tions centred on different atoms.

3.10 Translation Factors

In finite basis set the dynamical couplings not satisfy the asymptotic
conditions and can thus have a nonvanishing asymptotic limit. The quan-
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0
tity (Pgl R |®;), corresponding to the radial coupling, tends towards some
constant when R — oo, and quantity (®x|iL,0R |®;), corresponding to ro-

tational coupling, decreases slowly in — when R — oo. In addition the

couplings depend on the origin of coordinates and the Galilean invariance is
not guaranteed.

According to the Born Oppenheimer approach, nonzero couplings pro-
vide transitions between molecular states even at R — co. The nonvanishing
asymptotic couplings are a consequence of a fundamental shortcoming. The
coordinates used in the standard adiabatic approach to describe molecular
states of the collision complex at small and intermediate distances are not
suited for the description of the free atoms in the asymptotic region and a
single term of the total wave function expansion does not give the correct
asymptotic incoming or outgoing wave functions [104]|. The use of electronic
molecular states leads to dependence of both radial and rotational nonadi-
abatic couplings on the origin of the electronic coordinates.

The reason for the spurious couplings was first recognized by Bates and
McCarroll [105], who realized that they are due to the fact that the adia-
batic molecular basis states are calculated keeping the relative internuclear
distance R fixed, whence the asymptotic translation of the electrons with the
escaping nuclei is not contained in the basis. Bates and McCarroll showed
that formal solution to the problem could be obtained by means of electron
translation factors (ETF), by which the molecular states were multiplied.

bn = Bpexp [z fu (F, E) qﬂ , (3.47)

where f,, is some arbitrary suitable function of # and R. The form of fn
asymptotically must satisfy the following constraints:

lim f, =~ if ¢, dissociates to a bound state of (A + e),
R (3.48)
P}im fan=7v—1 if ¢, dissociates to a bound state of (B + e),

—00

where v is defined by: OA = yR and OB = (1 —~)R (O is the origin of
coordinates, A and B represent an atomic species, usually A = X7 is a
multiply charged ion and B = H" or He™).

Bates and McCarroll also proposed to use plane wave functions, which
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are state-dependent translation factors and the function f,, depends on n.
They are satisfactory only at large R where the electron is localized around
one of the centers but some problems arise in the vicinity of avoided cross-
ings, where the localization of the electron may change rapidly with R from
one center to the other. In order to introduce more flexibility in the choice
of fn, Crothers and Todd [106] allowed f,, to vary with R, but not with
r. Formally, f,, can be optimised variationally, but in practice this involves
extensive and time-consuming calculations, due to the presence of the fac-
tors exp (iUF) in nonadiabatic matrix elements. In consequence, the use
of the state-dependent electron translation factors is rather limited to few
applications of very simple ion-atom systems [107,108|.

In most applications common translation factors are used, which are not
specific to each molecular orbital. Inclusion of common translation factor
was proposed by Schneidermann and Russek [109] and applied in many works
[110,111]. As mentioned previously, all molecular functions are multiplied
by the same electron translation factor,

D (7,t) = exp [iU(T, t)]. (3.49)

To introduce a correction in the coupling between molecular states, we have
used common translation factor proposed by Errea et al. [112]

U(Ft) = f (F, R) o7 — ff2 (r R) (3.50)
with =
FER) = i mra 331)

In the particular case of « = 8 = 0, the radial and rotational matrix elements
are thus transformed respectively into

0 z 0

0
(g |8R R9s P)) = <‘1>k| |‘1>z>

1 2
5T ~5ler —er) (Pr| 27 |P1),  (3.52)
and

(@i (5 + 2 ) 190 = (@] iy 1)+ (2 —0) (0] ), (359
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2 and

where €5, and ¢; are the electronic energies of states |®) and |®;), z
zx, the components of the quadrupole moment tensor.
In this manner cross sections become independent of the origin of coor-

dinates and spurious coupling terms are eliminated at long range.
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4 Chapter

Application of Techniques

A detailed analysis of the mechanisms at the molecular level is of fun-
damental importance for a better understanding of radiation damage. In
particular, the study of collisions of ions with molecular targets would pro-
vide important information on indirect processes, as collision of carbon ions
with water, or small molecules. We have been interested in particular in
charge-transfer processes involving diatomic targets, as the OH radical in
order to model the action of ions on OH radicals formed in the human or-
ganism. Such study has been extended in the present work in order to
have a better understanding of the charge-transfer mechanism for different
diatomics, taking account of the characteristics of the molecular target (elec-
tronic structure, electronegativity of its elements). We have considered the
charge transfer of C?T ions in collisions with hydrogen halide molecules (HF,
HCIl), influenced by the proposed experimental results. All along this work,
a detailed analysis of the charge-transfer mechanism has been performed in
relation with the nonadiabatic interactions between the different molecular
states involved in the process.

This chapter is based on work done by myself jointly with the co-authors
of the published papers. The calculations related to the results discussed
below have been performed for the greatest part by myself. Each point
presented in the Summary of this thesis also lists clearly my tasks during of
this research.
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4.1 Application to the C*" + HF Collision
System

Two main points have been considered during the theoretical treatment
of charge-transfer processes induced by collision of the C?T projectile ions
on the HF molecule: the anisotropy of the charge transfer with regard to
the orientation of the projectile towards the target and the influence of the
vibration of the diatomic molecule during the collision.

The molecular calculations have been carried out using the MOLPRO
suite of ab initio programs [59]. The molecular orbitals have been opti-
mized at the state-averaged Complete Active Space Self-Consistent Field
(CASSCF) level with Multireference Configuration Interaction (MRCI) cal-
culations using the correlation-consistent triple-¢ aug-cc-pV'TZ basis set of
Dunning [113|. The exponents and contraction coefficients for the basis
functions are presented in Table 4.1. Pseudopotentials have not been used
for this collision system. The active space includes the n = 2 and n = 3(sp)
orbitals for carbon and fluorine, and the 1s orbital for hydrogen. The 1s
orbitals of carbon and fluorine have been frozen in the calculation.

The spin-orbit coupling is negligible in the collision energy range of in-
terest, thus electron spin can be conserved during the collision process.

The geometry of 'S ground state of HF has been optimized at the
MRCI level of theory leading to an equilibrium distance rgpr = 1.73836832
a.u. The corresponding vertical ionization potential 16.12 eV is in excel-
lent agreement with the 16.1 eV experimental value [114-116] and previous
calculations [117,118].
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Exponents Contraction Coefficients
Hydrogen s 33.870 0.0060680 0.0 0.0 0.0
5.0950 0.0453080 0.0 0.0 0.0
1.1590 0.2028220 0.0 0.0 0.0
0.32580 0.0000000 1.0 0.0 0.0
0.10270 0.0000000 0.0 1.0 0.0
0.025260 0.0000000 0.0 0.0 1.0
p 1.4070 1.0 0.0 0.0
0.3880 0.0 1.0 0.0
0.1020 0.0 0.0 1.0
d 1.0570 1.0 0.0
0.2470 0.0 1.0
Carbon s 8236.0 0.0005310 -0.0001130 0.0 0.0 0.0
1235.0 0.0041080 -0.0008780 0.0 0.0 0.0
280.80 0.0210870 -0.0045400 0.0 0.0 0.0
79.270 0.0818530 -0.0181330 0.0 0.0 0.0
25.590 0.2348170 -0.0556600 0.0 0.0 0.0
8.9970 0.4344010 -0.1269950 0.0 0.0 0.0
3.3190 0.3461290 -0.1703520 0.0 0.0 0.0
0.36430 -0.0089830 0.05986840 0.0 0.0 0.0
0.90590 0.0000000 0.00000000 1.0 0.0 0.0
0.12850 0.0000000 0.00000000 0.0 1.0 0.0
0.04402 0.0000000 0.00000000 0.0 0.0 1.0
p 18.710 0.0140310 0.0 0.0 0.0
4.1330 0.0868660 0.0 0.0 0.0
1.20 0.2902160 0.0 0.0 0.0
0.38270 0.0000000 1.0 0.0 0.0
0.12090 0.0000000 0.0 1.0 0.0
0.03569 0.0000000 0.0 0.0 1.0
d 1.0970 1.0 0.0 0.0
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0.3180 0.0 1.0 0.0
0.10 0.0 0.0 1.0

f 0.7610 1.0 0.0
0.2680 0.0 1.0

Fluorine s 19500.0 0.0005070 -0.0001170 0.0 0.0 0.0

2923.0 0.0039239 -0.0009120 0.0 0.0 0.0
664.50 0.020200 -0.0047170 0.0 0.0 0.0
187.50 0.079010 -0.0190860 0.0 0.0 0.0
60.620 0.2348170 -0.0596550 0.0 0.0 0.0
21.420 0.4344010 -0.140010 0.0 0.0 0.0
7.950 0.3499640 -0.1767820 0.0 0.0 0.0
0.8815 -0.007892 0.6050430 0.0 0.0 0.0
2.2570 0.0000000 0.0000000 1.0 0.0 0.0
0.3041 0.0000000 0.0000000 0.0 1.0 0.0
0.09158 0.0000000 0.0000000 0.0 0.0 1.0

p 43.880 0.0166650 0.0 0.0 0.0
9.9260 0.1044720 0.0 0.0 0.0
2.930 0.3172600 0.0 0.0 0.0
0.91320 0.0000000 1.0 0.0 0.0
0.26720 0.0000000 0.0 1.0 0.0
0.07361 0.0000000 0.0 0.0 1.0

d 3.1070 1.0 0.0 0.0
0.8550 0.0 1.0 0.0
0.2920 0.0 0.0 1.0

f 1.9170 1.0 0.0
0.7240 0.0 1.0

4.1. Table: Exponents and contraction coefficients of the aug-cc-pVTZ basis set
of Dunning [113] for H, C and F.
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A number of states may be considered with regard to the respective ion-
ization potentials and different excited states of HF ™ and C'" ions [118,119]:

