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Introduction

1
Atomics and molecular physics generates a fundamental knowledge base for our understanding
in disciplines, such as atmospheric, environmental, chemical, biomedical and even astrophysical
sciences. However, it also improves our quality of life by providing for example the primary
inputs necessary for developing new instrumentation and techniques for medical applications,
such as computer tomography, magnetic resonance imaging, positron emission tomography,
laser induced surgeries and radiation therapy for cancer treatments etc. Today, many groups
around the world study gas phase biomolecular fragmentation induced by ion collision with the
aim to provide an exhaustive data base for radiobiology and hadrontherapy. However, these
molecules being in the gas phase is a slight concern for biologists as the role of the environment
of target molecules on its fragmentation is known to be of major importance.

Over the years, the "Atoms, Molecules and Clustesr" group in CIMAP has been studying
various collisional systems ranging from atoms to large molecules and clusters. Thanks to the
variable range of projectiles in GANIL, our group have not only studied the primary collision
processes but also the relaxation mechanisms of the target after the collision. In the recent
studies the rare gas dimers in collision with three different projectiles it has been found that
due to the large interatomic bond length a dimer can be considered in a first approximation
as a two independent atoms during the collision. Due to very low electron mobility inside
such van der Waals dimers, two specific relaxation mechanisms (Radiative charge transfer and
interatomic coulombic decay) have been identified which differs drastically from the case of
covalent molecules where fast electron rearrangement usually takes place before fragmentation.
In a next step, increasing the complexity of the target intermediately from atomic dimers to
diatomic molecular dimers or trimers will open up the possibilities to answer various questions
regarding the fragmentation dynamics and geometry of such systems. As the diatomic molec-
ular cluster consist of both van der Waals and covalent bonds, it is interesting to compare the
molecular fragmentation inside the dimer with the one of an isolated molecule. Such systems
offer an unique tool to investigate the transition from gas phase molecules to the condensed
phase.

In this context, this thesis is devoted to an experimental study of small clusters of nitro-
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1 Introduction

gen (N2) and carbon monoxide (CO) molecules. In the last decade, there had been a lot of
ab-initio calculations along with several infrared spectroscopic measurement done to speculate
the three dimensional geometry of such diatomic molecular clusters. Even with the constant
advancement in the computational and experimental methods no definitive conclusion had been
provided so far leaving it as an open question for the investigation.

The experiments presented in this thesis concern collision between low energy multiply
charged projectiles and diatomic molecular clusters (dimers and trimers). Clusters of two dif-
ferent targets N2 and CO were used during the experiment with an 135 q.keV Ar9+ projectile
ions. Such highly charged ions are used to produce multiple ionized targets which then un-
dergoes dissociation due to charge repulsion. The recording of the products from the collision
system (recoil ions from the target and the scattered projectile) is ensured by a Cold Target
Recoil Ion Momentum Spectroscopy (COLTRIMS) setup. The coincident detection of all frag-
ments generated by Coulomb explosion of a multiply charged target allows the reconstruction
of the three dimensional momentum vectors of each fragment. Using these momentum vec-
tors we can indirectly deduce the initial structure of the neutral cluster. The experimental
results are then compared to a Monte-Carlo based numerical simulation which computes the
trajectories of three repulsing ionic fragments. Unlike rare gas dimers, the molecular dimers
comprises of two different types of bond which upon cleavage can be used to investigate dif-
ferent fragmentation pathways. In our analysis we have thoroughly analyzed 2 and 3-body
fragmentation channels from (N2)

n+
2

and (CO)n+
2

, where n Ȃ 2. The 2-body fragmentation
channel is due to cleavage of van der Waals bond only and is used to deduce the intermolecular
separation in dimers. Additionally, the 3-body fragmentation channels are used for investigating
the dynamics of fragmentation of a molecule in a controlled environment and different frag-
mentation pathways upon the cleavage of both van der Waals and covalent bond inside a dimer.

This thesis is organized as follows. The second chapter is a bibliographic summary in-
cluding a general description of molecules and clusters and focusing on the geometry of N2

and CO dimers. Then an introduction about the collision of the low energy multiply charged
projectile with the dimer is presented within the framework of the Classical Over-the-Barrier
Model and showing the importance of multiple electron capture in such collisional systems. A
description of the Coulomb Explosion Imaging Technique is also given at the end of this section.

The third chapter consists of a presentation of the experimental setup used to perform this
work. It encapsulated the features of the momentum spectrometer and description of the time
of flight and position measurements of the fragments. Another part of this chapter comprises
a description of the supersonic gas jet target and projectile ion beam used in this experiment.
At the end, a detailed discussion about the energy calibration methods used for kinetic energy
release measurements for both (N2)

2+
2

and (CO)2+
2

is given.
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Chapter four, five and six expose all the results obtained during this work, concerning
respectively the fragmentation dynamics of the N2 and CO dimers, the three dimensional
structure of these dimers and the geometry of N2 and CO trimers.

Finally, the conclusion summarizes the work done in this thesis and presents a discussion
on its relevance and future directions.
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2 Context

Collisions involving ions, molecules or clusters play a key role in various gaseous and plasma
environments. The study of such collisions is required for fundamental understanding and have
applications in fields of astrophysics, planetary atmosphere [1], biological matter and medical
treatments [2], thermonuclear fusions [3] and semiconductor industry. Ion collisions have also
been studied to compare the fundamental processes from the gaseous phase to the condensed
phase of atomic or molecular targets. Since the early 30’s, the properties of various rare gas
clusters and their relative comparison with the diatomic molecules in fundamental aspects has
been investigated [4]. Since then the study of the van der Waals complexes has became an in-
teresting tool to enhance knowledge of intermolecular potentials and therefore provides further
insight in the specific properties of clusters, geometry of these complexes and their fragmenta-
tion dynamics [5–16].
The collision between an ion and a molecular target is more complex in comparison to an
atomic target, due to the presence of the more degrees of freedom (vibration and rotation of
the molecule) in the former system and also due to the dependence of the collision process
with the orientation of the molecule with respect to the ion beam. Very recently, the multiple
electron capture probability as a function of the impact parameter in the case of two rare gas
dimers have been studied with a Monte-Carlo based classical over the barrier model [17]. A
brief introduction of this model and its relevance with our target system will be discussed in
later in this chapter.
Finally, the investigations of atomic and molecular clusters have grown enormously and become
possible especially with the spectacular developments and advancement in the spectroscopic
techniques as well as computational methods. Among the state-of-the-art experimental meth-
ods, Coulomb explosion imaging technique allows to investigate the initial structure of the
molecules and clusters as well as the relaxation mechanisms leading to the fragmentation
thanks to the coincident detection of all emitted particles.
A brief review of the existing data about the geometry of N2 and CO dimers using various
theoretical and experimental methods is presented in this chapter. In addition, a compilation
of the work done on the molecular fragmentation using Coulomb explosion imaging technique
is also discussed at the end of this chapter.

2.1 Structure of molecular clusters

The history of atomic and molecular clusters dates back to very early times in 1930’s [4]. These
clusters serve as a bridge between the independent study of atoms or molecules in gas phase
to the condensed phase. This thesis is devoted to the study of molecular dimers and trimers.
Such systems are composed of two or three covalently bound molecules (N2 or CO in our case)
which are weakly interacting thanks to the van der Waals forces.
Chemical systems such as molecules or clusters are held together by different types of forces
and only the valence electrons (electron from the outermost shell) take part in the binding
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2.1 Structure of molecular clusters

process. Several types of bonding exist depending on the nature and the electronic structure
of the constitutive atoms. They are classified in four categories: the covalent bond, the ionic
bond, the van der Waals bond and the hydrogen bond. In the following, we will describe only
the covalent and van der Waals bonds as well as the structure of the N2 or CO dimers.

2.1.1 Covalent bonds

The covalent bond is based on a sharing of the valence electrons of two atoms. Several bonds
can be formed between the two centers depending on the number of valence electrons of each
atom. Such molecules are best explained by the Molecular Orbital (MO) theory which can
estimate the energies of the electrons in a molecule along with the probable location of these
electrons. Unlike in valence bond theory, MO theory uses the combination of atomic orbitals
to yield molecular orbitals which are delocalized over the entire molecule rather than being
localized on the corresponding atoms.

For example, the N2 molecule has three bonds (triple bond) because the nitrogen atom
lacks three valence electrons to complete its outer shell. The potential energy curve (PEC) of
the ground state of the neutral N2 is shown in figure 2.1.1 (a). The N2 molecule has a triple
bond leaving one lone pair of electrons. The equilibrium bond length (R) of N2 molecule is 1.1
Å and its bond dissociation energy (BDE) is about 9.8 eV. Being homonuclear this molecule
has no permanent dipole moment.

Figure 2.1.1 : Potential energy curves of the ground state of N2 and CO molecules [18]. (1eV =
8100 cm−1)

Usually each atom provides one electron for a single covalent bond, however it is not true
necessarily. If one of the atom is more electronegative in the covalent bond then the electron
density is partially shifted towards the more electronegative atom. This generates a polarity
making the covalent bond polar as it is the case for CO. Due to this polarity the molecule
attains a permanent dipole. CO also has the same number of valence electrons as N2. It also
makes a triple bond with one lone pair of electrons. However, the one pair of shared electrons
are provided from the oxygen atom. Oxygen being more electronegative the electron density is
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2 Context

shifted towards it causing a permanent dipole moment of 0.11 D. The PEC curve of the ground
state of CO is shown in figure 2.1.1 (b) showing the bond length of about 1.13 Å with a BDE
of 14.5 eV making it the strongest bond in neutral molecules.

2.1.2 van der Waals bonds

In rare gas dimers the MO theory predicts that there is no possibility of covalent bonds between
the atoms because they have a full outer shell of valence electrons. The binding is then
only possible via van der Waals bond. Due to its polarizability, an atom or molecule may
have a permanent or induced electrostatic dipole moment (�). In presence of another atom
or molecule, a dipole-dipole attraction may create a weak bond between the two atoms or
molecules. This bond is known as van der Waals bond and is not chemical in nature as there
is no participation of electrons although the polarization from the electron cloud.
A dipole-dipole interaction could result from a permanent or induced dipole interaction inside
the atoms or molecules. A dipole may interact with its electrostatic environment, including other
dipoles, and the strength of these interactions depends directly the nature of the neighbor. As
we can see in the figure 2.1.2 the arrangement of dipole due to presence of another dipole.

Figure 2.1.2 : Alignment of dipole due to the presence of the other dipole in vicinity. On the left
is an anti parallel configuration and on the right is a co-linear configuration.

In the case of rare gas dimers, the bonding results from an induced dipole interaction as the
atoms do not have a permanent dipole moment. Figure 2.1.3b shows the comparison between
the absolute bond strength and bond length of all the rare gas dimers [19]. The van der Waals
bonds have a much smaller binding energy and longer bond length than covalent bonds. Typical
binding energies are about 10 meV and bond length are 3 or 4 Å. Due to its low binding energy,
the van der Waals bond can exist wherever there is no possibility of other bond formation. An
example of comparison between bond strength of covalently bonded N2 and van der Waals
bonded (N2)2 is shown in the figure 2.1.3a [18,20]. The covalent bond is upto 650 times more
stable as the van der Waals bond and the repulsive bond length differs by a factor of about 4.

8



2.1 Structure of molecular clusters

(a)

(b)

Figure 2.1.3 : a)A comparison of potential energy curves of covalent bond between N −N inside
N2 molecule and the van der Waals bond between N2 −N2 inside the (N2)2 dimer. In this case the
covalent bond is upto 650 times stable than its van der Waals bond. The diagram has been modified
using the work of Powell in [18] and Gomez in [20] to give an qualitative comparison between the
strength and separation of the two bonds. b) Potential energy curves of all the rare gas dimers [19].

The general shape of the PEC for the van der Waals bonding can be described by the
Lennard-Jones potential which is shown in equation 2.1.1 below:

V = "
{(

�

R

)12

− 2
(

�

R

)6}

(2.1.1)

where " is the depth of the potential well located at the distance � and R is the inter-
atomic/intermolecular distance. However, the precise calculation of the potential energy in the
molecular dimers is quite complex as it depends on various other factors including the three
dimensional geometrical arrangement of the molecules inside the dimer.

2.1.3 Geometry of molecular clusters

One of the main topic of this thesis is the geometry of the N2 and CO dimers and trimers.
There have been many theoretical works done to predict the geometry of these molecular
dimers.
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2 Context

2.1.3.1 N2 dimers

The first studies of the geometry of N2 dimer are dated back in the early 1970’s, where Long
et al. used infrared (IR) spectroscopy to comment over the intermolecular distance and its
geometry [5]. Earlier, the same team studied the van der Waals complexes of Ar−N2, Ar−O2

and found that equilibrium geometry is a "T" configuration where the N2 (or O2) molecule is
oriented perpendicular to the dimer axis (see figure 2.1.5 (d)). The similar conclusion had been
made for the N2 dimer. The infrared spectrum was also used to predict the intermolecular
distance and was found to be 3.7 Å. In conclusion from this work they felt the need of new
theoretical models for such complexes in order to conclude on the geometry. In another study
conducted by Carnavole et al. using the photoelectron spectroscopy of (N2) dimer [21], the
author suggested an "X" shaped (see figure 2.1.5 (b)) configuration with a dimer bond length
of 3.8 Å.