Configuration Molecular states
C*(15%25*)'S + HF('xT) Iyt
Ct(1s%252p*) P + HF T (*10) ST A, SRTSIISA,
CT(1s%25°2p)*P° + HFT(?2T) 'm*'1, Sut A,

CT(1s%25%2p)?P° + HFT(?TI) 'St UIL'A, 39212 A,

Taking account of the X" symmetry of the C*(15%25%)1S + HF (12 ™)
entry channel, only doublet C't excited states could be involved in the col-
lision process. Besides, only I states could be correlated to the 'X7F entry
channel by means of rotational coupling interaction. Three 'XF states and
two II states must be considered in this process with regard to the different
excited states of HF™ and spin considerations:

Configuration Molecular states
C*(15%25*)1S + HF('xT) Iyt
Ct(1s%25%2p)?P° + HFT (% 1) 'm* ',
CT(1s%25%2p)*P° + HFT(?I1)  's*'IL
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4.1.1 Linear Approach
a) Adiabatic Potential Energy Curves

The potential energy curves for the equilibrium distance and associated
radial and rotational coupling matrix elements between 'S and 'II states
have been calculated in the [2.0 —14.0] a.u. internuclear distance range. The
potential energy curves are presented in Fig. 4.1 for the collinear approach
of the C?* ion toward the HF target (§ = 0°). In linear geometry the
molecular calculations have been performed in the Cs, symmetry group.

Efow.)

4.1. Figure: Potential energy curves for the 'Y (solid line) and 'IT
(dashed line) states of the C*T — HF molecular system at equilibrium, § =
0°: 1, CT(1s?2s%2p)2P° + HFT(*I); 2, Ct(1s%2s?2p)*P° + HFT(?ST); 3,
C?T(15%25*)1S + HF(*YT) entry channel.

The entry channel is almost horizontal at large internuclear distances,
while the exit channels represent an 1/R character due to the repulsive
Coulomb potential between the ions C™ and HEF™'. In order to obtain the
asymptotic values for the energies of exit channels the Coulomb repulsion

/
1
term % has to be taken into account: Easympt = EymOLPRO,14au — 7R
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In a first approach, the potential energy of the entry channel reached at
long internuclear distances remains the same asymptotically: Fasympt =
EroLPRO,14au-

As shown in Table 4.2 the asymptotic energies compare satisfactorily
with the calculation of separated species taking account of experimental
values for carbon ions [119] and ionization potential of the HF molecule
[114, 115] with MRCI calculations at optimized equilibrium geometry for
the ground and excited states of the target molecule.

Configuration This calculation Separated species
C*('S)+ HF(*'ST) 8.368 8.279
CT(P°) + HF* (%) 3.824 3.909
CT(*P°) + HF*(*10) 0 0

4.2. Table: Comparison of asymptotic energies from separated species calculation
at the optimized HF(*X71) distance (in eV).

The '27 states show two avoided crossings, a smooth one at this geome-
try between the entry channel and the 2' YT {CT (15%25*2p)? PP+ HF T (L)}
exit channel around 6.5 a.u. and a sharper one, at shorter range, around
R = 4.5 a.u., between the 2'Y7 and 1'ST{CT(15%25%2p)? P° + HF T (*11)}
exit channels.

In contrast, 'II channels do not present significant avoided crossing in
the distance range of interest; they interact only in the repulsive part of the
potential energy curves.

b) Radial Couplings

The radial coupling matrix elements between all pair of states of the
same symmetry have been calculated using the finite difference technique
according to the formula determined previously in Section 3.9.1. We choose
the parameter A = 0.0012 a.u. The three-point numerical differentiation
method is used to achieve the required numerical accuracy.

The radial coupling matrix elements between 'S7T states exhibit two
main peaks as displayed in Fig. 4.2. for 6 = 0°.
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1.5

radial coupling (o.u.)

0.5
rod23

-0.5

R (o.u.)

4.2. Figure: Radial coupling matrix elements between ¥+ states of the C?T —
HF molecular system at equilibrium, § = 0°. Same labels as in Fig. 4.1.

The radial nonadiabatic coupling matrix element between the 2'X+ and
1'2% exit channels reaches up to 1.2 a.u. in absolute value at R = 4.5 a.u., in
correspondence to the strong avoided crossing between the potential energy
curves. The smooth peak, around R = 6.5 a.u. corresponds to the avoided
crossing between the entry channel and the 2'X7 charge-transfer level. A
detailed calculation at short range exhibits besides a sharp radial coupling
peak at R = 2.55 a.u. in the repulsive part of the potential energy curves
between the entry channel and the 2'37% charge-transfer state. All the states
are very close to one another in the repulsive part of the potential energy
curves and this may cause avoided crossings. A smooth radial coupling
between the entry channel and the 1'S7F state is also exhibited around R =
4.0 a.u.

c) Rotational Couplings

The rotational matrix elements (¥ |iL, |¥1,) between states of angular
momentum AA = +1 have been calculated directly from the quadrupole
moment tensor. They are presented in Fig. 4.3 in the linear approach of the
projectile toward the hydrogen atom of HF (6 = 0°).
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4.3. Figure: Rotational coupling matrix elements between X and T states
for the C** — HF molecular system at equilibrium, # = 0°. Same labels as in Fig.
4.1 rotll=(1'|iLy [1'ET), rot12=(1'T|iLy |2'ET), rot13=(1'11|iLy|3'ET),
rot21=(2 | iLy |1' Y1), rot22=(2' | i Ly |2' ¥T), rot23=(2' 1| i Ly |3' £T).

Rotational coupling matrix elements between 'II states and the entry
channel, or between 'TI states and the 2! 2T {C " (15225%2p)? PP+ HF T (?L)}
exit channel, vary abruptly in correspondence with the avoided crossing
around 6.5 a.u. Effectively the corresponding change of character of the
I+ wave functions in this region induces strong variation on rotational
coupling matrix elements. In contrast low interaction is observable between
the lowest 1'XT{CT(15%25*2p)?P° + HF*(*IT)} state and entry channel
and corresponding rotational couplings rot1l and rot21 remain rather un-
changed.

d) Collision Dynamics

The collision dynamics has been performed by means of the EIKONX
code [120] in the keV laboratory energy range. As straight-line trajecto-
ries are satisfying for energies higher than 10 eV/amu [121], semiclassical
approaches may be used with good accuracy in this collision energy range.
Because electronic transitions are much faster than vibrational and rota-
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tional motion, the sudden approximation may be used and cross sections,
corresponding to purely electronic transitions are determined by solving
the impact-parameter equation, considering the internuclear distance of the
molecular target fixed in a given geometry.

This treatment has been performed for different geometries of the C** —
HF collision system, taking account of all the transitions driven by radial
and rotational coupling matrix elements. The partial and total cross sections
have been calculated between the different quasimolecular states involved in
the process.

The collision treatment has been carried out in the adiabatic representa-
tion and thus integrated the collision coupled equation using adiabatic data.
This representation has the disadvantage to perform integration with cou-
plings which are strongly varying around the avoided crossings. Integration
is thus longer and could be difficult, but it was not the case in this work.

eross section (107" em?)
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4.4. Figure: Total and partial charge-transfer cross sections for the C** — HF
molecular system at equilibrium, # = 0°: sectot, total cross section; sec32,
partial cross section on 'L T{CT(15%25%2p)?P° + HFT(*ST)}; secpi32, partial
cross section on 'TI{C™T(1s?25%2p)?P° + HFT(*XT)}; sec31, partial cross sec-
tion on 'YT{CT(1s%25%2p)2P° + HF ()}, secpi3l, partial cross section on
HI{CT (15%25%2p)*P° + HF " (*I)}.
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At first translation effects has not been included in the dynamical study,
as the translation effects has been shown to be almost negligible for collision
energies lower than 100 keV, even for long-range rotational couplings [122].
Such cross sections are presented in Fig. 4.4 for the linear C-H-F geometry
(0 =0°).