Figure 2.1.4 : General representation for a dimer of two diatomic molecules [22]. R is the distance
between the center of mass of the two monomers M1 and M2. �1 and �2 are the angles between the
molecular axis of M1 or M2 and the dimer axis. � is the dihedral angle between the two monomers
M1 and M2.

Since then there have been several works on the geometry of (N2) dimer [20,22–27], which
predict five possible three dimensional geometries. These three dimentional structures can be
described using the "internal" parameters ((R, �1, �2, �), see figure 2.1.4) introduced in [22].
Several ab-inito calculations were performed in order to determine the global minimum of the
potential energy surface of the neutral N2 dimer [23,24]. A summary of the different predicted
structures is shown in figure 2.1.5. For "H" and "X" geometries the intermolecular distance
is in the range of 3.6-3.8 Å, for "Z" and "T" shapes this distance varies between 4-4.1 Å
and the linear "L" configuration is always predicted above 4.3 Å. However, the "Z" and "T"
configurations are found to be the most stable in most of the calculations [20, 22,25–27].

Figure 2.1.6 shows the PEC’s for all the five possible geometries studied in the work of
Gomez et al. [20]. On the basis of intermolecular distance there are three main configurations
where, "H" and "X" are centered around 3.6 Å, "T" and "Z" are around 4 Å and "L" is at 4.6
Å. As the predicted difference between the intermolecular distances of the "H" and "X" shapes
is very low, therefore it will be necessary to access the torsional angle � in order to distinguish
between the two configurations ("H" corresponds to �=0Ԃ and "X" corresponds to �=90Ԃ).
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2.1 Structure of molecular clusters

Figure 2.1.5 : Summary of the five structures of (N2) dimers predicted in various theoretical
studies [20, 22–27]. a)Planar "H" shaped, b) non planar "X" shaped, c) canted parallel "Z" shaped,
d) "T" shaped and e) linear "L" shaped. The corresponding "internal" coordinates are indicated in
brackets.

Contrarily, the "T" and "Z" configurations differs from their (�1,�2) angles and are expected
to be more easily distinguished in our experiments. These predicted geometries will be used as
reference and compared to our experimental results in the Chapter 5.

Figure 2.1.6 : Potential energy curves of (N2)2 dimer calculated in [20] for all the five predicted
geometrical configurations.

2.1.3.2 CO dimers

The carbon monoxide being an heteronuclear molecule, CO dimer makes itself a good target
to be studied with IR spectroscopy. The three dimensional geometry of CO dimers is also
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described using the "internal" parameter as introduced for N2 dimers. However, a geometry
where the carbon atoms of the each molecule are oriented toward the center of the dimer is now
called "C-bonded" (For eg. �1=135Ԃ ,�2=45Ԃ). Similarly, a "O-bonded" geometry correspond
to the case of two "inner" oriented oxygen atoms (For eg. �1=45Ԃ ,�2=135Ԃ). In last two
decades, there have been several IR spectroscopic measurements [28–31] done to determine
the geometry of the CO dimer. In the work by Brookes et al. the CO dimer IR spectrum in
the 2139-2152 cm−1 region has been studied, showing the presence of two possible different
overlapping isomers of CO dimer. The author suggested two different configurations both
corresponding to the "T" shape, C-bonded and O-bonded with intermolecular distance of 4.4 Å
and 4 Å(see figure 2.1.7 (c) and (d)). However, not so later in 2003 Surin et al. [32] observed
the millimeter wave spectrum and still could not differentiate between the two isomers due
to the low energy difference between them. Another group from South Africa used a Fourier
transform interferometer to record the IR spectrum of CO dimers trapped in nitrogen and ar-
gon [29,30]. In parallel they have also performed theoretical calculation for five distinct possible
structures, shown in figure 2.1.7. From the agreement between experimental and calculated
dimer-monomer wave number shifts they highly suggest an "T" shaped O-bonded configuration
with intermolecular separation of around 4 Å. Although, due to very small energy difference
in the minima of various configuration in potential energy surface (PES), they suggest not to
completely excluded the C-bonded isomer with separation around 4.4 Å. In another work done
very recently by Rezaei et al., the existence of the slipped anti-parallel configurations have been
reported [31].

Figure 2.1.7 : Representation of all the possible geometries predicted using the IR or millimeter
wave spectroscopy and PES calculations in [14,28–35]. Five most favorable geometries are a) slipped
anti-parallel C-bonded b) slipped anti-parallel O-bonded c) "T" shaped C-bonded d) "T" shaped
O-bonded and finally e) O-bonded linear shaped.

Over the time the need of much accurate PES for CO dimer became of high importance.
In parallel to all the IR and millimeter wave spectroscopy, the advancement in the PES and
rovibrational calculations were reported by various groups [14, 32, 33]. Up to the begining of
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2000, the calculation conclude to the existance of both C and O-bonded, slipped anti-parallel
and "T" shaped isomers. But the confirmation of a slipped anti-parallel configuration became
more evident with the most recent PES calculations in [34, 35]. In contrast, the two most
favorable predictions for geometry of CO dimer are: a C-bonded antiparallel geometry with
�1 Ȃ 135Ԃ, �2 Ȃ 45Ԃ and bond length R= 4.4 Å, and an O-bonded antiparallel geometry with
�1 Ȃ 45Ԃ, �2 Ȃ 135Ԃ and a bond length of R= 4 Å.

For both the N2 and CO dimers a detailed comparison of proposed geometries and the
experimental data using a numerical simulation is explained in chapter 5.

2.2 Collision with Low Energy Highly Charged Ion

(LE-HCI)

In the past, atomic and molecular complexes have been studied experimentally using various
ionisation or excitation processes: photoionization using synchrotron radiation [36–38], elec-
tron [39–43], laser [44–46] and multiply charged ion beams [47–58]. In this thesis we will only
focus on the ion-molecule/cluster collision leading to charge and energy exchange between the
collision partners via three elementary processes: electron capture, excitation and ionization.
The importance of these processes depends on the comparison of the projectile velocity (vp)
with the classical orbital velocity of valence electrons (ve) of the target [48] and also on the col-
lision asymmetry which is the ratio between projectile and target atomic numbers (ZpȂZt) [59].
Combined together they give the collision strength parameter � = (veȂvp) × (ZtȂZp). If the
� Ȃ 1 the electron capture will be the most probable process and for � Ȃ 1 ionization and
the excitation dominates. In certain cases where Zp Ȃ Zt, these dominant processes can be
categorized just by the energy of projectile. In our case for Ar9+ at 15 q.keV colliding with N2

or CO targets, � Ȃ 2.7Ȃ 1 implying the electron capture as the most probable process during
collision.

The interaction time is another point of interest in the ion induced dissociation of molecular
and dimer targets. As we use the Coulomb explosion imaging technique to measure the initial
structure of the neutral target, the interaction time has to be much smaller than the nuclear or
molecular motion in order to obtain a reliable measurement. As an example, it has been shown
that using too long laser pulses to measure the geometry of triatomic molecules D2O results
in a deviation from the expected values [60]. Here the time scale of ionization was comparable
to the time scale of the molecular dynamics which allows the ions to move from their initial
position after ionization and causing the deviation. Although, in the case of the low energy
ion collisions (few tens of keV range) the ionization time is less than 1 fs. For example in our
case, we use Ar9+ with a velocity of 8 Å/fs (0.37 a.u.), the target dimer bond length is of
around 4 Å and the capture radius for first valence electron of N2 is about 7 Å (13 a.u.). This
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gives an interaction time of about
7 + 4

8
= 1.4 fs in the worst case possible. This value is much

shorter than the time scale of molecular vibration (10 fs) and rotation (1 ps) [47]. Due to
this time difference, the nuclear motion is considered as frozen during the collision leading to
excitation through vertical transition in the Frank Condon region (see figure 2.2.1) and validate
our approach using Coulomb explosion imaging technique.

Figure 2.2.1 : Schematic representation of the transition from the initial ground state to a disso-
ciative state of the ionized and/or excited dimer and then its dissociation into two ionic fragments.
The vertical transition due to the collision takes place in the Franck Condon region.

For many years, theoretical and experimental investigations of collision mechanisms involv-
ing ionic projectiles and neutral gas phase targets (atom, molecule or clusters) have became
of prime importance. In the case of molecule and cluster as targets, there is a huge depen-
dency of bond type of the target on the primary and relaxation mechanisms. In case of a
diatomic covalent molecule in collision with the ionic projectile, the total charges of the tran-
sient molecular ions are generally shared among the dissociating atomic fragments [61]. This
is due to the delocalization of the valence electrons through out the molecule. On the other
hand for a van der Waals dimer for example Ar2, this rearrangement of charge is weak due to
the long interatomic distance. In addition a highly sensitive orientation dependence has been
found in this Ar2 dimer for asymmetric channels [53, 54]. In a previous thesis in our group,
it was found that for asymmetric fragmentation channels, due to low charge mobility between
the two atomic sites of dimer, the projectile is scattered in the direction of the most charged
fragment [55]. This indicates that the projectile mainly capture electron to the atom closest
to its trajectory. Furthermore, new relaxation mechanisms were also observed in comparison to
covalent molecules due to the asymmetric distribution of charges in a dimer: Radiative Charge
Transfer (RCT) and Interatomic Coulombic Decay (ICD) [53, 56]. These mechanisms involve
either the electron transfer or the energy transfer to the neighbour neutral atom from the ion-
ized atom. For further investigation of the electron capture mechanism a theoretical approach
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has been designed which is detailed in the section below [17].

2.2.1 Electron capture in dimers

For a case of low energy ion (400 eV/amuȂ 0.13 a.u.) atom collision, the first Classical
Over-the-Barrier Model (COBM) was developed by several groups based on the idea that the
electrons can transfer from target to projectile at a given internuclear distance [62–65]. At this
distance the potential barrier between the two nuclei is lower than the Stark shifted binding
energy of the transit electrons. After the successful agreement in case of low energy ion atom
collisions, a similar approach is used for molecular targets. A three center COBM has been
developed to understand the asymmetric charge distribution in Coulomb explosion of N2 with
upto 100 eV/amu Kr8+ ions [66]. A similar approach was later used to update this model
for rare gas dimers which is one of the basis of the COBM approach used in [67]. In this
approach to perform a complete treatment of collision, the model was divided into two steps,
the way-in and the way-out. This was one of the adaption from the model of Niehaus for
atomic targets [65]. Additionally, a Monte Carlo approach is used to account for the different
orientations of the dimer and impact parameters and aid the comparison between simulation
and experimental data.

In this model, the projectile approaches slowly the target and the potential barrier of the
target is lowered by the proximity of the incoming highly charged projectile ion. This leads
to the creation of quasi-molecular state, where projectile and target are sharing electrons. In
this quasi-molecular state, the electrons can move from the target to the projectile. In the
way-out (when the projectile is getting away from the target) the electron can be captured by
the projectile or go back to the target. The probability of capturing depends on the impact
parameter, the projectile charge state and ionization energies of the target.

In figure 2.2.2, a schematic of an ion-atom collision is shown as described in this model. In
2.2.2 (a) a projectile Aq+ with a charge state of q+ is approaching the neutral target atom B,
at different instances the internuclear distance between the two is presented as Rin

i
(for way-in

step) and Rout
i

(for way-out step). The final state of the projectile is represented as A(q−q′)+,
where q′ is the number of electron stripped from the atom at the way-out. Much detailed
understanding of this model and its agreement with the experimental results can be found in
the corresponding publication [67].
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Figure 2.2.2 : Schematic representation of the ion (Aq+) and target atom (B) collision along with
the evolution of potential barriers in the way-in and the way-out of the collision [67]. See details in
the text.
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Further, this MC-COBM model has been extended to the case of a van der Waals rare
gas dimer where the dimer is approximated by two quasi independent atoms. Now the similar
approach as in the case of the atomic target can be used with both the atoms separately con-
sidering two independent collisions but during which the effective projectile charge state may
change because of electron capture on each site of the dimer. Indeed, for highly charged ions
the capture radii are larger than the van der Waals bond and electrons can be captured from
the two sites of the dimer depending on the impact parameter.

Figure 2.2.3 represents the two steps of collision where step 1) shows the collision between
a projectile Aq+ and a (M)2 dimer. Following electron capture, the system can be represented
as: Aq+ + (M)2 Ă A(q−(x+y))+ + Mx+ + My+. Once the target is ionized it may relax via
fragmentation due to the repulsive Coulomb force acting between the Mx+ and My+.

Figure 2.2.3 : (a): Representation of the collision between a low energy projectile ion (Aq+) and
a dimer target ((M)2) in a 3-Dimensional Cartesian system,(b): Relaxation of ionized target via
fragmentation due to Coulomb explosion.

Figure 2.2.4 shows the relative intensities of the different fragmentation channel observed
in the Ar9++Ar2 collision system. The MC-COBM (in gray) reproduces the measured yield and
validates the hypothesis that the dimer can be in first approximation considered as two inde-
pendent atoms. In particular, the dominance of asymmetric fragmentation following quadruple
electron capture is explained by an higher probability of asymmetric electron capture and by
the slow electronic rearrangement between two atomic sites.