The charge-transfer process is clearly driven mainly by means of the
nonadiabatic interactions in the vicinity of avoided crossings. The most
important interaction corresponds to the radial coupling between the entry
channel and the highest 2! ST {CT (15225?2p)? P°+ HF T (*% ™)} exit channel,
and effectively the corresponding partial cross section presents the highest
values. The rotational effect is quite significant for this system as this highest
{CT(15%25%2p)?P° + HF T (*Y )} exit channel may also be correlated with
the entry channel by means of rotational coupling, and the partial cross
section on the corresponding 2'II channel reaches values up to 7 x 1071¢
cm? (see also papers A2 and A3 ).

d) Inclusion of Translation Factors

The present analysis may be extended by inclusion of the translation
factors. They may be evaluated in the approximation of the common trans-
lation factors [123,124]. The results presented in this subsection have been
published in the paper A4.

The corresponding cross sections for the linear C-H-F geometry (6§ = 0°)
are displayed in Fig. 4.5. The introduction of translation factors induces a
very small variation on the total cross sections, less than 3% at Ej,, = 100
keV. The effect decreases at lower collision energies and is completely negligi-
ble below about 30 keV. Such effect depends of course of the collision system,
but, in a first approach, it can be considered with a good approximation to
be weak in the energy range we are dealing with.
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4.5. Figure: Total and partial charge-transfer cross sections for the C** — HF
collision system at equilibrium, ¢ = 0°. Full line: with translation factors;
broken line: without translation factors. sectot: total cross section; sec32:
partial cross section on 'ST{CT(15%25%2p)?P° + HFT(*£T)}; secpi32: partial
cross section on 'TI{CT(15225%2p)2P° + HFT(*£T)}; sec31: partial cross sec-
tion on 'NT{CT(1s%25%2p)>P° + HF* ()}, secpi3l: partial cross section on
HI{O (15%25%2p)? P° + HEF T (*11)}.

4.1.2 Anisotropic Effect
a) Adiabatic Potential Energy Curves

In order to study the anisotropy of the process, a series of calculations
have been performed for different orientations of the projectile corresponding
to specific values of the angle 6, about every 20°, from the linear C' — H — F
geometry (0 = 0°) to the linear C — F' — H one (# = 180°). For nonlinear
geometries, the calculations have been carried out using the Cs symmetry
group and considering the plane of the molecular system as the plane of
symmetry. Potentials for selected geometries are presented in Fig. 4.6 to
4.10.
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4.6. Figure: Potential energy curves for the 'S (solid line) and 'TI (dashed
line) states of the C?T — HF molecular system at equilibrium, # = 20°. Same
labels as in Fig. 4.1.
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4.7. Figure: Potential energy curves for the !XT (solid line) and T (dashed line)
states of the C** — HF molecular system at equilibrium, (a) 6 = 45°, (b) 6 = 70°.
Same labels as in Fig. 4.1.
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A strong evolution may be observed on the potential energy curves when
the angle 0 increases from the linear geometry # = 0° to nonlinear geome-
tries, up to @ = 90°. The avoided crossing between the entry channel and
the 2'27F level becomes sharper and moves toward shorter internuclear dis-
tances. On the other hand, the avoided crossing between 2!X* and 1'%+
exit channels becomes smoother, as shown in the potential energy curves for
values at 6 = 20°,45°,70°,90° presented in Fig. 4.6, Fig. 4.7 and Fig. 4.8.

The evolution is inverse between the 2'¥* and 1'ST charge-transfer
levels when the angle € increases still up to 180° in the linear C' — F — H
geometry shown in Fig. 4.9 and Fig. 4.10. Nevertheless, the nonadiabatic
interaction between the entry channel and the 2'37F level remains sharper
in this half-plane, where the C?" ion collides with the fluorine atom.

Elom)

4.8. Figure: Potential energy curves for the ' T (solid line) and 'IT (dashed
line) states of the C*T — HF molecular system at equilibrium, § = 90°. Same
labels as in Fig. 4.1.



4.1 Application to the C** + HF Collision System 75

4.9. Figure:  Potential energy curves for the 'S (solid line) and 'IT (dashed
line) states of the C** — HF molecular system at equilibrium, (a) 6 = 110°, (b)

6 = 135°. Same labels as in Fig. 4.1.
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4.10. Figure: Potential energy curves for the 'S" (solid line) and 1T (dashed
line) states of the C*T — HF molecular system at equilibrium, (a) § = 160°, (b)
0 = 180°. Same labels as in Fig. 4.1.
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b) Radial Couplings

The dependence of the radial couplings on the orientation of the projec-
tile towards the molecular target is presented for the chosen specific values
of the angle 6 = 45° and 160° in Fig. 4.11. As discussed previously, the
radial coupling matrix elements between 'S states show two main peaks.
The radial coupling rad23 exhibits besides a sharp peak at short range cor-
responding to an interaction in the repulsive part of the potential energy
curve.
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radial coupling (a.u.)
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o
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+ & & 10 12 14 2 4 6 8 10 12 14
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4.11. Figure: Radial coupling matrix elements between 'St states of the
C*t — HF molecular system at equilibrium, # = 45°, 160°, respectively. Same
labels as in Fig. 4.1.

As pointed out previously, a strong evolution is observed in the potential
energy curves when the angle 6 increases from the linear geometry 6 = 0°
to nonlinear geometries, up to § = 90°. This may be visualized particularly
on the radial coupling matrix elements displayed in Fig. 4.12 and Fig. 4.13.
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4.12. Figure: Variation of the rad12 radial coupling matrix element between
I+ levels for different orientation of the C*T projectile toward the HF molecule
at equilibrium. Same labels as in Fig. 4.1; — 6 = 0° (red); — 6 = 20° (green); —
0 = 45°(blue); — 6 = 90°(magenta); - - -- § = 135° (blue); 6 = 160° (green);
<o 0 =180°(red).

We can observe a strong lowering of the radial coupling rad12 for 6 = 90°.
The orientations 6§ = 45°, § = 20°, § = 0° for the approach toward the
hydrogen atom of HF appear in correspondence to # = 135°, # = 160°,
6 = 180°, respectively. The radial coupling rad23 associated to the avoided
crossing between the entry channel and the 2'X% level becomes larger and
moves toward shorter internuclear distances when the angle 6 increases from
the linear geometry 6 = 0° to nonlinear geometries, up to 8 = 90°, whereas
it remains strong when the angle 6 increases still up to # = 180°. Both rad12
and rad23 are maximum for the linear geometry toward fluorine (6 = 180°)
and decrease significantly for perpendicular orientation. The radial coupling
rad23 remains anyway not negligible at § = 90°.

The radial coupling matrix elements between II states have not been
presented as no significant avoided crossing may be observed in the distance
range of interest.
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Radiol coupling {o.u.)

4.13. Figure: Variation of the rad23 radial coupling matrix element between
I33* levels for different orientation of the C** projectile toward the HF molecule
at equilibrium. Same labels as in Fig. 4.1; — 6 = 0° (red); — 8 = 20° (green); —
0 = 45°(blue); — 6 = 90°(magenta); - - -- § = 135° (blue); 6 = 160° (green);
o 0 =180°(red).

c) Rotational Couplings

As an example, rotational couplings for the perpendicular geometry are
presented in Fig. 4.14. Rotational coupling corresponding to the same con-
figuration reaches the asymptotic value 1 a.u., as for instance the coupling
between 2'TT and 2'%T levels corresponding to the {CT(1s%25%2p)?P° +
HFT(>27)} configuration. Rotational coupling between states correspond-
ing to different configurations vanishes at asymptotic distances, as the cou-
pling between the entry channel and the 1'TI{C" (15%25*2p)? P°+ HF(*II)}
state. In Cs, symmetry group rotational couplings rot12 and rot21 are not
zero at asymptotic distances, because the corresponding states are described
by the same configurations. In Cy symmetry the rotational couplings be-
tween !XT and I states correlated to different molecular states are becom-
ing zero, as shown in Fig. 4.14 for the perpendicular geometry.
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4.14. Figure: Rotational coupling matrix elements between 'Y " and 'IT states
for the C?T — HF molecular system at equilibrium, § = 90°. Same labels as in Fig.
4.1 1otll=(1'TI|iLy [1'ET), rot12=(1'TI|iLy [2'ET), rot13=(1'TI|iLy [3'XT),
rot21=(2'T0|iLy [1'S1), rot22—=(2' 1| iLy |2' ), rot23—(2' 1| iLy |3'ST).

d) Collision Dynamics

The strong evolution observed in the potential energy curves when the
angle 6 increases from the linear C — H — F geometry (§ = 0°) to perpen-
dicular (f = 90°) and then to the linear C' — F' — H one (# = 180°) may be
analyzed for chosen specific values # = 0°,45°,90°,135° and 180°, in parallel
with the total cross sections and radial coupling matrix elements displayed
in Fig. 4.15.

From cross-section results, it appears quite clear that charge-transfer pro-
cess is favoured in the linear geometry. The collision with the fluorine atom
(0 = 180°) is particularly efficient. In contrast, the charge-transfer process
is markedly non-favoured in the perpendicular geometry corresponding to
significantly lower charge-transfer cross sections (paper A2). Such a result
absolutely corroborates to previous studies on the C** +OH and C** +CO
collision systems [127]. In such collisions with heteronuclear molecular tar-
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4.15. Figure: (a) Total charge-transfer cross sections for the C** — HF system
at equilibrium, for different orientations 6 from 0° to 180°: — 6 = 90°; — 0 = 45°;
— 0 =135°% — 6 =0° — 6 = 180°. (b) Radial coupling matrix elements between
IF states of the C*T — HF system at equilibrium for different orientations. Upper
curves, rad23; lower curves, rad12. Dotted line, § = 90°; dot-dashed line, 8 = 45°,
dashed line, # = 135°; thin solid line, § = 0°; thick solid line, § = 180°.

gets, the charge transfer is always favoured in a collinear approach toward
the most electronegative atom, preferentially fluorine or oxygen rather than
hydrogen for HF and OH, or carbon in the case of the C'O molecular target.
In the previous study on C** + CO charge transfer, such a result was con-
nected directly to the variation of the nonadiabatic interaction between the
entry channel and the main exit channel characterized by the corresponding
radial coupling matrix element. The discussion is a bit more complex in the
present case, as the cross sections may be related to simultaneous variations
of two avoided crossings, the avoided crossing between the entry channel
and the 2'XT{CT(15225%2p)2P° + HF T (*27)} level corresponding to the
radial coupling rad23 on one hand, and the avoided crossing between the
2% and 1'SH{CT(15%25%2p)> P° + HF T (*T1)} exit channels characterized
by the radial coupling rad12, on the other hand (see papers A2 and A6).
Effectively, both rad23 and radl2 present a maximum for the linear geom-
etry toward fluorine (# = 180°). The radial coupling matrix element rad12
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shows a simple behaviour that is almost symmetric for both sides of the col-
lision and significantly sharper in both collinear orientations. In contrast,
the radial coupling matrix element rad23 is relatively smooth for the geome-
tries corresponding to a collision with the hydrogen atom, in particular from
6 = 0° to # = 45°. These two nonadiabatic interactions may be assigned
to the two bumps of the partial cross section sec32. The bump at lower
energies assigned to the interaction between the entry channel and the 2'%+
level clearly increases from the linear = 0° geometry to 6 = 45° geometry
as shown in Fig. 4.4 and Fig. 4.16. It is shifted toward lower energies in
nonlinear orientations until perpendicular geometry is obtained.
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4.16. Figure: Total and partial charge-transfer cross sections for the C*T — HF
molecular system at equilibrium, 6§ = 45°: sectot, total cross section; sec32,
partial cross section on 'S T{CT(1s%25*2p)?P° + HFT(*$7)}; secpi32, partial
cross section on TI{C(15%25%2p)?P° + HET(?S1)}; sec3l, partial cross sec-
tion on 'ST{CT(1s%25?2p)*P° + HF (M)}, secpidl, partial cross section on
HI{C (15%25%2p)? P° + HEF T (*11)}.

The second bump, on the contrary, becomes smoother in connection
with a lower nonadiabatic interaction between 1'XT and 2'X% exit chan-
nels. More generally, such nonadiabatic interactions driven by radial cou-
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pling matrix elements lead to lower partial cross sections from the linear to
perpendicular geometries. The values of the cross section on 'II levels, in
particular the 2'TI{C™" (15%2s*2p)?P° + HF*(*<%)} channel, on the con-
trary remain significant for every orientation of the projectile toward the
target. This leads, globally, to a significant rotational effect, which follows
from the values of the cross section averaged over the different orientations
presented in Table 4.3. The averaged total cross sections increase from about
14 x 10716 t0 22 x 10716 ¢cm? in the 3 — 100 keV collision energy range.

Velocity — Ejq sec32 secpid2 sec31 secpid3l sectot
(a-u.) (keV) glet —olnt  3lyt _olp  3lst _—il'st  3lst _iln

0.05 0.75 7.04 2.68 0.48 0.34 10.54
0.1 3.00 8.41 3.99 0.86 0.96 14.22
0.15 6.75 8.78 4.79 1.04 1.48 16.10
0.2 12.00 8.75 5.31 1.24 1.33 16.64
0.25 18.75 8.56 6.04 1.76 1.53 17.89
0.3 27.00 8.13 6.97 2.19 1.81 19.10
0.35 36.75 8.18 7.68 2.52 2.10 20.51
0.4 48.00 8.25 8.10 2.89 2.25 21.49
0.45 60.75 8.16 8.22 3.38 2.24 22.01
0.5 75.00 7.94 8.15 3.96 2.15 22.20
0.6 108.00 7.37 7.64 5.25 1.96 22.23

4.3. Table: Charge-transfer cross sections averaged over the different orientations
for the C** + HF collision systems (in 10~ *%cm?).

4.1.3 Vibrational Effect

The collision of the C** projectile ion toward the HF molecular target
may also depend on the geometry of the system corresponding to different
values of the vibration coordinate rgr. Two values of the vibration coor-
dinate around the equilibrium distance have been considered in the linear
approach of the projectile toward the hydrogen atom of HF (6 = 0°) in
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order to test the vibration effect for this collision system. As shown in Fig.
4.17 for rgp = 1.5 a.u. the avoided crossing between the entry channel and
the 2!37F level appears sharper and moves toward longer internuclear R dis-
tances. On the other hand, the avoided crossing between the 2!S% and 1'%+
exit channels becomes smoother and moves toward shorter R distances. In
the other case (for rgp = 2.0 a.u.), the position of the crossing between
the entry channel and the 2! X" level moves toward shorter R distances and
the avoided crossing exhibits smoother, while the crossing between the 2'X+
and 1'X7 exit channels appears at longer internuclear distances with sharper
interaction.

E(om
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4.17. Figure: Potential energy curves for the !XT (solid line) and 'TI (dashed
line) states of the C** — HF molecular system at (a) ryp = 1.5 a.u. and (b)
rgr = 2.0 a.u. Same labels as in Fig. 4.1.

The cross sections for velocities between 0.05 and 0.6 a.u. carried out
for different values of the vibration coordinate rypg are presented in Fig.
4.18. The total cross sections for different geometries of the HF molecule
presented in Fig. 4.19(a) show a regular increase when the vibration coordi-
nate rg g is reduced from 2.0 a.u. to 1.5 a.u., in agreement with the increase
of the radial coupling matrix element rad23 between the entry channel and
the 2!27T level displayed in Fig. 4.19(b) (see papers A2 and A6). Such cou-
pling is moved toward longer internuclear distances when the ryr vibration
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4.18. Figure: Total and partial charge-transfer cross sections for the
C*t — HF system for the vibration coordinate (a) ryr = 1.5 au. and
(b) rgrp = 2.0 au., 6 = 0° sectot, total cross section; sec32, par-
tial cross section on 'LT{CT(1s%25%2p)?P° + HFT(*£T)}; secpi32, partial
cross section on 'TI{CT(1s?25%2p)?P° + HFT(*XT)}; sec31, partial cross sec-
tion on 'YT{CT(1s%25%2p)2P° + HF ()}, secpi3l, partial cross section on
HI{CT (15*25%2p)*P° + HF*(*I)}.

coordinate decreases. In contrast, the radial coupling rad12 between 1'X+
and 2'27 exit channels decreases with the rpp vibration coordinate. The
corresponding interaction becomes smoother and moves toward shorter in-
ternuclear distances. Such observations may directly link the nonadiabatic
interactions between 'XF channels to the shape of the partial cross sec-
tion sec32. Two bumps may be observed for this partial cross section, one
at lower collision energies, which may be attributed mainly to the avoided
crossing between the entry channel and the 2'37 level. Such interaction
increases for shorter rypr values, as pointed out on the radial coupling ma-
trix elements rad23 presented in Fig. 4.19(b), leading to an increase of the
corresponding bump exhibited by the partial cross section sec32 shown in
Fig. 4.4 and Fig. 4.18(a). On the other hand, the partial cross section
sec32 exhibits a smoother bump at higher collision energies, which may be
associated with the nonadiabatic interaction between 2'X+ and 1127 exit
channels. Its shape becomes smoother for shorter values of the vibration
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coordinate 7 as presented in Fig. 4.4 and Fig. 4.18(a), in agreement with
the variation of the radial coupling matrix element rad12 presented in Fig.
4.19(b). This analysis provides an interesting insight into the mechanism
of the charge-transfer process with regard to the vibration of the molecular
target. The collision of C** ions with the OH radical presented a specific
behaviour at very constrained geometry of the OH target, which could lead
to a first strong and very rapid relaxation of the molecule (Ref. [128] or see
paper Al). In the present case no specific behaviour is exhibited at very
constrained HF' geometry and no first relaxation process may be expected
for this system.
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4.19. Figure: (a) Total charge-transfer cross sections for the C** — H F system in
the linear approach, 8 = 0°, for different values of the vibration coordinate rgp. —
rgr = 2.0 au. (red); — rgp = 1.73836823 a.u. (green); — ryp = 1.5 a.u. (blue);
(b) Radial coupling matrix elements between !XT states of the C*T — HF system
in the linear approach, # = 0°, for different values of the vibration coordinate rgp.
Upper curves, rad23; lower curves, radl2. Dotted line, rgr = 2.0 a.u. ; solid line,
rgr = 1.73836823 a.u.; dashed line, ryp = 1.5 a.u.