The projectile impact parameter has been shown to play a crucial role on the electron
capture probabilities from both sites of the dimer. These capture probabilities depend on the
ionisation energies and capture radii of the target. Table 2.2.1 shows a comparison between the
successive capture radii for Ar atom and for N2 and CO molecules. Since, the first, second and
third ionization potential of both N2 and CO molecules are very close to that of argon atom,
therefore the capture radii for Ar9+ projectiles are also found similar for all targets. Note that

17



2 Context

Figure 2.2.4 : Relative yields for the different electron capture and fragmentation channels (from
Ar9++Ar2 collision system) extracted from the experimental data (white) and results from MC-COBM
calculations (gray) [55].

due to unavailability of third ionization potential for both the N2 and CO molecules, we have
used the third ionization potential of nitrogen atom to have a fair approximation of capture
radii.

Table 2.2.1 : Estimation of the capture radii for one, two or three electrons capture from Ar, N2

and CO targets using the Ar9+ as the projectile. IPi represents the ionization potential for itĂ electron
and Rc

i
is the capture radius for that electron using COBM model.

Target IP1 (eV) Rc
1

(Å) IP2 (eV) Rc
2

(Å) IP3 (eV) Rc
3

(Å)

Ar 15.8 6.39 27.6 5.46 40.7 4.73
N2 15.6 6.46 27.2 [68] 5.55 47.4 4.06
CO 14.5 6.95 27 [69] 5.59 - -

Moreover, the equilibrium intermolecular distance for both N2 and CO dimer are of the
same order of interatomic distance of Ar2 dimer, which is around 4 Å. As the size of these
dimers is smaller than the capture radii for Ar9+, this implies that the multiple electron capture
may occur on each site of the molecular dimers. Depending on the number of electrons captured
on each molecular site of the dimer, molecular fragmentation may also occur in addition to the
cleavage of the weak van der Waals bond. This leads to the existence of various fragmentation
channels of the multi-ionized molecular dimers.
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2.2.2 Fragmentation pathways

This thesis focuses on ion collision with diatomic molecular clusters (dimer and trimer). Such
polyatomic targets comprise both covalent and van der Waals bonds. Until now we have es-
tablished that multiple electron capture may lead to various fragmentation channels because
of the Coulomb repulsion between the monomers. For a collision system:
Aq+ + (M)2 Ă A(q−(x+y))+ +Mx+ +My+

where Aq+ is the projectile ion, M is the diatomic molecule and x, y are the number of electrons
captured from each site of the (M)2 dimer. From here several fragmentation channels can be
expected depending upon the value of x and y.

Case 1: If both x and y are equal to 1, this corresponds to the case where one electron
has been captured on each monomer. Consequently, the dimer fragments via a 2-body channel
where two singly charged M+ ions are emitted. In this case, the M++M+ dissociation follows
a pure Coulomb law and the intermolecular bond length can be deduced from the kinetic energy
released (see 2.3.1 for more details).

Case 2: If x Ȃ2 and y=1. For a simplest case lets consider x=2 and y=1, where two
electrons are captured from one site/molecule of the dimer. In such a case, a molecular dication
is produced inside the dimer. Although this triply ionized dimer may fragment via a 3-body
fragmentation channel where both the van der Waals and covalent bond breaks. However, this
fragmentation of the molecular dication (covalent bond cleavage) inside the dimer depends on
the presence of metastable states in the molecule. For example in the case of N2+

2
and CO2+

the lifetimes of the electronic states are totally different. The lower excited states of the N2+
2

dication are short lived as the density of metastable states is very low. On the other hand,
the CO2+ dication have abundance of such metastable vibrational states. Figure 2.2.5 (a)
shows the potential energy curves of four lowest lying electronic metastable states of CO2+,
they are A3̀+, b1̀, a1̀+ and X3̀. The lifetimes of all the metastable states in these four
states are depicted in 2.2.5 (b). There are at least more than 70 metastable vibrational states
associated to these electronic states having lifetimes longer than 1 ps [70]. Due to the presence
of these long lived states the CO2+ dication, the dimer trication (CO)3+

2
, might induce two

distinct dissociation mechanisms direct and sequential. Direct fragmentation corresponds to a
synchronous cleavage of the van der Waals and covalent bonds and is associated to lifetimes of
the dication shorter than 1 ps. Sequential fragmentation refers to the case where the van der
Waals bond explodes followed by the cleavage of the covalent bond in the molecular dication
because of the presence of the metastable states with lifetimes larger than 1 ps. Finally, if the
lifetime are larger than few �s, the experiment will record a 2-body M+ +M2+ channel.

If x Ȃ3 and y=1, this would also result in a 3-body fragmentation channel. However, there
will be mostly the participation of pure dissociative states in the fragmentation of the molecular
trication. Therefore, sequential fragmentation is not expected to occur in this case.

19



2 Context

Figure 2.2.5 : (a): Representation of the potential enery curves of four lowest electronic states
of CO2+, (b): life times of all the metastable vibrational states inside the potential well of the four
lowest lying electronic states of CO2+ [70].

Such 3-body fragmentation channels are used to investigate the effect of a charged environ-
ment on molecular fragmentation (see chapter 4). These channels are also used to reconstruct
the initial structure of the molecular dimer using the Coulomb explosion imaging technique (see
2.3.1, 2.3.2 and chapter 5).

Case 3: If both x and y Ȃ 2. In this case, we expect a 4-body fragmentation channel
with breaking of the van der Waals bond along with both covalent bonds on both sites of the
molecular dimer. The production cross section and absolute detection efficiency of this channel
make these 4-body channels hard to investigate experimentally. Even if these 4-body channels
have an direct application in determination of the three dimensional geometry of the diatomic
molecular dimers, they will not be discussed in this thesis due to the very low statistics.

2.3 Coulomb explosion imaging technique

Until now various instrumental advancements have been carried out to collect the required
information needed to describe the collisions and fragmentation with details. In general this
requires to measure the charge, mass and the velocity of the emitted particles. A review of
such detectors used in the spectroscopic measurements is given in the article by Medhe [71].

Coulomb explosion technique were first introduced in 1980’s for determining the stereo-
chemical structure of molecular ions accelerated to energies of about 1 MeV. These ions were
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send through a foil and the exiting multiply ionized molecule then undergoes Coulomb ex-
plosion. Its initial structure is deduced from the energy and angular shifts measurement of
the emitted fragments [72, 73]. At the same time the new developments in the spectroscopic
techniques had also been carried to collect all the ions and electrons produced during colli-
sion with the best resolution possible [74, 75]. These are known as recoil ion spectroscopy,
recoil ion momentum spectroscopy (RIMS) or cold target recoil ion momentum spectroscopy
(COLTRIMS). The first measurement performed on RIMS was to observe projectile deflection
in terms of scattering angle from an atomic target [76]. Several teams together have con-
tributed in developments to achieve the most efficient spectroscopic instrument for measuring
the kinematics of projectile and target collisions [74, 75, 77, 78]. The kinematically complete
measurements in COLTRIMS involves, the detection of the projectile ions, along with the recoil
ions (fragments) and electrons in multiple coincidence with a 4� solid angle collection efficiency.

For highly charged low energy projectiles in few hundred keV regime the electron capture
is the dominant process and may lead to multiple electron capture. For molecular or dimer
targets, electron can be captured from both sites resulting in a Coulomb explosion of the tar-
get. Collection of these recoil ions and measurement of their momentum vectors to access the
initial geometry is known as Coulomb imaging technique. As explained in the previous sec-
tion, the rapid ionization of the target is a key requirement in the Coulomb explosion imaging
(CEI) technique to ensure that the nuclear motion before explosion is negligible. Recently, it
has proven to be a powerful tool in investigation of the fragmentation dynamics of covalent
molecules [57, 60,79–81].

Ideally, the complete determination of the three dimensional structure of diatomic molecular
dimers would require the full atomisation of the target i.e. the detection of the four constitutive
atomic fragment ions. However,we will show in chapter 4 that a partial information on this
structure can be deduced from the 2-body and 3-body fragmentation channels.

2.3.1 van der Waals bond cleavage

Molecular van der Waals complexes are dedicated polyatomic systems for enhancing our knowl-
edge of intermolecular potentials, which helps in understanding fragmentation dynamics, envi-
ronmental perturbation inside clusters and the geometry of these clusters. As already estab-
lished, the collision between slow (low energy) highly charged projectile ion and a dimer can
be explained in 2 steps where the first step is the capture process and the second step is the
relaxation process.

For direct transitions from the fundamental state to a dissociative state, in which the pro-
jectile removes one electron from the two centres of the dimer, the doubly charged dimer will
fragment via the (M2)

2+
ĂM+ +M+ channel. This process is called Coulomb explosion. Be-
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cause of the large intermolecular distance (Ȃ 2.1 Å), the M+ +M+ dissociating curve can be
fairly approximated by a pure Coulomb curve [82]. The sum of the kinetic energy of each frag-
ment called Kinetic Energy Release (KER) can then be calculated using the Coulomb potential:

KER = 14.4 ×
q1q2
R
,

where the q1=1 and q2=1 are the charges on each fragment and R is the intermolecular
separation. Experimentally, the position of the KER peak for such a 2-body channel will be
used to derive the intermolecular distance.

2.3.2 Fragmentation of molecules and dimers

Previously in our group in CIMAP, the fragmentation of diatomic and triatomic molecules have
been studied with both low energy and high energy ionic projectiles [83, 84]. The work done
in the thesis of M. Terisien studies the dependence of the projectile velocity (11.4 MeV/u O7+

and 4 keV/u O7+) on the population of excited states of CO2+ [51].

Multiple ionization followed by Coulomb dissociation has been extensively studied for
molecules and dimers under intense laser fields [45, 57, 79, 81, 82, 85–87], pulsed electron
beam [88] and ionic projectiles [57, 80]. Here is a brief review of various experimental re-
sults obtained using the Coulomb explosion imaging technique. In a study concerning the
vibrational states of O3 using two laser pulse duration, short 9 fs and long 40 fs, with an inten-
sity of 2×1015 W Ȃcm2, it has been found that the nuclear dynamics are induced in the longer
pulse duration [79]. The triply ionized O3 molecule has shown stretching along all the three
vibrational coordinates including anti symmetric stretching among all coordinates.

Using a triatomic molecule such as CO2, the many body structure increases the internal
degrees of freedom as well as the number of fragmentation pathways. In 2010, Neumann et al.
used 3.2 keV/u Ar8+ projectiles to collide with a CO2 target jet [80]. The 3-body fragmenta-
tion channel from the CO3+

2
trication had been investigated and three different fragmentation

pathways were observed: synchronous direct fragmentation, sequential fragmentation and asyn-
chronous fragmentation. The asynchronous fragmentation arises from the molecular bending
and asymmetric stretching. Similar distinction between sequential and non sequential fragmen-
tation have been observed by the Wu et al. using femtosecond laser [82] and Wong et al. using
pulsed electron beam [88]. For another triply ionized polyatomic molecule OCS, the separation
of direct and sequential fragmentation has been provided using the intermediate CO2+ or CS2+

rotation before its unimolecular fragmentation [81]. Note that all these experiments use the
KER measurement as a tool to distinguish between the different fragmentation pathways.
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There had also been several studies on molecular and mixed clusters using the CEI tech-
nique, all of them have used phase controlled femtosecond laser with intensity varying between
1014-1015 W Ȃcm2. In 2014 Xie et al. studied the CO2 dimer, trimer and tetramer by using
the KER distribution for all the 2, 3 and 4-body channel respectively. They found that the
(CO2)3 trimer has essentially an equilateral triangular geometry and the (CO2)4 has a regular
tetrahedral geometry. Moreover, it has been found out that the intermolecular distance is the
same in all the three clusters [86]. Such properties have already been reported for rare gas
clusters ArnȂ4 and NenȂ4 [85,87]. These similarities between rare gas and non-polar molecular
CO2 clusters seem to indicate that the internal structure of the constituents plays a minor
role on the geometry of the clusters. The structure of mixed cluster N2Ar have also been
determined using 2 and 3-body channels of the van der Waals complex [89]. The N2 molecule
is found to make an angle of 90Ԃ with the dimer axis at an intermolecular distance of around
3.7 Å. Similary, a T-shaped geometry was observed for ArCO dimer [45].

In this thesis, we used a similar CEI technique to access the information about fragmentation
dynamics and geometry of diatomic molecular clusters induced by collision with slow highly
charged ions. Our experimental setup and the results will be detailed in the next chapters.
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3 Experimental Technique and Calibration

We use a COLTRIMS (COLd Target Recoil Momentum Spectroscopy) [74] setup to measure
in coincidence the charged fragments emitted following the collision of a molecular cluster target
and slow highly charged ions (HCI). In this chapter, I will present the whole experimental
technique and briefly describe the different parts of our experiment. It includes the low energy
HCI projectile beam provided by the GANIL’s (Grand Accelerateur National d’Ions Lourds)
ARIBE (Accelerateur de Recherche avec les Ions de Basse Energie) facility. In the next section,
preparation of the target jet beam is discussed followed by characterization of this jet with the
help of a quadrapole mass selector (QMS). After this, I will briefly introduce our spectrometer
along with the details about the detectors used in our setup and give an introduction to our
new digital acquisition system. At the end, time of flight (TOF) and position calibrations will
be discussed to support the confidence in our measured data.