An estimate of the cross sections on the different vibrational levels v in
C** +HF, (v=0) —* Ct+HF (J; ) may be achieved by developing the wavefunc-
tion on the vibrational functions. An estimate of the vibration motion of
the diatomics, neglecting the rotational modes, can be obtained by introduc-
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ing Franck-Condon factors in the framework of the centroid approximation.
This approximation has been widely discussed and, while not satisfactory at
low energies, it has been shown to provide nevertheless a reasonable accu-
racy for impact energies greater than 500 eV/amu [129]. Furthermore, the
regular variation of cross sections with regard to the vibration coordinate
may give confidence in the use of such an approximation.

The vibration energy levels and Franck-Condon factors have been calcu-
lated in the anharmonic approximation using the program LEVEL 7.7 of R.
J. Le Roy [130], taking for HF and HF™" the potentials determined at the
CASSCF-MRCI level of theory. The total charge-transfer cross sections in
C2+(1S)+HF(,, 0) — Ct+HF ( ) are given in Table 4.4 for a series of values
of the collision velocities corresponding to impact energies between about 6
and 40 keV. The charge-transfer cross sections decrease very rapidly wit in-
creasing vibration number. They present significant values for v =0, v =1,
and up to v = 2. The electron capture resulting in higher vibration levels
of HF' is very weak.

v v=015 v=02 v=202 v=03 v=20.35
Elab:6~75 keV Elab:12 keV Elab:18~75 keV Elab:27 keV Elab:36~75 keV

0 14.260 14.424 15.379 15.339 17.071
1 5.007 5.064 5.400 2.385 5.994
2 1.279 1.293 1.379 1.375 1.531
3 0.305 0.308 0.329 0.328 0.365
4 0.073 0.075 0.080 0.079 0.088

4.4. Table: Total cross sections for the C** + HF(,_q — C* + HF, ( ) charge-

transfer process (in 107 '%em?) for different velocities v (in a.u.).

4.1.4 Concluding Remarks

The study presents a theoretical treatment of charge-transfer processes
induced by collision of the C** projectile on HF molecule. A two crossing
mechanism is observed, mainly driven by the interaction at shorter range
with the {C"(15?25%2p)2P°+ HF (23 7)} exit channel leading to important
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values of the total cross section at higher collision energy by contribution
of radial coupling with a significant rotational effect. The collision process
is highly anisotropic: the charge transfer is favoured in the linear approach
with the collision of the C** ion toward the fluorine atom, and, on the
contrary, very significantly non-favoured in the perpendicular approach. The
vibrational effect is regular. In the C*T(1S) + HF,_q — C* + HF(t)
process, only low vibrational levels are expected to be populated.

Such remarks may be extended to provide a general understanding of
charge-transfer processes in collision of ions with heteronuclear molecular
targets.
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4.2  Application to the C*" + HC! Collision
System

The C?T projectile ion has been chosen as in previous work in order to
have a comparative analysis for a series of diatomics [127,128,131]. Hydrogen
halide targets offer the advantage to lead to a relatively simple fragmentation
pattern. Effectively, with regard to the relative atomic mass of hydrogen and
halogen atoms, the fragments have very different kinetic energies and may
be easily separated experimentally [132]. The work has been extended to the
hydrogen chloride target corresponding to a similar electronic configuration,
but a quite higher size and mass of the heteroatom. The reaction may be
compared to the C?T + HF collision system, in particular to have a look at
the efficiency of the charge-transfer process with regard to possible steric or
electronic effects. This section is mainly based on the results of the papers
A4 and AS5.

As previously, the molecular calculations have been carried out using
the MOLPRO suite of ab initio programs [59]. A pseudopotential has been
used to take account of the core electrons of the chlorine atom. Differ-
ent tests have been performed for the choice of this pseudopotential and
the basis set of atomic orbitals. The ECP10sdf 10 core-electron relativis-
tic pseudopotential has been used for chlorine [133]. As in previous case,
the correlation-consistent aug-cc-pVTZ basis set of Dunning [113] has been
chosen for all atoms. The following Table 4.5 lists the exponents and con-
traction coefficients for the chlorine. Calculations have been performed us-
ing state-averaged CASSCF-MRCI (Complete Active Space Self-Consistent
Field-Multireference Configuration Interaction) methods. The active space
includes the 1s orbital of hydrogen, the n = 2 and n = 3(sp) orbitals for
carbon, and the n = 3 orbitals for chlorine, the core electrons being treated
by a pseudopotential. The 1s orbital of carbon has been frozen in the cal-
culation. The optimized geometry of the !X ground state of HCI at the
CASSCF (Complete Active Space Self-Consistent Field) level of theory is
rgc1=2.40988808 a.u. in good agreement with the 2.4086 a.u. experimen-
tal value [115]. The corresponding vertical ionization potential calculated
using MRCI (Multireference Configuration Interaction) methods is 12.6901
eV, in good agreement with the 12.748 eV experimental value obtained from
photoelectron spectra measurements [115,134].
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Exponents Contraction Coefficients
Chlorine s 456100 0.492970D-04  -0.138304D-04  0.418546D-05 0.0 0.0 0.0
68330  0.383029D-03  -0.107279D-03  0.324395D-04 0.0 0.0 0.0
15550  0.200854D-02  -0.565083D-03  0.171105D-03 0.0 0.0 0.0
1439 0.294703D-01  -0.845886D-02  0.256705D-02 0.0 0.0 0.0
520.40  0.878325D-01  -0.259638D-01  0.788552D-02 0.0 0.0 0.0
203.10  0.211473D+00 -0.686362D-01  0.210867D-01 0.0 0.0 0.0
83.96  0.365364D-+00 -0.141874D+00 0.442264D-01 0.0 0.0 0.0
36.20  0.340884D-+00 -0.199319D+00 0.651670D-01 0.0 0.0 0.0
15.83  0.102133D+00 -0.195662D-01  0.603012D-02 0.0 0.0 0.0
6.3340  0.311675D-02  0.499741D+00  -0.206495D+00 0.0 0.0 0.0
2.6940  0.105751D-02  0.563736D-+00 -0.405871D+00 0.0 0.0 0.0
0.43131 0.156136D-03  -0.835091D-02  0.725661D+00 0.0 0.0 0.0
0.9768 0.0 0.0 0.0 1.0 0.0 0.0
0.1625 0.0 0.0 0.0 0.0 1.0 0.0
0.0591 0.0 0.0 0.0 0.0 00 1.0
P 663.30  0.240448D-02  -0.652145D-03 0.0 0.0 0.0
156.80  0.192148D-01  -0.519445D-02 0.0 0.0 0.0
49.98  0.885097D-01  -0.246938D-01 0.0 0.0 0.0
1842  0.25602D-+00  -0.728167D-01 0.0 0.0 0.0
7.24 0.436927D+00 -0.13403D+00 1.0 0.0 0.0
2.922  0.350334D+00 -0.947742D-01 0.0 1.0 0.0
0.3818  -0.458423D-02 0.564667D-+00 0.0 0.0 0.0
1.0220 0.0 0.0 1.0 0.0 0.0
0.1301 0.0 0.0 0.0 1.0 0.0
0.0419 0.0 0.0 0.0 0.0 1.0
d 1.0460 1.0 0.0 0.0
0.3440 0.0 1.0 0.0
0.135 0.0 0.0 1.0
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f 0.7060 1.0 0.0
0.3120 0.0 1.0

4.5. Table: Exponents and contraction coefficients of the aug-cc-pVTZ basis set
of Dunning [113] for the Cl atom.

The spin-orbit effects can be neglected in the collision energy range of
interest thus electron spin may be conserved in the collision process. Tak-
ing account of the 'XT symmetry of the C**(15%2s*)1S + HCI(*¥T) entry
channel, only C*(?P°) or C"(2D) states could be involved in the collision
process. Effectively, C’+(4P) states could lead only to triplet and quintet
states which cannot be correlated to the entry channel as spin-orbit coupling
is negligible. With regard to the different excited states of HCI™, there are
thus four 'S states which can be correlated by means of radial coupling,
the entry channel and three charge-transfer levels. We have also to take into
account the 1T states which can be correlated to the !XT entry channel by
rotational coupling interaction. Four 'Y * states and three 'II states must
thus be considered in this process with regard to the different excited states
of HCU' and spin considerations:

Configuration Molecular states
C*T(1s%25*)1S + HCI(*'=T) Iyt
C*(1s%25%2p)°D + HCIT(*I)  's*'1,
Ct(1s%25%2p)°P° + HCIT (2 T) st
Ct(1s%25%2p)°P° + HCIT(*TI)  's*'IL

The asymptotic energies of the C*T — HCI molecular system may be
compared to separated species calculations taking account of experimental
ionization potentials and carbon ion levels [115, 119, 134] combined with
MRCI calculations at optimized equilibrium geometry for the HCI and
HCI" ground and excited states. The calculated asymptotic energy dif-
ference between the entry channel and the highest 'S {CT(1s?25%2p)%D +
HCOIT(*T)} exit channel is 2.35 eV, with a discrepancy of 0.06 ¢V with
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experimental data assuming a good description of both entry and exit chan-
nels. The asymptotic energy difference of the two lowest charge-transfer
levels 'S T{CT(15*25%2p)?P° + HCIT(*I)} and 'S {C*(15%25%2p)? P° +
HCIT(?27)} is 4.15 €V, in agreement with the 4.00 eV separated species
calculation.