3.1 General description

Figure 3.1.1 : Recoil Ion Momentum Spectrometer in its chamber with highlighted sections, the
target jet is in the plane perpendicular to figure

26



3.2 COLd Target Recoil Ion Momentum Spectroscopy

The figure 3.1.1 is a picture of our spectrometer placed inside the chamber showing the
spectrometer as well as the detectors for the recoil ions and electrons. On the left side there
is a cylindrical tube with a collimator of 600 �m, through which the projectile ions enter the
chamber. The projectile used are Ar9+ and Xe20+ of 15 qkeV energy, produced by an 14.5 GHz
ECR ion source of the very low energy facility of GANIL. Once the projectile enters the collision
region of the spectrometer, it collides with the target beam produced by a supersonic gas jet.
We can see the collision region in figure 3.1.2 where the target molecule/cluster get ionized by
the projectile, mainly through electron capture, followed by fragmentation of the target. These
fragments (as seen in the figure 3.1.2) are then extracted using a homogeneous electric field of
40 V/cm towards a position sensitive detector (PSD) for recoil ions. In addition, after collision
the projectile may have different charge states (qo-1, qo-2, qo-3 etc) which are analyzed using a
charge state analyzer consisting of a parallel plate analyzer (PPA) and a PSD detector located
about 1.25 m away from the center of the collision region. As soon as the projectile reaches its
PSD, it gives the START signal for the TOF measurements. Moreover the final charge state
of the projectile is deduced by its impact position (X,Y) on this detector. TOF is measured
in coincidence and calculated as the difference between the detection of the projectile and the
detection of a recoil ion; each ion detection acts as a STOP signal. The electron detector was
not used during the experiment performed during my thesis so it will not be discussed in the
manuscript.

Although the relevant TOF is the time required for ions to fly from collision region to the
ion micro channel plate (MCP). Note that the flight time of the projectile from the collision
region to its detector is about 1-2 �s (depending on its mass and the kinetic energy of the
projectile). This time is long in comparison to TOF therefore it can not be neglected. Further
discussion about this time delay is done in TOF calibration later in this chapter.

Using the TOF and position coordinates we compute the 3D momentum vectors of each
fragment using the equation of motion in the homogeneous electric field. Moreover, a data
selection is applied using the conservation of momentum law, see Annex A. Once we have the
desired set of 3D momentum vector for each and every ion, we can calculate the associated
kinetic energy.

3.2 COLd Target Recoil Ion Momentum Spectroscopy

COLTRIMS; is a momentum spectroscopy technique which enables to measure 3D momentum
vectors of recoil ions with high resolution and 4� solid angle, making it good for the coincidence
measurements [37]. Mainly in this section I will discuss about the spectrometer’s design, as
well as a description of the recoil ion detector used for TOF and position measurement using
Micro Channel Plate-Delay Line Detector. Although MCP detector will be discussed later in
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Figure 3.1.2 : Schematic of experimental setup highlighting the reference axis, X=Extraction axis,
Y=Supersonic gas jet axis, Z=Projectile axis. Typical voltages applied to both grids before detector
are also shown. A resistor chain ensures a constant voltage difference between each electrode of the
detector resulting in an homogeneous electric field inside the spectrometer volume.

this chapter. Figure 3.1.2 also shows the mechanical aspect of the spectrometer used in our
experiment. The region where the projectile and target are crossing is 10 mm gap between two
electrodes. Starting from the center of collision region and moving up towards recoil ion PSD,
we have a set of 19 equidistant electrodes of 1 mm thickness with a 4 mm separation between
them using ceramic spacers. To have a uniform electric field across the extraction region, there
is 2.75M̀ resistance between each electrode. In this region the uniform electric field gives an
acceleration to recoil ions to reach the ion MCP detector. The two upper and lower electrodes
(in front of the ion and electron detectors) are 2 mm thick and had a 90% transmission grid
to ensure the homogeneous field. This provides the total length of our extraction region (for
Ions) as Ld Ȃ 100mm from the center of the collision region to detector.

Following the collision of the projectile and the molecular or cluster target, positively charged
fragment ions are accelerated towards the ion detector. During the experiment the electric field
is set to a minimal value which is calculated by taking the maximum kinetic energy of fragment
to be detected [84]. For a spectrometer of length Ld using a homogeneous electric field of
strength E and a detector of diameter �d , one can demonstrate that 100% collection is achieved
for recoil ions of charge q and maximum kinetic energy Kmax using relation below:
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Kmax =
q.E

16
×
�2
d

Ld
. (3.2.1)

In our case, using Ld= 100 mm, E= 40 V/cm and �d=80 mm, we find a limit of 16 q.eV
using equation 3.2.1. All these ions have characteristic TOF under the influence of uniform
electric field which depends on the mass and charge, TOF Ȃ

√

m

q
. The TOF also depends on

the velocity component of the ion fragment in the X direction (vox) of the spectrometer (see
figure 3.1.2). After the extraction region between the front side of the MCP and the top grid
is the post acceleration region, the voltage on the MCP front in nearly equal to -3000 V to
ensure the maximum detection efficiency of ions with m

q
<28 [90].

3.3 Target Preparation

3.3.1 Cold Target

The "COLT" in COLTRIMS refers to the cold target, that is the other section of our exper-
iment setup used to prepare the neutral target beam. This target beam could be monomer
(atom/molecule), dimer, trimer or higher order cluster. For preparing this neutral beam we use
a supersonic gas jet which has a nozzle of few tens of microns diameter. Since the 70’s many
studies have been done to determine the relationship between jet properties and the experi-
mental parameters. [91–94]. Mostly in past, supersonic jets were used to cover the studies of
translational, rovibrational and even electronic relaxation, atomic and molecular spectroscopy,
scattering processes in gas (target) and projectile (photon, laser, ions) and physics in van der
Waals complexes or clusters [95]. There were many other application in field of surface inter-
action, nuclear fusion, aerospace studies etc. In most of these important applications, it is of
interest to obtain, narrow velocity spreads (or very low temperatures) in the jet, high density,
and a variable kinetic energy from the thermal to the electronvolt range [96]. In our case,
the supersonic jet is used to achieve the velocity spread much lower than the fragmentation
velocity so that the maximum possible momentum resolution can be achieved. Secondly, this
technique also allows the formation of small molecular clusters in the supersonic expansion of
the molecular gas.

3.3.1.1 Supersonic gas jet

The supersonic jet is obtained by adiabatic expansion of the target gas which is initially under
high pressure P0 and move in a low pressure region [91]. Different gases can have different
jet characteristics depending upon experimental parameters, such as temperature of the nozzle
(T0), inlet pressure (P0), backing pressure (P1) and few other physical adjustment which will
be mentioned in the next section.
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Figure 3.3.1 : Comparison of velocity components according to the axis (TOF axis) of extraction
between a gas cell (with Gaussian fit in blue) and a supersonic jet of Argon [83]. The TOF of Ar+

is directly proportional to the vox component of the recoil ions. The width of these peaks is due to
the initial thermal motion of the Ar atoms, therefore slow initial velocity spread of supersonic gas jet
provides good momentum resolution.

The gas is allowed to expand through an orifice nozzle of diameter D, in such a way that
equation 3.3.1 is followed:

�0
D
Ȃ 1 (3.3.1)

where �0 is the average mean free path of a gas atom or molecule under pressure P0. Due
to multiple collisions the flow along the nozzle converts the random thermal agitated movement
into a directed translational flow along the jet axis.

When gas expands in the low pressure region the thermal agitation becomes so weak that
molecule start to lose the velocity component perpendicular to jet axis. Due to transfer of this
thermal energy in the final velocity of the jet we have a high velocity jet (more than sonic,
Mach number M > 1) which is almost monokinetic. This eventually brings the translational
tempuratures down to 10−2K (see figure 3.3.1 [83]). For the case of polyatomic molecules we
have more degrees of freedom in form of the rotational and vibrational energies. It has been
shown that the vibrational and rotational degrees of freedom are also cooled down as transla-
tional motion. Therefore, the vibrational temperature near few K could be achieved [97,98].

Figure 3.3.2 show the schematic of different sections of the supersonic gas jet setup. After
the expansion the cold beam passes from a first stage to a second stage and in this second
differential chamber we use a collimator of 500�m to fix the size of the target beam before it
enters the collision chamber. P1, P2 and P3 represents the pressures in three different chambers
from which the jet passes. In the first stage/chamber where the expansion took place, we use
series of root pumps to achieve the pressure P1 low enough down to 10−2−10−3 mbar (primary
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Figure 3.3.2 : Campargue type supersonic gas jet schematic, Along the nozzle contour, a boundary
layer forms, it is a thin flow layer attached to the nozzle walls that connects the high velocity flow
in the volume of the flow domain with flow boundary that is immediately attached to the confining
walls and therefore has zero velocity. These boundary walls are often termed as shock structure, as
they shock the particle back to the flow domain. The gas jet flowed in the first stage is extracted by
a sharp skimmer placed in the "zone-of-silence" without breaking its characteristics [92].

vacuum). These pumps have pumping capacity of 40 m3ȂĂ, 253 m3ȂĂ and 2050 m3ȂĂ. Then
in stage 2, which is a differential pumping chamber with vacuum of the order of 10−5 mbar, a
primary pump along with a turbo pump (capacity 400 lȂs) is used. Just before the collision
chamber there is valve to prevent the entry of jet before the desired vacuum is reached. Finally
beam enters the collision chamber where the vacuum is of the order of 10−7 mbar achieved
with the turbo pump and an additional liquid N2 screen is added to achieve better vacuum
conditions down to 10−9 mbar. Although, the primary objective of this screen is to reduce the
water vapours from the background inside the collision chamber. Figure 3.3.3 shows a mechani-
cal schematic of the supersonic gas jet setup and the pumping system for the collision chamber.

To avoid the diffusion of the jet in the collision chamber we use a beam dump with a turbo
pump along jet axis. A quadrupole mass selector is also placed in the this beam dump and
serves as a diagnostic to characterize the jet properties (see later).

3.3.2 Jet Parameters

Before we move to the characterization and optimization of the target jet, here we discuss
very briefly about the size and the velocity of the beam. Due to the design of the setup, the
diameter of the jet DCP at the point of collision depends on geometrical parameters. In figure
3.3.4 we can see a schematic on how the diameter of jet and its divergence depends on the
nozzle, skimmer and collimator assembly.
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Figure 3.3.3 : Mechanical details of the gas jet setup and the pumping system [78].

The size of the beam at the collision region can be calculated using the parameters of our
setup: an orifice nozzle of diameter DN Ȃ 30 �m and the distance between the nozzle and
the skimmer Xe Ȃ 6 mm. From figure 3.3.4 we can deduce the diameter of jet at the collision
point from equation 3.3.2.

DCP =

(

DN Ȃ
(

1 −
L

d

)

+
(

L

d
Ȃ DCOL

))

1000
= 1.5mm (3.3.2)

The velocity of the jet also plays an important role, the average velocity of the diatomic
gas jet is given by:

V Ȃ

√

7
RT

M
= 789mȂs (3.3.3)

where R is the molar gas constant, T is temperature of the gas (during entrance) and M
is the molar mass of molecule in kg [83]. This value is very close to what we obtain through
experimental calculations see in chapter Annex A. The velocity of the clusters inside the jet is
also the same as the average velocity of the monomers because the fraction of cluster inside
the jet is very low (about 1%). Therefore, the dominant monomer molecule act as a carrier
gas and fixes the velocity of all particles inside the jet.
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Figure 3.3.4 : Geometrical arrangement for the gas jet setup, diameter of skimmer is DS = 463�m,
diameter of collimator is Dcp = 500�m, distance between skimmer and collimator is L1 = 34mm and
collision point is situated L2 = 85mm from collimator.

3.3.3 Optimization of cluster production

To obtain the improved jet properties the product of P0 Ȃ DN should be larger than 1mbar Ȃ cm

[84]. Since the experiment for this thesis were majorly done on molecular clusters, it is impor-
tant to study the dependence of these parameters on cluster formation at room temparature,
as no pre-expansion cooling or external cooling of nozzle is utilized. Most of the previous work
done with supersonic jets is usually with a low temperature nozzle, which highly increases the
size of cluster even at the low P0 [38, 99–102]. We have used a nozzle with a diameter of
DN=30 �m and the P0 can range upto 30 bars. The other controlling parameter is Xe which
can be adjusted using a screw gauge type distance manipulator. We can manipulate inlet pres-
sure and the distance Xe to achieve the best suitable condition for monomer, dimer, trimer
etc. For this we have a quadrupole mass selector (QMS) placed along the jet axis but after the
collision chamber; in the beam dump chamber. Our approach here is to measure the pressure
reading on the P2 and PBeam_Dump. We use a small turbo pump to evacuate the gas beam,
the same pump is also used to maintain a minimum vacuum (10−4mbar) in the QMS for its
operation.

To characterize the jet we first take down initial values of P2 and PBeam_Dump and a back-
ground mass spectra from the residual gas inside the chamber. Then we start from the lowest
value of P0 and move Xe from lower to higher values. For each step we record the values of
both pressures. Maximum pressure of P2 Ȃ 5 − 7 × 10−4 mbar and PBeam_Dump Ȃ 8 − 9 × 10−5

mbar are limited by the pumping capacity in our setup.

The Prisma Blazer QMS can scan the mass from 1 to 200 amu. Before injecting the target
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Figure 3.3.5 : A mass spectra from QMS for N2 gas jet and its clusters. P0= 18 bar and Xe = 6mm

gas we make a QMS scan with only residual gas at the pressure below 10−5 mbar to have the
background data. Figure 3.3.5 show the mass spectra for all the clusters of N2, at the same
time we can see the background spectra which is mainly composed of H2O, O2, N2 and CO2.
The figure highlights the main peaks as well and in the top right corner a comparison of the
dimer and trimer with respect to monomer fraction. Here the dimer is less than 1% and the
trimers are about 20 times lower.

After we have values of P2 and PBeam_Dump for all P0 from 5-25 bars with a step size of 2-3
bars, and for each value of P0 we find the suitable Xe to have the best cluster fraction (for
eg. dimer/monomer). The graphs in figure 3.3.6 gives an insight how the optimum value of
Xe changes with the inlet pressure. The value of PBeam_Dump indicates that the jet is localized
and maximum dense beam is passing to the QMS region. Similarly when we move the nozzle
far from the optimum value of Xe the jet start to get less dense, resulting the vacuum in the
beam dump region go lower.

Finally, we choose the optimum values for inlet pressure and distance Xe, and then we
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(a) (b)

Figure 3.3.6 : Correlation of PBeam_Dump with Xe for 2 different values of P0 a) P0 = 8 bars b)P0 =
18 bars

record the mass spectra with the help of QMS. From figure 3.3.5, we can calculate the integral
of monomers, dimers, trimers etc and then we can give a fraction on the basis of QMS data.
We find that the fraction of dimer/monomer is between 0.72% to 0.8%. Few other graphs
showing the dependence of the production of N2 and CO clusters on various parameters are
shown in Annex B. Note that the relative intensity of cluster given by this method is a larger
limit of the real composition of the jet because a non-negligible portion of the clusters may
fragment in the ionization process in the QMS.

3.4 Projectile

3.4.1 GANIL: Low energy facility ARIBE

For our experiments, we use the ARIBE facility of GANIL. This facility have five beam lines
which can provide multicharged very low energy (vp Ȃ ve, vp is velocity of projectile ve is outer
shell electron’s velocity) projectile ion beams [48] with the help of an 14.5 GHz ECR (Electron
Cyclotron Resonance) ion source. Ion beams from He+ upto Xe30+ can be produced. These
highly charged ion beams have intensities upto 100 �A and they can be extracted with energies
upto 25 qkeV. In figure 3.4.1 the picture shows arrangement of the ion source (in red) with the
COLTRIMS setup in (in yellow) and beamline (in pink) to transport the projectile beam from
the source to the experiment.

3.4.2 ECR Ion Source and Beam Line at ARIBE

A brief introduction of all the components inside an ECR ion source can be seen in the cross
sectional view of GTS (GANIL Test Source) in ARIBE facility from figure 3.4.2.

35



3 Experimental Technique and Calibration

Figure 3.4.1 : Picture showing the ECR ion source and experimental setup (COLTRIMS) with
different beam lines in ARIBE facility of GANIL

The principle of an ECR ion source is defined in many of the previous thesis from our
group, so I will discuss only the characteristics of the source. The GTS ion source works at a
frequency of 14 GHz and upto to 1000 W [103]. An ion of mass m and charge q is extracted
from the source with a kinetic energy Ec which is equal to the product of the q by the value
of the voltage difference Vs. The Vs is the voltage difference between the deck and the ground
of the source.

Ec = q.Vs =
1

2
Ȃ m.v2 (3.4.1)

We used Vs = 15 kV in our experiment which gives energy of 135 keV for Ar9+ ion beam.
From above equation we can derive the velocity for the ions from its :kinetic energy:

v =

√

2 Ȃ Ec
m

=

√

2 Ȃ q Ȃ Vs
m

(3.4.2)

For Ar9+ at Vs= 15 kV, the velocity is around 0.807×106m.s−1. In atomic units it is equals
to 0.369 a.u.. This velocity is less than 1 a.u. thus called low energy and electronic capture is
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Figure 3.4.2 : Cross-section view of the ECR

the dominant interaction process during collision (see chapter 2).

After extraction of the ions from the source, they are selected according to their
m

q
ratio

using a magnetic dipole and then guided through the beam line using dedicated magnetic ion
optics. A particle charged with mass m, charge q and velocity v evolving in a uniform magnetic
field ⃖�⃖B and transverse magnetic field ( �⃖v ܂ ⃖�⃖B) follows a circular trajectory due to the application
of the Lorentz force ⃖�⃖F (equation 3.4.3),

m Ȃ �⃖a = ⃖�⃖F = q Ȃ �⃖v Ȃ ⃖�⃖B (3.4.3)

.
From equation 3.4.3 we can deduce the fact that, for a value of magnetic field B, it’s

possible to select projectile on basis of momentum or energy. Putting �⃖a =
v2

r
Ȃ ⃖�⃖ur in equation

3.4.3, and using equation 3.4.2;

B × r

v
=
m

q
Ă B × r =

m

q
Ȃ

√

2 Ȃ q Ȃ Vs
m

=
Ȃ

2 Ȃ Vs

√

m

q
(3.4.4)

The product B Ȃ r is called magnetic ridigity of the dipole and its 0.05 T.m in our beam line
and it somehow limits the choice of charge and energy of the ions [103]. A set of perpendicular
slits followed by a Faraday cup (CF13) for regulating beam intensity are placed before the first
dipole. During our experiment we have measured the beam intensity of around 10 �A with
these slits fully open. Moreover, there are several sets of vertical and horizontal slits along
the beam line to control beam intensity. For guiding and shaping of the beam there are other
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component such as quadrupole units for focusing and de-focusing of the beam. After the beam
is delivered to the COLTRIMS we have a Faraday cup (CF42) to measure the intensity just
before our setup. Typical beam intensities of 1-2 �A were measured on CF42 with all the slits
fully open. This intensity were drastically reduced (about 1 nA) using the different sets of slits
in order to obtain the desired count rate.

3.4.3 Collimator and parallel plate analyzer

Once the beam is delivered to the COLTRIMS it is collimated with the help of two collimators,
10 mm and 600 �m respectively (figure 3.4.3) which defines the size of the beam to about
600�m. Then it moves to the collision region, where electron capture is occurs, leaving the
projectile with different charge states. These different charge states are separated by deflecting
them through an electric field from a parallel plate analyser. It is an assembly of two parallel
plates with a constant electric field developed between them strong enough to deviate the main
beam Aq+ from the projectile detector. The potential difference between the two plates can
be varied with respect to charge state of the beam that we like to investigate. In our setup,
the gap between both plates is 2.84cm and the voltage applied to each plate is ±170V for 15
qkeV Ar9+ projectile. This gives a field of about 120V Ȃcm. Additionally, the vertical position
of the projectile detector can be adjusted to have Aq+ out of the detector and A(q−i)+ on the
detector.

Figure 3.4.3 : Figure showing the collimator for guiding projectile beam in the collision area and
parallel plate analyzer to separate different charge state of projectile after collision
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3.5 Detection

3.5.1 Position Sensitive Detector (PSD)

Since we have to measure the 3D momentum of the positively charged ions we need the posi-
tion and the TOF of the ions on the detector located at the top of the spectrometer. We use
position sensitive detectors (PSD) composed of MCP and delay line anodes for the detection of
these charged particles. This PSD is widely used as it is capable of detecting ions, electrons and
even fast neutrals. This setup has three of such PSD , two of them (�MCP Ȃ 80mm) mounted
on each end of spectrometer for detecting positive recoil ions and electrons respectively and
one to analyze the projectile charge state (�MCP Ȃ 40mm). Since the detection of all the
fragments is essential for the KER reconstruction, the recoil detector is used in multihit mode.

A MCP is a glass plate of around 1 mm thickness having closely stacked parallel pores of
micron range diameter. These micro channels have a bias angle (Ȃ 10Ԃ) with the plate surface.
Each of these channels has a inner wall coating of a semiconducting material having a low work
function [104]. A potential difference of about 1000 V/MCP is maintained across the MCP by
applying negative high voltage on incoming ion side (MCP Front) with respect to the back side
(MCP Back). Each microchannel in the MCP acts as electron multiplier tube. Figure 3.5.1
shows a schematic of MCP’s principle.

Figure 3.5.1 : Schematic of an MCP and electron amplification in a micro channel

When an ion hits the inner surface of a micro channel, secondary electrons are produced
from the semiconducting material. These electrons are accelerated due to potential difference
across the MCP and hits the wall of channel to generate a cascade of electrons thus amplifying
the initial electrons signal by several orders of magnitude. Typically the amplification is of order
103-104 for a single MCP. The electron shower finally emerges out from the opposite end of
the channel and is collected on a delay line anode. To increase the overall gain, it is often
necessary to stack 2 or 3 MCPs together.

When two MCPs are stacked together such that the orientations of the microchannels of
the plates mirror each other, it is called chevron (V-shaped) configuration. In this configura-
tion, the electron shower from the first MCP is further amplified when it passes through the
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Figure 3.5.2 : Picture of our recoil ion detector highlighting the necessary parts with respective
biasing voltage to polarize the detector. All these part are purchased from Roentdek and Hamamatsu.

micro channels of the second MCP thus increasing the overall gain. Such a chevron configu-
ration is used in our setup and results in gain of about 106-107 for 950 V/stack polarization
voltage [104]. Figure 3.5.2 gives details about the polarization of the recoil ion detector.

The position of ion on the MCP can be detected by tracing the position of the electron
shower generated by the ion hit. We use a delay line anode in our setup due to its fast readout
time and good position resolution for large area of detection [105]. The delay line anode
comprises of bare copper wires which are wound around over an insulating ceramic support
keeping a fixed gap of around 0.5 mm between the loops. There are two sets of delay lines
anode (one for each axis Y ans Z) perpendicular to each other. When an electron shower
falls on the delay lines, the time difference for the signals to arrive at the two ends of the wire
depends on the position of the electron shower on the delay line anode. The position on our ion
detector in (Y,Z) coordinates, is calculated using the propagation time of the signal from the
hit point to the respective ends of the wire. In equation 3.5.2 the T1_YI and T2_YI correspond
to the propagation time of the signal upto each end of the wire. Similar notations are used
for the Z direction. CDLD is the conversion factor of the "position/time" and corresponds to
the signal propagation velocity along the delay line. The propagation of signal along the wire
is about 60-70% of speed of light(about 20 cm/ns) and we can define the propagation time in
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the perpendicular direction (TȂ) accounting for the length of one loop (200 mm for a detector
with diameter of 80 mm) and the spacing between two consecutive loops (0.5 mm). This time
is calculated for a single loop of wire and it is nearly 2 nsȂmm [105]. Thus the transverse
propagation velocity is:

CDLD =
1

TȂ
= 0.5mmȂns. (3.5.1)

Finally the position is deduced from the time of arrival at both ends of the wire:

Y = (T 1_Y I − T 2_Y I) Ȃ CDLDȂ2

Z = (T 1_ZI − T 2_ZI) Ȃ CDLDȂ2.
(3.5.2)

Although this is just an approximate value but a more precise position calibration procedure
will be presented in the section 2.7.

Figure 3.5.3 : Schematic of DLD showing the electronics required to picking up the signal at both
ends of the wires along the Y and Z directions.

The signal propagation time from one end to the other of delay line is constant irrespective
of ion hit position. It corresponds to the total length of the anode wire which is equal to
(T 1_Y I +T 2_Y I) for Y position, similarly (T 1_ZI +T 2_ZI) for Z position. In figure 3.5.3
the electronics required for the DLD signal is shown, for each position a pair of wires are used
one is biased to propagate signal and other for its reference. This arrangement allows to free
itself from the noises captured by the antenna formed due to conductance of the winding of
wire. It can also be used to filter out some false signal pairs generated through noises. Between
the two parallel wires there is a voltage of 50 V. When the electron shower arrives close to
the anode, it will preferably be captured by the 50 V polarized wire more than its neighbor.
The electron signal is then located on only one of the two wires. This more polarized wire is
called signal the other wire is called reference. Electromagnetic noise will induce the same noise
signals on both wires at the same time. Both are fed to a RF pulse transformer "TP-104",
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which subtracts them and gives the final anode signal generated from electron shower. This
signal is then pre-amplified before sending to the acquisition system.

3.5.2 Comparison between standard and tapered MCP

The surface covered by the open area is an intrinsic limitation for detection efficiency of MCPs.
In a recent modification to improve the detection efficiency, the open area ratio (OAR) of
a standard MCP is enlarged to increase the collection of incoming ion. This is achieved by
tappering the edge of the microchannels (impinging end) more than usual, henceforth it is
called Tapered MCP [106, 107]. The depth of the tapered area is 10�m, and the cone angle
is around 37Ԃ [106]. Figure 3.5.4 is a comparative image of standard and tapered MCP. The
OAR is increased from 60% to 90 %.