4.2.1 Adiabatic Potential Energy Curves

The corresponding potential energy curves have been calculated in the
[2.0-15.0] a.u. internuclear distance range. They are presented in Fig. 4.20
for the equilibrium distance in the linear C'— H — Cl geometry (6 = 0°). The

-19.8

-19.9

—20

-20.1

46 8 10 12 14
R (o.u.)

4.20. Figure: Potential energy curves for the T (solid line) and 'IT
(dashed line) states of the C** — HCIl molecular system at equilibrium, (6 =
0°): 1, CT(1s%25%2p)*P° + HCIT(*1T); 2, CT(1s?25%2p)?P° + HCIT(*LT); 3,
Ct(15%25%2p)*D + HCIT (*0); 4, C*T(15?2s*)'S + HCI(*XT) entry channel.

main feature is a very strong avoided crossing between the 'S entry channel
and the 3'S{CT(15*25?2p)2D + HCIT (*11)} charge-transfer level around
R—=11 a.u. This avoided crossing appears to be the leading nonadiabatic
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interaction in the present collision system. The other avoided crossings, be-
tween 1'XT{CT (15%25%2p)? P° + HCIT (*11)} and 2' 2T {C T (15%25%2p)? P° +
HCI*(2%7)} exit channels, or between the 2! YT {C* (15%2522p)2 P° + HCI™
(*x1)} and 3'2T{CT(1s*25%2p)2D 4+ HCIT (1)} levels are significantly
smoother and correspond to large energy gaps. They could certainly not
be determinant in the process. Such a strong interaction between the entry
channel and one charge-transfer level was not present in the C?** + HF colli-
sion system. Effectively, in that case the 3'ST{C " (15%25%2p)? D+ HF (*I1)}
level was higher in energy than the entry channel with regard to the ioniza-
tion potential of HF' and could not be populated directly. Therefore, the
only exit channel which could be accessible from the entry channel was the
IS H{CT(15%25%2p)2 P° + HF T (*ST)} showing a relatively smooth interac-
tion around R = 6.5 a.u., and of course the lowest ' X7 {CT(15%2522p)? P° +
HF™ (1)} charge-transfer state, which is certainly too low in energy to be
determinant in the process. Another important feature to point out in the
C** + HCI collision, always in tight connection with the existence of the
{CT(15%25?2p)>D + HCI* (*II)} exit channel, is the strong nonadiabatic in-
teraction observed between the 2'TI{CT (15%25?2p)*P° + HCI* (L")} and
3'I{CT(15%25%2p)2D + HCIT (*11)} charge-transfer levels. This interaction
was, of course, not present in the C?* + HF collision system and could
induce an increase of the rotational effect.

4.2.2 Radial and Rotational Couplings

As in previous case, the radial coupling matrix elements between all
pairs of states of the same symmetry have been calculated by means of the
finite difference technique with the same value of the parameter A = 0.0012
a.u. The rotational coupling matrix elements have been determined from

0

the quadrupole moment tensor from the expression iL, = xr— — z——. The

x
radial and rotational coupling matrix elements are displayed in Fig. 4.21
and Fig. 4.22, respectively.

Both couplings rad12 and rad 23 between the 2' X7 {CT (15225%2p)? P° +
HCIT(*E1)} and the 1'ST{CT(15225%2p)* P° + HCIT(*T1)} exit channels,
and between the 3'ST{C" (15725 2p)?D + HCIT(*M)} and 2'={CT (15
2522p)?P° + HCIT (?°1)} exit channels show a smooth variation with
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4.21. Figure: Radial coupling matrix elements between X7 states of the C** —
HCI molecular system at equilibrium, § = 0°. Same labels as in Fig. 4.20.

a hump around R = 4.4 a.u. and R = 4.1, respectively. The radial
nonadiabatic coupling matrix element between the entry channel and the
312 {CT (15%25%2p)2D + HCIT (*TI)} level exhibits a strong peak, 1.48 a.u.
high, in correspondence to the very strong avoided crossing between the
potential energy curves. Such coupling is more than three times higher
than the other radial couplings. Besides, the strong interaction between the
2MI{C ™ (15225%2p)>P° + HCIT(*>Y )} and 3'TI{C ™ (15?25%2p)*>D + HCI™
(*I1)} exit channels pointed out on the potential energy curves leads to a
sharp crossing between rot22 and rot32 correlated to the change of character
of the Il wavefunctions in the neighborhood of the avoided crossing. On the
contrary, the interaction between states 1 and 2 being very smooth for both
I3+ and I symmetries, the rotational coupling rot11 remains almost equal
to 1 for all distances.
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4.22. Figure: Rotational coupling matrix elements between 'Y " and 1T states of
the C?* — HCl molecular system at equilibrium, # = 0°. Same labels as in Fig. 4.20.
(rotll=< 1'[iL,|1*ST >; rot22=< 2'TI|iL,|2' = >; rot32=< 3'TIJiL,[2' 2" >;
rot34=< 3'TI[iL,[4' ST >).

4.2.3 Collision Dynamics

The collision dynamics has been performed by means of the EIKONX
code [120] in the keV laboratory energy range.

It has been shown in the previous section the effect of translation factors
can be considered with a good approximation weak in the energy range
we are dealing with and has not been taken into account in the present
C** + HCI collision treatment.

The partial and total cross sections are presented in Fig. 4.23 and Table
4.6 for the linear C — H — Cl geometry (0 = 0°). The total cross sec-
tion presents a peak around wv.,; = 0.1 au. (Ejp = 3 keV) and then
decreases at higher collision energy. Such a peak is mainly due to the
contribution of the corresponding peak of the partial cross section sec43.
As pointed out from the potential energy curves, the charge-transfer pro-
cess appears clearly dominated by one nonadiabatic interaction correspond-
ing to the avoided crossing between the entry channel and the highest



4.2 Application to the C** + HCI Collision System 95

o

i

sectot

3 16
cross section (107" ¢m?)
N

2 sec4d
N N W i) 3 sec4?

,,,,,,,,,, SR —— sec4]
0

0 01 0.2 03 04 05 0.6
velocity (a.u.)

4.23. Figure: Total and partial charge-transfer cross sections for the C*T —
HC! system at equilibrium, # = 0°. Full line, transition to X7 states;
broken line, transition to 'II states. (sectot, total cross section; sec 43,
partial cross section on {C7T(1s?25%2p)?D + HCOIT(*I)}; sec42, partial cross
section on {CT(1s225?2p)?P° 4+ HCIT(?S1)}; secdl, partial cross section on
{CT(15%25%2p)*P° + HCIT (?11)}).

318 T{CT(15%25%2p)? D + HOIT (*T1)} charge-transfer level, which gives rise
to the strong peak of the partial cross section sec43. The shorter-range cross-
ing between 3'XT{CT(152252p)?D + HCI™ (*T1)} and 2' ST {C(15%25*2p)
2p° 4 HCIT(*2T)} channels is also involved in the C?** + HCI charge-
transfer process; it leads in particular to a hump in the sec42 partial cross sec-
tion, but its contribution is largely lower than the strong interaction between
the entry channel and the 3'=t{CT(1s*25%2p)*D + HCIT(*I)} charge-
transfer channel. Such behaviour is completely different from the mechanism
observed in the C** + HF collision system, where the *X * TI{C" (15%25%2p)
2D 4+ HF'(*I)} exit channel could not be accessible. The charge-transfer
process was thus driven by shorter-range crossings, in particular between
the entry channel and the 2' 2 {CT(15*25%2p)2P° + HF T (*£T)} exit chan-
nel around R = 6.5 a.u. and a competition with the avoided crossing with
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the lowest 1'ST{C"(15%25%2p)?P° + HF ' (*I1)} charge-transfer level was
observed. These interactions were leading, at variance from the C** + HCI
collision, to an increase of the charge-transfer cross sections at higher ener-
gies around Fj,, = 100 keV and the charge transfer appears more efficient
in the collision of C** ions with HF than with the HCI target (Table 4.3
and Table 4.6).

As already pointed out for C*T+HF, rotational effect may be observed
also for this system as charge-transfer channels may be all correlated to the
entry channel by means of rotational coupling. In particular, a hump is
shown on the partial cross section on the 2'TI{C"(15%25%2p)%P° + HCI™(
2¥, M)} exit channel in connection with the nonadiabatic interaction between
the 2'TI{C " (15%25%2p)? P°+HCIT (> 1)} and 3' TI{C T (15%25*2p)? D+ HCI T
(*I1)} charge-transfer levels pointed out in the molecular calculations. How-
ever, the contribution of 'II exit channels decreases at higher collision en-
ergies, and is almost of the same order of magnitude as the contribution of
corresponding X1 charge-transfer states coupled by radial coupling (Table
4.6). The mechanism of the C** + HC!I charge transfer is clearly dominated
by the nonadiabatic radial coupling interaction rad34. On the contrary,
rotational effects remain significant in C** + HF at higher collision ener-
gies, in particular for the 2'TI{CT (1525?2p)? P°+ HF (Y T)} channel, and
contribute significantly to the total cross section.
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v Eap secd3  secpidd secd2  secpid2  secdl  secpidl sectot

(a.u.) (keV)

0.05 0.75 6.99 1.78  0.14 0.22 0.17 0.09 9.38
0.1 3.00 1222 280 0.39 0.77 0.14 0.27  16.58
0.15 6.75 7.48 4.78  0.36 1.14  0.27 0.23 14.26
0.2 12.00 3.73 499 1.80 1.38  0.73 042 13.05
0.25 18.75 2.84 3.86  3.50 0.99 0.57 0.82  12.59
0.3 27.00 2.36 291 391 095 0.77 0.81 11.70
0.35 36.75 2.14 234 343 1.07  0.88 0.66  10.52
0.4 48.00 2.08 203 2.72 1.16  0.77 0.55 9.32
0.45 60.75 2.07 1.86 2.14 1.21  0.68 0.47 842
0.5 75.00 2.06 1.74  1.77 1.21  0.65 043 7.87
0.6 108.00 2.07 1.57 1.44 1.15  0.67 0.48  7.37

4.6. Table: Charge-transfer cross sections for the C** 4 HCI collision system
(in 107 *%cm?). (secd3, 4'XT — 3'5T; secpid3, 4'T — 3'I; secd2, 4'2T — 21T,
secpid2, 4'XF — 2MT; secdl, 4'S+ — 1187, secpidl, 4'T — 1110)

4.2.4 Concluding Remarks

The present study of charge-transfer processes induced by collision of
the C?T projectile on hydrogen chloride may be compared to the C** + HF
collision system involving a quite similar molecular target. A simple mech-
anism driven by the nonadiabatic radial coupling interaction between the
entry channel and the highest 3' ST {C"(15%25%2p)?>D + HCI™ (*I1)} charge-
transfer channel is exhibited for this collision system. The total cross sec-
tion presents a maximum of 16.6 x 10719 ¢m? around Ejy, = 3 keV and
decreases at higher energies. This mechanism is completely different for the
C*" + HF collision system. The charge transfer is globally more efficient
with the HF molecular target with total cross sections from 14.2 x 10716
cem? at Ejgp = 3 keV to about 22.0 x 107¢ ecm? at Ej,, = 100 keV. These
comparative results show clearly that the charge-transfer mechanism is fun-
damentally dependent of the specific nonadiabatic interactions involved in
each collision system.
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5 Chapter

Summary and Outlook

5.1 Summary

Collisions of slow multiply charged ions with molecular species have been
widely investigated in the past few years. Important experimental and the-
oretical effort has been focused on reactions with simple targets, such as Ho
or Dy [136-139|. Consideration of more complex molecular targets are now
of increasing interest, in particular with regard to possible direct or indirect
processes occurring in the irradiation of the biological medium.

In these reactions, generally at relatively low energies, different processes
have to be considered: excitation and fragmentation of the molecule, ion-
ization of the gaseous target, and also possible charge transfer from the
multicharged ion toward the biomolecule. Charge transfer can be investi-
gated theoretically in the framework of the molecular representation of the
collisions. Such studies provide important information on the mechanism as
well as on the electronic structure of the projectile and target during the
reaction.

Until now, direct processes where the ions are interacting directly with
biomolecules have been mainly considered. Indeed, important damage has
been shown to be due not only to the primary radiation itself, but also to
the secondary particles, low energy electrons, radicals, and also ions which
are generated along the track after interaction of the ionizing radiation with
the biological medium [18|. Increasing interest has thus been devoted to the
possible reactions involving secondary particles, in particular recent experi-
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mental and theoretical studies have been undertaken on reactions involving
ions.

Previously, we have investigated the C?* +OH collision system with the
idea of modelling the action of ions on OH radicals formed in a biological
system such as the human organism. Carbon ions used in radiotherapy may
react with the numerous OH radicals present in the human body. Thus, the
investigation of charge-transfer process induced by collision of C?T ions with
the OH radical is of great importance.

We have extended our research taking account of the characteristics of
the molecular target (electronic structure, electronegativity of its elements)
to have a better understanding of the charge-transfer mechanism for dif-
ferent diatomics and extract general rules for such process. Furthermore,
experimental investigations of charge transfer in collisions with hydrogen
halide molecules (HF, HCI1) have been proposed by the Institute of Nuclear
Research of the Hungarian Academy of Sciences. The comparison between
the theoretical and experimental results gives us an opportunity to the study
of the application regarding the theoretical methods. Therefore it would be
possible to improve the description of collisions with targets getting more
and more complex.

In this manner we have undertaken the theoretical study of the two
charge-transfer processes C** + HF and C** + HC!l . The mechanism has
been investigated in detail in each reaction, in connection with nonadiabatic
interactions around avoided crossings between states involved in the process.
The molecular calculations have been carried out using ab initio quantum
chemistry methods in order to determine potential energy surfaces of the dif-
ferent states involved in the process and corresponding radial and rotational
couplings. The collision dynamics has been derived in the keV energy range
by means of semiclassical approaches. We have studied first the C** + HF
collision system, and compared its mechanism to the C?* + HCI reaction.

I summarize the main results of my work related to this thesis in the
following points:

I. One of the main goals of this study is the investigation of the anisotropy
of the charge transfer with consideration of the evolution of the nonadiabatic
interactions with regard to the geometry of the system in order to provide
a detailed understanding of the reaction.
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e Ab initio study has been carried out on the C** 4+ HF collision system
by using state-averaged Complete Active Space Self-Consistent Field
(CASSCF) Multireference Configuration Interaction (MRCI) method.
Accurate potential energy surfaces and nonadiabatic coupling terms
have been calculated for different orientations of the projectile corre-
sponding to specific values of the angle 6 about every 20°, from the
linear C' — H — F geometry (6 = 0°) to the linear C — F — H one
(6 = 180°).

e Dynamical calculations have been performed in the [0.05-0.6] a.u. col-
lision velocity range ([0.75-108] keV laboratory energy range) using
the semiclassical computational codes, taking account of all the tran-
sitions driven by radial and rotational coupling matrix elements.

e A two-crossing process has been observed, which leads to the increase
of the total cross section with collision energy.

e | have pointed out the collision process being highly anisotropic. The
charge transfer is favoured in the linear approach with collision of the
C** jon toward the most electronegative atom, and, on the contrary,
very significantly non-favoured in the perpendicular approach.

e The rotational effect has been found quite significant for this system
even at lower collision velocity values.

II. The position and intensity of the avoided crossings depend on the
geometry of the system corresponding to different values of the vibration
coordinate. I have investigated the influence of the vibration of the diatomic
molecule during the collision.

e Different values of the HF distance rgr have been considered in the
linear approach of the projectile toward the hydrogen atom of HF
molecule. The corresponding cross sections show a regular increase
when the vibration coordinate rg g is reduced from 2.0 to 1.5 a.u.

e No specific behaviour has been specified at very constrained HF' ge-
ometry, as observed previously in the C** +OH collision system, and
no first relaxation process may be expected in this system.
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ITI. T have examined the evaluation of the cross sections on the differ-
ent vibration levels of HEF™' in the Franck-Condon approximation. The
vibrational analysis of the charge-transfer process C**(19) + H Fo—o —
CT+HF (t) revealed that only low vibrational levels would be populated.

IV. I have tested the effect of translation factors in the collision energy
range we are dealing with. The introduction of translation factors induces
a very small variation on the total cross sections. The effect decreases at
lower collision energies and is completely negligible below about 30 keV.

V. Another focus of this thesis is the study of the charge transfer involv-
ing the hydrogen chloride target (corresponding to a similar configuration,
but a higher size and mass of the heteroatom than in the case of the hydrogen
fluoride molecule), with the aim to compare these reactions.

e The collision treatment has been performed by using the same meth-
ods that in the case of the C?T + HF system. I have determined
potential energy surfaces of the different states involved in the pro-
cess and corresponding radial and rotational couplings in the collision
of the C?T ion towards the hydrogen atom in the linear approach.

e A simple mechanism driven principally by the nonadiabatic coupling
interaction between the entry channel and the highest charge-transfer
channel has been pointed out.

e The mechanism has been found to be completely different from the
behaviour of the C** + HF collision system. The mechanism is es-
sentially dependent of the specific nonadiabatic interactions involved
in each collision system.