Figure 3.5.4 : SEM image of a standard and tapered MCP showing difference in OAR to improve
detection efficiency [104]

A significant drop in the coincident multiple particle detection is observed when the detec-
tion efficiency is low. It is because the coincident detection of n fragments is proportional to
the ntĂ power of the single hit detection efficiency " [107, 108]. For example, a comparative
result for upto 4-body absolute detection efficiency are mentioned in table 3.5.1.

Table 3.5.1 : Comparison of absolute detection efficiency of standard and tapered MCP for single,
double and triple hit events. The values of single hit " are nearly equal to the OAR of each MCP
respectively [107,108].

Number of ions (n) n=1 n=2 n=3 n=4

"coincidence="
n " "2 "3 "4

Standard 57% 32.5% 18.5% 10.5%

Tapered 90% 81% 73% 65.5%

Ratio Ȃ 1.55 Ȃ 2.5 Ȃ 4 Ȃ 6

It appears from the table above that the detection efficiency for a 4-body fragmentation
is expected to be upto 6 times better with tapered than standard MCP. An increase in count
rate of such magnitude reduces the measuring time of the experiment or increase the statistics.
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There has been some experiments in recent year to find the absolute detection efficiency of a
tapered MCP [106,107]. The figure 3.5.5 below show the comparison of the absolute detection
efficiency of Xe+ and Ne+ ions of energies ranging from 1.5 − 5keV .

Figure 3.5.5 : Absolute detection efficiencies of T(Tapered)- and C(Standard)-MCPs for the Ne+

and Xe+ as a function of the incident ion energy. The dashed-dotted and dashed lines are the OARs
of the T-MCP (90%) and C-MCP (62%), respectively [107].

The improvement in the detection efficiency can be seen for the tapered MCPs and the
values of " are very close to the OAR values for both tapered and standard MCP. In [108]
work the " is calculated from the coincident detection of H+ ions in the fragmentation of
H2+

2
Ă H+ +H+. Measurement is performed for 3 different MCPs and it is also in agreement

with the dependence of " in a linear relation with the OAR of the MCP.

(a) (b)

Figure 3.5.6 : Picture of the tapered MCP we use in our setup (Left), circuit for resistance match-
ing(Right)

For our experiment we have used a two stages chevron configuration MCP, the first one
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of them is tapered MCP (figure 3.5.6a) followed by a standard one. At the collision chamber
pressure of 3 Ȃ 10−7 mbar the resistance of both MCPs are 54M̀ and 31M̀. Since it is
a big difference in the resistance so we have to use an intermediate electrode (referred to as
"shim ring" on figure 3.5.2) in between the two MCPs to match the resistance and ensure the
same voltage difference for each MCP. Figure 3.5.6b show the circuit diagram for resistance
matching where RF is front MCP resistance and RB is back MCP resistance. RM is the
matching resistance that we place in parallel to front MCP to reduce the effective resistance
on one side of the stack. We use RM=74M̀.

3.6 Acquisition system

3.6.1 FASTER (Analog to Digital)

Before the begining of my thesis, the data acquisition was done using standard TDC and QDC
modules from CAMAC and VME based systems. At the begining of my thesis it has been
replaced fully by a digital FPGA based acquisition system called FASTER (Fast Acquisition
System for Nuclear Research). FASTER is a complete digital acquisition system, developed
indingenously in the Laboratory of Corpuscular Physics (LPC Caen) [109]. It aims to provide
a re-programmable/re-configurable and modular digital acquisition system, for nuclear physics
and interdisciplinary experiments using one to many channels of measurement. 15 channels
were used in this experiment, it is enough to connect each detector, via a pre-amplifier, to the
FASTER acquisition.

This system selects the information in real time, process it followed by sorting, grouping
and visualizing it online, while recording it on disk for post experiment analysis (Figure C.1).
The online visualization is carried out using RHB histogram Builder (ROOT histogram Builder)
software, also developed by the LPC’s FASTER team. It is based on the ROOT (Data analysis
software) software developed by CERN (Conseil Europeen pour la Recherche Nucleaire). More
technical details about FASTER and explanation of various parameters are described in the
Annex C.

3.6.2 Internal clock, Trigger window

One of the most important detail about this acquisition system is its internal clock. All the
independent SYROCO_ AMC motherboards are synchronized using a RF module to the main
CPU of the FASTER crate. The t0 timing signal is generated by the main CPU and all the
mother FPGA’s correspond to it (See figure 3.6.2). The t0 is responsible for the synchronization
of all the daughter cards to there respective mother boards and also for parallel communication
between all motherboards to the main CPU of faster.

Now we will discuss how the "group decision module" works in FASTER. This module

44



3.6 Acquisition system

Figure 3.6.1 : Block diagram showing of FASTER Acquisition system

is divided into two parts: Trigger and Merger. The trigger panel can define conditions that
triggers a group. We can use combinations of data labels (defined in configuration file of
the FASTER acquisition system) along with the boolean expressions between different input
channels in a given acceptance time window. In our experiment the trigger was defined as a
coincidence between projectile and ion detector in a window of 10 �s. The projectile and ion
signals are referred as T_ PROJ and TG_ DI on figure 3.6.2. Since we use a boolean AND gate
it compel FASTER to make a group only when both the MCP signals (projectile and recoil ion)
are present in the main window, otherwise it rejects the group. In our case the START of an
event group is from the arrival of projectile MCP signal upon its arrival a coincidence window
of about 10�s starts. During this window all the signals from each channel are collected, and if
and only if there is at least one MCP signal from ion detector then only the group data is saved
under one event. The figure 3.6.2 shows the trigger scheme of FASTER acquisition system
used during our experiments.

In the merger part of the group decision module, each trigger creates a data group with a
set of followers, which could be every channel of the ion and projectile MCP signals. There is
also a feature of "Before Trigger Window" and "After Trigger Window", which can be used to
extend the reach of data selection for a particular event.
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3 Experimental Technique and Calibration

Figure 3.6.2 : Trigger scheme for data selection available from FASTER

3.7 Energy calibration

The experimental measurement of the intermolecular bond length in clusters using Coulomb
explosion imaging technique requires a precise KER calibration. For a precise KER measurement
both time and position calibration are needed because the three dimentional momemtum vector
of each ion is deduced from its TOF and impact position of the detector. From the literature
(see Chapter: Context), we know that the expected intermolecular distances in CO dimer
(RCO−CO) measured in Ford’s paper are: R (O - bonded) Ȃ 3.96 Å, R (C - bonded) Ȃ 4.37
Å [30].

The approximate variation in both geometries is
̀R

R
Ȃ 10%. Similarly, the corresponding

variation in KER values for both the shapes is also expected to be about 10 %. This implicate
that the distinction between both shapes is only possible if the absolute precision on the KER
measurements is better than 10%.

3.7.1 TOF calibration

In our acquisition the TOF calculation is done using: TOFacq = TSTOP −TSTART , where TSTOP
and TSTART are the time of arrival of the recoil ion and projectile on their respective detectors.
Figure 3.7.1 is a raw TOF spectrum observed from experiment with 135 keV Ar9+. In the
extreme left of TOF spectra a single sharp peak can be observed. This arises from photons
emitted by the projectile following multiple electron capture on the molecular target. We can
compare the position of this photon peak with the propagation time of the projectile from the
collision region to its detector:
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3.7 Energy calibration

Figure 3.7.1 : Time of flight spectra from the collision of 135 keV Ar9+ with CO and its clusters.

̀t =
d

v
=

1.25

806600
s = 1550ns,

where d is the distance between the collision region and the projectile detector and v is the
velocity of 135 keV Ar9+ projectile calculated using equation 3.4.2. For rest of the ions in the
TOF spectrum, each have a finite broadening due to initial momentum spread in the collision
region. The sharp peaks are from non-dissociating molecular ion and the broad peaks are
resulting from dissociation of the target in several charged fragments.
The photon peak position in the negative part of TOF spectra is very close to the expected
arrival time of projectile from collision region to its detector. The precise value of the peak
position TĂ�= -1458 ns and thus defines our first calibration parameter in equation 3.7.1, and is
used to determine actual TOF of recoil ions, hence forth TOF = TOFacq + TĂ�. The constant
B in equation 3.7.1 is exactly equal to TĂ� if neglecting the TOF of the photons over the length
of the spectrometer (L=10 cm ,TOF of photons =0.3 ns).
Moreover using four other well identified TOF peaks, the constant parameter A is determined
by linear fitting using the calibration equation. Figure 3.7.2 shows the linear fitting of the TOF
data from our experiment with CO jet.

TOF = A

√

m

q
+ B (3.7.1)

For a spectrometer of length L (L0c used in analysis program) and a homogeneous electric

field E, the parameter A is given by the following relation: A =

√

2L

E
(neglecting the post

acceleration region). Using E = 4000 V/m and L = 0.1 m the theoretical value of constant A is
7.072×10−3 s

Ȃ

CȂkg. The TOF calibration gives A = 725.4083 ns.
Ȃ

eV Ȃamu, which converts
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3 Experimental Technique and Calibration

Figure 3.7.2 : Graph showing the linear relation between TOF and
√

m

q
as well as the result of a

linear fit using equation 3.7.1.

to A = 7.122×10−3 s
Ȃ

CȂkg in SI (International system of units) units. The little difference
between the theoretical value and the experimental value is mainly due to inconsideration of
post acceleration region. The corrected value of A accounting for the post acceleration region
is detailed in annex A. This corrected value is found to be A

′

= 7.125×10−3 s
Ȃ

CȂkg which
is in very good agreement with the experimental value. Using the experimental value of A
the homogeneous electric field E= 3945 V/m for an extraction length of L0c= 100 mm is
determined.

3.7.2 Position calibration

Since the output from delay line anodes is a timing signal, which is the propagation time from
the impact position to the respective ends of the wire, the position is defined as the difference
between these two timing signal. As explained in section 3.5.1, this propagation time is to be
converted from ns to mm, for which a coefficient CDLD is used. The value of CDLD has to be
measured precisely as it has a large contribution to the uncertainty on KER measurement.

A first approximate value of CDLD can be obtained using the image of the recoil ion detector
from the collision of system (CO)n + Ar9+ and knowing the active diameter of the MCP. The
active diameter of ion MCP detector is around 81.25 mm [84]. Then we use the projection of
slices on Y and Z axis to measure the corresponding propagation time (see figure 3.7.3).

CDLD =
81.25

156
mmȂns = 0.52mmȂns (3.7.2)
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3.7 Energy calibration

Figure 3.7.3 : Projection of the time difference between each end of the wires TY =TY 2 − TY 1 and
TZ=TZ2 − TZ1 position from ion detector image. Slices for both projections on the detector image
are shown in the upper right corner of respective graphs.

Although the above mentioned method gives an approximate value of CDLD, we will describe
a more precise calibration method discussed further.
This second method for calculating the coefficient uses the grid placed in front of the ion MCP
(refer figure 3.5.2). The presence of this grid is clearly visible on the image of the ion detector
(see figure 3.7.4). Then a projection of both Y and Z axis of the ion detector image are plotted.
It results in a sequence of intense peaks corresponding to the hole between two consecutive
wires of the grid.

Figure 3.7.4 shows the projection on Z axis of the image of the ion detector, the data
points are represented in blue and all the fitted peaks are in red. For fitting the peaks a set
of Gaussian functions with same FWHM of 0.28 ns have been used. Then we calculate the
difference between the central position of each peak.

In figure 3.7.5 the corresponding distribution is shown and the centroid of this distribution
at 0.69 ns corresponds to the mean propagation time between two grid wires. The difference
̀T varies from 0.55-0.85 ns. This variation from the mean value shows that distance between
adjacent wires is not constant and varies around 22%. Gaussian fitting of this distribution give
the standard deviation around ̀Tmean (�̀T ) equal to 0.045 ns. The relative deviation is around:
�̀T

̀Tmean
= 6.5%. We will later discuss the origin of such a large distribution.

The physical distance between two wires has been determined by taking a picture of the
entire grid with a standard camera. The grid was still mounted and fixed on its electrode and
we used the inner diameter of this electrode for an absolute calibration of the picture. The
inner diameter of this electrode is equal to 80 mm ± 0.1 mm. Using imageJ software a profile
along the Z axis is performed and the position of each wires is fitted using Gaussian functions.
The figure 3.7.6 (top) shows the Z axis profile of this grid. This X-axis of this profile is in the
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3 Experimental Technique and Calibration

Figure 3.7.4 : Projection of Z axis of ion detector. On the top, two zooms from different part of
the detector are shown and a small distortion can be observed in the right side of image as compared
to the left side of the image. The red curve are adjustments using the Gaussian functions.

Figure 3.7.5 : Frequency distribution of time difference between adjacent peaks in the projection
of Z position of ion detector.

pixels, the inner diameter corresponds to 2730 pixels. Using this relation we get our conversion
factor for converting pixels in mm i.e. 0.029304 mm/pixels.

All the peaks in this distribution correspond to the physical distance between adjacent grid
wires. The frequency distribution of the distance between the centroid of adjacent peaks is
shown in figure 3.7.6 (bottom). The mean value is found to be around 0.365 mm and a stan-

dard deviation �̀d Ȃ 0.0055 mm. Using these parameters the relative deviation is:
�̀d
̀d

= 1.5%.
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3.7 Energy calibration

Figure 3.7.6 : Top: Profile of grid wires from a picture of ion grid, and all the peaks have been
fitted with a Gaussian function. Bottom: Frequency distribution of distance between adjacent wires
(̀d) is presented.

This value is significantly lower than the relative deviation on the propagation time
�̀T

̀Tmean
=

6.5%. This more probably come from a non linearity of the position reconstruction because of
a non constant spacing between the wires of the delay line anodes. This can be seen in figure
3.7.4, the peaks are distorted on the right side of the projection as compared to the left side.
The Y position of Grid wire also had been studied similarly and the conclusion is similar for
both the Y and Z anode wires.
Finally for calculating the position calibration coefficient CDLDZ for Z position, we have used

the mean value of both ̀T and ̀d. Therefore, CDLDZ =
0.365

0.69
= 0.5298 ± 0.006mmȂns.

Similarly, CDLDY = 0.53 ± 0.0055mmȂns. Note that these values are in agreement with the
previously determined value using the global size of the detector.

3.7.3 Comparative calibration through the role of electric field,

extraction length and CDLD

From the previous two sections, we detemined the value of E= 3945 V/m , L0c= 100 mm and
CDLD = 0.53 mm/ns using TOF and position calibration respectively. Primarily the analysis
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3 Experimental Technique and Calibration

has been performed using these parameters. For precision in measurements a comparative
method is employed where, the KER spectra for CO2+

Ă C+ +O+ after collision with Ar9+ is
compared to previous KER measurement by Lundquist [39]. This reference KER spectra was
measured using a coincidence detection of C+ and O+ ions with a TOF experiment. They
used a 200 eV pulsed electron beam with adjustable pulse length of 5-1000 ns as ionizing
beam. Inside a differential pumped gas cell, the target CO is ionized with an electron beam.
Two MCP detectors are placed 180Ԃ from each other inside a field free 50 cm long TOF tube
for collecting both ions in coincidence. For accurate identification of vibrational states they
performed calibration using the deuterium peak. The kinetic energy peak from the dissociation
of D2+

2
can be measured with an uncertainty of ±50meV . Since the ionizing particle in this

reference work (electron) and our experiment (LE-HCI) are different, henceforth position of the
KER peaks are expected to be similar but the relative intensities are not equal. We use this
KER spectra as a reference and compare with our experimental data.

Figure 3.7.7 : KER of CO2+ from Lundquist et al. (Top left) [39], KER of CO2+ using the E , L0c

and CDLD from calibration (Top right). Three graphs bottom shows the correlation between KER
and 3D momentum of fragments.

In the KER spectrum from Lundquist et al. the peak at 7.833 eV corresponding to the
3̀+(v = 0) state is used as the reference because it contains only one vibrational level (v = 0).
With our experimental resolution, the two other peaks (around 6 eV and 9.5 eV) is the super-
position of several vibrational levels and the direct comparison is difficult. From our primary
analysis we obtained the KER spectra in figure 3.7.7 (top right) and the mean position of the
peak corresponding to 3̀+(v = 0) is at 7.64 eV. The deviation from the reference peak is
7.83-7.64 = 0.19 eV = 190 meV with the relative error of about 2.5%, which is upto 4 times
the uncertainty defined by Lundquist et al. In figure 3.7.7, the bottom three graphs showing

52



3.7 Energy calibration

the correlation between KER of CO2+ and 3D momentum of fragments are used to verify
calibration parameters. As the KER is not expected to depend on the initial orientation of the
target, straight vertical lines is the signature of a optimal TOF and position calibration. Here
the vertical lines are slightly curved showing that the calibration can still be improved.

Following the calibration parameter A=

√

2L0c

E
in equation 3.7.1, the value of E and L0c

are adjusted as well as the position calibration parameters for both Y and Z axis. While tuning
all these parameters we compare the peak position and qualitatively improve the shape of the
straight lines in KER vs 3D momentum graphs.

Figure 3.7.8 : KER of CO2+ after the using the finally tuned energy calibration parameters.

Figure 3.7.9 : Correlation between the KER and the 3D momentum vector of the fragments in
dissociation of CO2+, Straight line in the graph indicates that the KER is not dependent on the initial
orientation of the target.

The optimal parameters have been found to be: E=3925 V/m, (L0c) =99.65 mm, CDLDY
= 0.544 mm/ns and CDLDZ = 0.536 mm/ns. The figure 3.7.8 and 3.7.9 show the correspond-
ing spectra obtained using these parameters. The position of 3̀+(v = 0) peak at 7.86 eV
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3 Experimental Technique and Calibration

(relative error Ȃ 0.4%) in figure 3.7.8 is close to the reference KER spectra and it is in the
range of uncertainty defined in Lundquist et al.. The three 2D graphs representing correlation
between KER and 3D momentum in figure 3.7.9, shows now "straighter" lines than with pre-
vious parameters.
The tuning of these calibration parameters does help in improving our absolute KER calibra-
tions, but on the other hand it also highlights the limitation of the spectrometer. The remaining
slight distortion in the KER vs 3D momentum spectra mainly originates from small inhomo-
geneity of the extraction field. This inhomogeneity is probably due to an irregular spacing
between spectrometer plates. As a conclusion, we show that our calibration procedure ensure
an absolute KER calibration better than 2%. Such a good absolute KER precision will allow
the identification of several predicted intermolecular distances in N2 and CO clusters.
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4 Fragmentation Dynamics of N2 and CO dimers

Atomic and molecular clusters fragmentation has been of a great interest in the recent
years along with improvement in imaging techniques. This chapter is mainly devoted to the
discussion of 2-body and 3-body fragmentation of N2 and CO dimer’s from the collision with 15
qkeV Ar9+ projectile. We will focus on the fragmentation of the dimer’s trications: (N2)

3+
2

Ă

N+ +N+ +N+
2

and (CO)3+
2

Ă C+ + O+ + CO+. However, a quantitative description of the
3-body fragmentation dynamics requires the knowledge of the intermolecular distance because
this distance fixes the strength of the electric field experienced by the molecular dication due to
the presence of the other singly ionized neighbour molecule. Thus the first section is devoted
to the measurement of the dimer bond length using the 2-body channels.

4.1 2-Body Coulomb explosion of (N2)
2+
2

and (CO)2+
2

dication

In this section the kinetic energy release (KER) in the dissociation of (N2)
2+
2

and (CO)2+
2

is
discussed. The 2-body channels from (N2)

2+
2

Ă N+
2
+N+

2
and (CO)2+

2
Ă CO+ + CO+ results

from single electron capture on each site of the dimer. The inter molecular distance in the
dimer is derived from these KER values and it fixes the strength of electric field in the dimer’s
3-body dissociation channel [110].

Figure 4.1.1 : KER spectra of (N2)
2+
2

from collision with 15 qkeV Ar9+

The KER (sum of kinetic energy of each fragment) spectrum of (N2)
2+
2

Ă N+
2
+ N+

2
is

shown in figure 4.1.1. Here we use the KER spectra of the 2-body channel to deduce the
intermolecular distance R(N2)2

of the N2 neutral dimer. This distance is of the order of 4Å and
the potential energy curve of this dissociative state can be approximated by a pure Coulomb
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4.1 2-Body Coulomb explosion of (N2)
2+
2

and (CO)2+
2

dication

curve. The KER and the R(N2)2
follow the relation:

KER =
1

4�"0
Ȃ

q1q2
R(N2)2

.

Figure 4.1.1 shows the KER spectra of the 2-body dissociation channel (A), here we found an
average KER value 3.35 eV from this distribution. Using the above relation, the equilibrium
R(N2)2

is determined to be 4.29 Å. The width of this distribution �KER is measured around

0.3 eV which is about 10% of average KER value. As KER Ȃ
1

R
the width of the R(N2)2

distribution (�R(N2)2

) is also about 10% of 4.29Å i.e. 0.4 Å. The value of �R(N2)2

results mainly
from the vibrations along the Van der Waals bond of dimer. The events occurring in the
higher and lower part of the KER distribution in figure 4.1.1 are part of background from false
coincidence. This background has been subtracted during curve fitting of our KER peak.

Similar to the case of (N2)
2+
2

, the KER of (CO)2+
2

Ă CO+ + CO+ is shown in the figure
4.1.2 below. The average KER from this channel is measured to be 3.18 eV. This energy is
similarly shared between both fragments equally as in the case of (N2)

2+
2

dication. Assuming a
pure Coulomb explosion, the inter molecular distance of (CO)2+

2
is about R(CO)2

Ȃ 4.52 Å. With
the calibration of previous chapter we are confident in the measured KER values for (CO)2+

2
.

From the previous theoretical and experimental work on the geometry of CO dimers, the R(CO)2

values corresponding to C-bonded slipped anti-parallel (4.4 Å) and C-bonded T-shaped (4.42
Å) are the one close to our measurement. Further discussion about the geometry is done in
the next chapter.

Figure 4.1.2 : KER spectra of (CO)2+
2

from collision with 15 qkeV Ar9+

Using these equilibrium intermolecular distances of the N2 and CO dimers, we will now
discuss the fragmentation dynamics of their trication’s in 3-body channel. In this chapter we
will only use these inter molecular distances to study and compare with 3-body dissociation;
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4 Fragmentation Dynamics of N2 and CO dimers

further discussions about geometry are done in the next chapter.

4.2 3-body Fragmentation of (N2)
3+
2

and (CO)3+
2

trication

The analysis of the 3-body dissociation channel of both (N2)
3+
2

and (CO)3+
2

will be discussed
in this section. Firstly we will look into the fragmentation channel (N2)

3+
2

Ă N+
2
+N+ +N+

highlighting the features of this dissociation mechanism. A specific role of ionic environment
in this 3-body dissociation will be introduced and discussed later in this section. In the second
part the fragmentation dynamics of 3-body channel (CO)3+

2
Ă CO+ + C+ + O+ is discussed.

4.2.1 3-body dissociation of (N2)
3+
2

4.2.1.1 Dissociation mechanism

Dissociation mechanism in a 3-body channel could be identified by looking at the kinetic energy
shared between all the fragments. Identifying the pathway involved in the dissociation can be
done through the kinetic energy of the non dissociating N+

2
. The figure 4.2.1 shows the

kinetic energy spectrum of N+
2

, the distribution is maximum between 0 and 2.5 eV. Most of
the events correspond to a direct fragmentation in which all the three fragment are emitted
simultaneously. The total initial potential energy is shared as kinetic energy among the N+

ions and non dissociating N+
2

molecular ion. The distance between the non dissociating N+
2

and both N+ is relatively larger than the covalent bond length. This is the reason why the N+
2

spends a relatively short amount of time inside the electric field of N2+
2

dication thus acquiring
a smaller amount of kinetic energy. This qualitative explanation depends on the initial three
dimensional geometry of the dimer and seems to show that the molecules are not aligned with
the dimer axis (see more details in the next chapter).

Figure 4.2.1 : kinetic energy spectra of N+
2

from N+
2
+N++N+ channel after (N2)2 collision with

15 qkeV Ar9+
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3+
2

and (CO)3+
2

trication

In the above spectra a small relatively narrow peak around 3.35 eV is observed. This peak
correspond to a sequential process where the weak bond or van der Waals bond breaks before
the covalent bond. This sequential process will be discussed more in detail in the case of CO
dimer. Since this contribution is less than 5%, the direct fragmentation is by far the dominant
dissociation process for this channel proving that there are not many metastable states involved
in this system as the peak at the position of pure sequential process is very low in intensity.

4.2.1.2 Effect of a charged environment on the dissociation of N2+
2

dication

This is the case of the direct 3-body fragmentation channel in (N2)
3+
2

Ă N+
2
+N+ +N+ tri-

cation, where both inter and intra molecular bonds are exploding. The dissociation consists in
the cleavage of one covalent bond in N2+

2
molecular dication and Van der Waals bond between

both molecules. For comparing the dissociation of N2+
2

from a monomer and inside a dimer
we used the KER spectrum from both channels. In figure 4.2.2 (top) the KER spectrum of
(N2)

2+
Ă N+ +N+ dication is observed showing various transient states. We compared this

spectra with the work of Lundqvist to compare and identify these transient states from nitrogen
dication [41]. Two major peaks (peak no. 2 and 3) at 7.8 eV and 10.3 eV are identified as
corresponding to D3̀g and D1̀+

u
molecular orbital. In the beginning of the peak 2 there is a

shoulder peak which corresponds to A1̀u and peak 4 corresponds to other various high excited
states.

For the 3-body channel from (N2)
3+
2

trication the KER spectrum is shown in figure 4.2.2
(bottom). The peak for this channel starts to appear after 10 eV and several peaks are ob-
served corresponding to various excited states. Comparing the peak position and shape of both
spectra, it is clear that there is an additional energy which shifts the KER spectra of (N2)

3+
2

but the shapes are almost the same as for (N2)
2+. The difference in the relative intensities

with respect to peak 2 in both KER spectra can be explained because of the presence of non
dissociating N+

2
inside a dimer. Due to thermal agitation (from vibrational motion of the two

molecules) the FWHM of the peaks in dimers trication channel is increased by around 0.125
eV. The energy shift between KER spectra of (N2)

3+
2

and (N2)
2+ is found to be around 6.7 eV.