5.2 Outlook

As a further step in the investigation of the charge-transfer processes in
ion-molecule reactions, studies of collisions on the HyO are of great interest.
Collisions of different multiply charged ions (H et C%") with Hy0 play an
important role due to the fundamental relevance of these systems in medical
applications. Therefore, a detailed analysis would be essential for these
collisional systems.
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Az értekezés osszefoglalasa

6.1 Osszefoglalas

A tO0bbszoros toltési lassi ionok molekulakkal torténd litkozéseit széles
korben tanulményozzék a szakirodalomban. Az egyszerd targetes (Ha, Da)
reakciokon [136-139] tul a komplexebb molekulédk ionokkal torténd titkozé-
seit egyre kiterjedtebben vizsgaljak a biologiai szovetekben végbemend su-
garkarosodasi folyamatok kapcsan. FEzekben a reakciokban &ltalaban kis
iitkozési energidkon a kiévetkezd folyamatokat tekintik: gerjesztédést, frag-
mentéciot, ionizaciot, illetve a tobbszordsen toltott ionokrél a biomolekulak
felé iranyul6 toltésatvitelt. Ez utobbi folyamat elméleti modszerekkel, mole-
kularis szinten is jol vizsgalhato. Igy a folyamat mechanizmusarol, valamint
a lovedékion és targetmolekula elektronszerkezetérdl is értékes informaciokat
nyerhetiink.

Korabban féleg a direkt folyamatokat vizsgaltak, amelyek sorédn az ionok
kozvetleniil Osszeiitkoznek a biomolekuldkkal. A direkt sugarkérosodasi fo-
lyamatokon kiviil az inderekt folyamatok is 1ényegesek. Ismert, hogy lényeges
karosodés 1ép fel, amikor a bioldgiai kornyezetet éré sugarzéas hatasara ma-
sodlagos részecskék (alacsony energias elektronok, szabad gyokok vagy ionok)
keletkeznek a kornyezetnek az ionizalé sugérzéssal torténd kolcsonhatéasa
kovetkeztében [18]. Annak érdekében, hogy tisztazzak az ionok molekulakkal
torténd titkozései soran végbemend folyamatokat, tovabbi vizsgalatok sziik-
ségesek.

Munkam soran olyan ion—kétatomos molekula iitkozéseket vizsgaltam
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elméleti modszerekkel, amelyek hozzajarulhatnak a nagyobb molekulakban
lezajlo reakcidk leirasahoz.

A korabbi C?* + OH iitkozés vizsgalata a szén ion OH gydkre vald
hatasat modellezte. Az é1§ szervezetben szamos OH gydk keletkezik, mellyel
a szén ionnyalab talalkozhat. Az OH gytkkel lezajlo iitkozések vizsgalata
éppen ezért jelentGs fontossagu.

Az ion-kétatomos molekula titkdzések atfogobb tanulmanyozasa érdekeé-
ben kiterjesztettiik vizsgéalatainkat olyan rendszerek esetére, amelyek ha-
sonlo felépitést targetmolekulédkat tartalmaznak, és amelyekre vonatkozdan
kisérleti eredmények varhatok. A hasonlé felépitést rendszerek {itkozéseire
nyert eredmények egyszerten OsszevethetSk. Igy egyértelmd kovetkezteté-
seket tudunk levonni az egyszeres toltéskicseréldési folyamat mechaniz-
muséra vonatkozoan. A Magyar Tudoményos Akadémia Atommagkutato
Intézetével torténd egyeztetések soran felmeriilt a szén ionnyaldb hidrogén-
halogenidekkel (HF, HCl) végbemend titkozések kisérleti vizsgalatanak a
megvalositasa. A kisérleti eredményekkel torténd osszevetés lehetGséget ad
az elméleti modszerek alkalmazhatosdganak ellendrzésére. A helyesnek bi-
zonyult eljardsok pedig tovabbfejlesztheték egyre komplexebb targetekkel
torténd iitkozések leirasara.

A fentiek alapjan a C** ionnyalab és a hidrogén-halogenidek (HF, HCI)
kozott lejatszodo iitkozések elméleti leirasat tiiztik ki célul keV-es iitkozési
energia tartomanyban.

A kvantumkémiai szamitasok nagy koriiltekintést igényelnek kis és koze-
pes energiaja titkozések ab initio vizsgalatakor. CASSCF (Complete Active
Space Self-Consistent Field) és MRCI (Multireference Configuration Inter-
action) modszereket alkalmaztam a potenciélis energia feliiletek és nemadi-
abatikus csatolasok minél pontosabb kiszamitésara. A dinamikai szamité-
sok kivitelezésére a fél-klasszikus impakt paraméter moédszert alkalmaztam
kozepes litkozési energia tartomanyban. A vibracios atmenetek leiraséra
pedig a Franck—Condon kozelitést hasznaltam.

Kutatéasaim eredményeit az alabbi pontokban foglalom &ssze:

I. A C?T + HF iitkozés anizotropidjanak vizsgalata soran az iitkozési
szoget kozel 20 fokonként véiltoztattam, igy szdmos ion-molekula orientaciora

elvégeztem a szamitasokat.

e Meghataroztam a potenciélis energia feliileteket és a nemadiabatikus
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csatolasokat kiilonbo6zd ion-molekula orientéciora.

e Viszonylag széles iitkozési energia tartoméanyban (|0.75-108] keV) mo-
lekuladinamikai szamitasokat végeztem a fél-klasszikus impakt para-
méter moddszer alkalmazésaval.

o A C**+HF iitkozési rendszer esetén a bemeneti csatorna és a 2! X+ 4l-
lapot, valamint a 2'X% és az 1' ST allapotok kozotti elkeriilt keresztezs-
dések valtozasaval 6sszhangban, a kiilonb6z6 orientaciok szerint kiat-
lagolt hataskeresztmetszetek novekedést mutatnak az iitkozési energia
fliggvényében.

e Az ion-molekula orientéci6 valtoztatasival az litkozés erdsen anizotrop
jelleget mutat. A toltéskicserél6dés a nagyobb elektronegativitasa
atom fel6li linearis iranyban a legkedvezdbb, a legkevésbé pedig a ké-
tatomos molekulat 6sszekots tengelyre merdleges irdnyban.

e Ramutattam, hogy a rotéiciés csatolas szerepe kis sebességek esetén is
lényeges.

IT. Az elkeriilt keresztez6dések helye és erGssége flige a targetmolekulat
alkoté atomok egymaéstol vald tavolsdgatol, az tn. vibraciés koordinatatol.
A toltéskicserélgdési folyamatot kiillonboz§ vibracids paraméter értékekre
tanulmanyoztam.

e Kiilénbo6z6 H-F tavolsagok figyelembevételével szamitasokat végeztem
a H atom feldli linearis ttkozések leirasahoz. A teljes hataskereszt-
metszetek szabalyos novekedése figyelheté meg a vibracios koordinéta
csokkenésével, amely 6sszhangban van a csatolasi gorbék viselkedésével.

e A C?*T4+OH rendszer O atom feldli linearis iitkozés esetében a molekula
gyors relaxaciojara utald hataskeresztmetszet gorbéket figyeltiink meg.
A C?T + HF iitkozési rendszer esetén ehhez hasonlo viselkedést nem
tapasztaltam.

1. A C?F(1S) + HF,—p) — Cct+ HF('Z) reakci6 esetén meghataroztam
a vibracios szintekhez tartozo hatéaskeresztmetszet értékeket. A toltésatvi-

tel a molekulaion legalacsonyabb rezgési kvantumszamu &allapotait érinti a
leginkabb.
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IV. Megmutattam, hogy az elektron transzlacios faktor figyelembevétele
kismértékben befolyasolja a C*T 4+ HF rendszerre vonatkozo toltéskicseréls-
dési hataskeresztmetszeteket. 30 keV alatti {itkozési energia esetén pedig
teljesen elhanyagolhatéva valik.

V. Szamitasokat végeztem a C** + HCI iitkozés leirasara és a kapott
eredményeket Osszevetettem a hasonld elektronszerkezettel rendelkezd tar-
getmolekulaval lejatszodo iitkozés eredményeivel.

e A molekulaszerkezeti szamitasokat és az {itk6zés dinamikai leiraséat a
H atom fel@li lineéris irdnyban val6sitottam meg.

o A C*" + HCl iitkozés esetén a toltésatviteli mechanizmus egyszertinek
bizonyul. A toltésatvitel leginkabb a 3'ZF allapotot és a bemeneti
csatornéat Osszekots radialis csatolas altal vezérelt.

e Osszehasonlitva az emlitett két rendszerre kivitelezett szamitésokat,
megallapithatjuk, hogy a toltésatvitel mechanizmusa nagy mértékben
fligg az egyes rendszerekben kialakulé sajatos nemadiabatikus kol-
csonhatésoktol.

6.2 Kitekintés

Az ion-kétatomos molekula iitkdzések soran alkalmasnak bizonyult eljara-
sok tovabbfejleszthetdk nagyobb rendszerek leirasara. Igy lehetéség nyilik
arra, hogy egyre komplexebb targetmolekulak képezzék a vizsgalatok tar-
gyat. Az el6z6 modszerek tovabbfejlesztett valtozatat elGszor tobbszordsen
toltott ionok (He?t, C97) és viz molekulak kozotti iitkozések tanulméanyo-
zésara alkalmaznénk. A vizzel torténd litkozések vizsgalatanak jelentGsége
abban rejlik, hogy az emberi szervezet legnagyobb részben vizbdl all.
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