The dissociation of a monomer inside a dimer experience the Coulomb repulsive potential from
the neighboring ion N+

2
which leads to this shift in the KER. The measured shift (̀KER)

in the KER is explained as an additional potential energy provided to the monomer by the
neighboring quasi-independent N+

2
[110]. Assuming the N+

2
as a point charge located at its

centre of mass, then the additional kinetic energy is the repulsive Coulomb energy between N+
2

and both respective N+ (see figure 4.2.2 (bottom)). It can be expressed using the equation
4.2.1 below:
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4 Fragmentation Dynamics of N2 and CO dimers

Figure 4.2.2 : KER spectra of 2-body dissociation of the N2+
2

molecular dication and 3-body
dissociation of (N2)

3+
2

from collision with 15 qkeV Ar9+

̀KER =
e2

4�"0

[

m

RN+
2
−Nm+

+
n

RN+
2
−Nn+

]

(4.2.1)

where m=1 and n=1 are the respective charge states of each N+ ion. For calculating the
distances RN+

2
−Nm+ and RN+

2
−Nn+ , we assume the dissociating molecule to be perpendicular to

the dimer bond axis. Using equilibrium bond length of N2 i.e. RN−N = 1.1 Åand Re_N2
= 4.3

Å (see section 4.1);

̀KER Ȃ 3.32 Ȃ (m + n) = 6.64eV . (4.2.2)

The theoretical additional KER value is closely in agreement with the observed experimental
value of 6.7 eV. This shift in the kinetic energy or additional potential energy is shared between
all the three ions in this channel. From figure 4.2.1 we see that a small portion of energy is
transfered to N+

2
ion and the rest of it is shared among the N+ ions [110].

4.2.2 3-body dissociation of (CO)3+
2

In this section we will focus on the heteronuclear diatomic CO dimers. Earlier in this chapter we
have already discussed the KER spectra of (CO)2+

2
dication to give an average inter molecular
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4.2 3-body Fragmentation of (N2)
3+
2

and (CO)3+
2

trication

distance. Capturing one more electron from one site of the dimer dication will leave (CO)3+
2

trication to undergo 3-body fragmentation via the (CO)3+
2

Ă C+ +O+ +CO+ channel. Firstly
the dissociation mechanism for this channel will be discussed and evidence of different pathways
will be explained using the Newton diagrams. Post to this discussion, an identification of short
lived and long lived states of the CO2+ dication by different dissociation pathways is performed.

4.2.2.1 Dissociation mechanism

The channels required to study different dissociation mechanisms are:
1) (CO)2+

2
Ă CO+ + CO+ and

2) (CO)3+
2

Ă CO+ + C+ + O+.
We employ the same method as for N2 dimers by looking at the kinetic energy of the non
dissociating CO+ in channel 2. The figure 4.2.3 shows the kinetic energy spectrum obtained
for CO+ and unlike the case of N2 dimer, two different contributions can be seen corresponding
to two very well defined peaks. The first one with low energy is because of instantaneous 3-body
dissociation of all the three ions which we already saw in previous dimer ((N2)2). This process is
referred to as "direct fragmentation". The second peak centered around 3.2 eV correspond to a
pure Coulomb dissociation of CO+ +CO2+ channel followed by a second step where the CO2+

dissociates. This is called sequential fragmentation. The two steps of sequential fragmentation
are as follows:
step 1: (CO)3+

2
Ă CO+ + CO2+,

step 2: CO+ + CO2+
Ă CO+ + C+ + O+.

This is indicative of the presence of various long lived metastable states in the (CO)2+ molecular
dication. In our experimental conditions the ratio of sequential to direct events is almost equal
to 1.

Figure 4.2.3 : Kinetic energy of CO+ in the 3-body dissociation of the (CO)3+
2

trication from
collision with 15 qkeV Ar9+

In the case of channel 1, both molecular ions share equal energy after fragmentation.
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4 Fragmentation Dynamics of N2 and CO dimers

Therefore the kinetic energy of each (CO)+ is half of 3.18 eV (see section 4.1) which is equal
around 1.59 eV. Removing one extra electron from one site of the dimer followed by pure
Coulomb explosion will give twice the energy to the singly charged (CO)+. The energy gained
during step 1 from the repulsive interaction between both singly and doubly charged CO can
be verified theoretically using:

KECO+ =
1

2
Ȃ

e2

4�"0
Ȃ

q1q2
R(CO)2

.

q1=1 and q2=2 are the charges on the corresponding CO+ and CO2+ions with R(CO)2
is 4.52

Å (see section 4.1). From above we get the kinetic energy gained by (CO)+ = 3.18 eV.
This is exactly where we have our sequential peak for channel 1. To look further in both the
dissociation mechanisms Newton diagram comparisons are done below.

4.2.2.2 Direct and sequential: Newton diagram comparison

Both pathways can be easily separated by a selection on the kinetic of the non-dissociating
CO+ (see figure 4.2.3). The whole low energy part where 0.3 eV Ȃ kinetic energy Ȃ 2.5 eV
belongs to the events occurred in case of direct fragmentation. We restrict the kinetic energy
of CO+ from 3-body channel below 0.3 eV to avoid the false coincidence caused by ionization
of monomer targets. For sequential fragmentation all the events under the peak from 2.8 eV
< kinetic energy < 3.8 eV are classified as sequential fragmentation. Even if there are few
direct events which fall under the sequential peak as background, we used these filters and
then plotted Newton diagram to show the evidence of both processes.
Newton diagram is the representation of the correlated momenta of the fragment ions in the
dimer frame of reference. Different dissociation mechanisms produce distinct features in the
Newton diagram. In this plot, the momenta of the C+ and O+ fragments are plotted with
respect to the CO+. The latter is represented as a vector along the x-axis, while the momenta
of other fragments are represented in the x,y plane. We arbitrary choose to place the momentum
of O+ in the upper part of the graph (y>0) and similarly the momentum of C+ in the lower
part of the graph (y<0).

The Newton diagrams associated to the direct and sequential processes are shown in figure
4.2.4 for the 3-body dissociation of the C+ + O+ + CO+ channel. Here, the direction of the
momentum of the non dissociating CO+ is taken as the reference.

For direct fragmentation (figure 4.2.4a), two bright red spots can be seen representing the
momenta of both atomic ions, these point represent the instantaneous dissociation of CO2+

dication along with the breakup of the van der Waals bond. The position of these intense
spots depends on the initial geometry of the CO dimer and indicates that the angle between
dissociating covalent and van der Waals bonds is close to 90Ԃ (see next chapter). In this case,
as we have discussed before (see section 4.2.1.1) the maximum energy is being shared between
the atomic ions since they are closer to each other than the neighboring non dissociating CO+.
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(a) Direct fragmentation (b) Sequential fragmentation

Figure 4.2.4 : Newton Diagram for C+ + O+ + CO+ channel with CO+ as reference

Therefore, the CO+ stays for a minimum time in the potential field of O+ and C+ ions. This
is the reason why the peak in the low energy part of kinetic energy of CO+ corresponds to
direct fragmentation. In figure 4.2.4b, an almost round (consisting two semi circular arcs) is
observed which is a pictorial representation of sequential fragmentation. Note that it is only
valid if the CO molecule are not obliged with the dimer axis. In the step 1 the pure Coulomb
explosion occurs, where both the molecular ions propagate away from each other minimizing the
effect of the Coulomb potential. During this step the non dissociating CO+ gains an average
kinetic energy of 3.2 eV ranging from 2.8 - 3.8 eV. In the step 1 the CO2+ dication has time
to rotate randomly in the space depending upon the corresponding lifetime before breaking up
via step 2. This random orientation gives the semi circle shaped distribution for both atomic
ions which we see in Newton diagram. With both these diagrams we have a clear signature of
both mechanisms. In the following section, we will see how we can identify the states involved
in the respective mechanism using the KER of this 3-body channel.

4.2.3 Identification of short and long lived states of CO2+

From the previous sections, our data from (N2)2 and (CO)2 dimers show that upon collision
with same projectile both (CO)2 and (N2)2 trications show distinct respective dissociation
mechanism. While in (N2)

3+
2

the direct fragmentation is prominent, the (CO)3+
2

experience a
new pathway through sequential fragmentation. In most of the previous work on the CO2+

dication from a monomer, various lower excited states have been identified [36, 39, 42, 49, 51].
Most of these low excited states are metastable with corresponding lifetime varying from few
picoseconds (ps) to seconds (s). All these reference work has been performed on the monomer
dication only, this gives us an opportunity to compare the proposed states of the monomer
dication inside a dimer. To begin with we will present whether the effect of a charged molecular
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4 Fragmentation Dynamics of N2 and CO dimers

ion in proximity of a dissociating CO2+ dication, is similar to the case of (N2)
3+
2

. Following
this, the KER of CO2+ dication from monomer in our experiment is compared to the existing
data from the literature in [36, 39, 42, 49, 51]. Secondly the states involved in the direct and
sequential fragmentation of dimer’s trication will be discussed. Finally we will try to categorize
the lifetime range of the states involved in both dissociation mechanisms.

4.2.3.1 Role of a neighbouring ion on molecular fragmentation

As in the case of the 3-body channel of (N2)
3+
2

a small shift in the total KER from the N2+
2

dica-
tion’s KER is observed, resulting from the additional kinetic energy provided from the Coulomb
repulsive interaction between the atomic and molecular ions [110]. Similar effect in the 3-body
channel of (CO)3+

2
has been observed.

Figure 4.2.5 shows the KER spectra of (CO)3+
2

Ă C+ + O+ + CO+ from dimer targets
(black) and CO2+

Ă C+ + O+ (blue) from monomer targets overlapping each other.

Figure 4.2.5 : KER spectra of the CO2+
Ă C+ + O+ channel from the monomer dication shifted

and overlapped with the KER of (CO)3+
2

Ă C+ + O+ + CO+ channel from dimer targets in collision
with 15 qkeV Ar9+

The KER of the monomer dication is shifted by a value 6.5 eV to fit with the total KER
of dimer trication. The peak positions and shapes are mostly corresponding to each other.
The difference in the relative intensities of the peak in KER of (CO)3+

2
has decreased, which
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maybe arises due to the presence of CO+ modifying few populated states. We measured this
shift from experimental data and verify it theoretically using equation 4.2.3, which calculates
the kinetic energy gained from the Coulomb repulsion interaction between the CO+ and the
respective C+ and O+ atomic ions.

̀KER =
e2

4�"0

[

m

RCO+−Om+
+

n

RCO+−Cn+

]

, (4.2.3)

where m and n equals to 1. RCO+−Om+ and RCO+−Cn+ are calculated with the assumption
of CO+ being a point charge and the dissociating molecule perpendicular to dimer axis. Using
the equilibrium bond length of CO i.e. RC−O = 1.128 Å and R(CO)2

= 4.52 Å (see section
4.1), the theoretical value of ̀KER is found to be 6.32 eV. This theoretical value agrees
with our experimental value of 6.5 eV within an error margin of less than 3%. This confirms
that the additional kinetic energy contribution to a molecular dication from the presence of
a molecular ion inside a dimer is independent of the dissociation mechanism of the 3-body
channel. Moreover, the populated states of an isolated monomer dication or in a dimer remain
mostly the same in collision with highly charged ions.

4.2.3.2 Direct and sequential fragmentation

In figure 4.2.6 (upper) the KER spectrum of the CO2+ dication from monomer is shown. Peak
1 is located around 6 eV, this is an envelop for three lowest energy states X3̀, 1̀+ and
1̀. The peak 2 at 7.86 eV and 3 at 9.53 eV correspond to 1̀+ and 21̀+ states repectively
[39]. Under peak 4 are several higher excited repulsive states. Inside the monomer the major
contribution of dissociation for the low lying states (1̀, 3̀, 13̀+, 11̀+ and 21̀+) is through
the predissociation via 3̀− repulsive state and results in relatively long life times (from 1 ps to
several seconds) [42].

Most of these lower electronic levels are metastable and the higher vibrational levels are
the one which dissociate through tunneling. In the work of Lundqvist and Penent, they have
attributed lifetimes to almost all the above mentioned states with maximum of >3.8 s to X3̀,
v = 0. The other states under peaks 1, 2 and 3 are in the range of few ps to ms [36, 39, 49].
However around 30 levels have been mentioned to have a short lifetime of 10−14 s range and
all these levels lie 4.5 eV above the ground state and could partially correspond to peaks 3 and
4 [36]. As a brief summary that qualitatively, the lower part of the KER spectrum of CO2+ is
associated to long lived metastable states, where the high energy part corresponds to highly
excited state that dissociated very promptly. Clearly, the direct or sequential aspect of 3-body
fragmentation in a dimer is governed by the life time of the transient CO2+ cation.

Moving from monomer dications to dimers we now consider the KER spectra of (CO)3+
2

3-body channel. The graph in figure 4.2.6 (lower) shows the total KER (black) of this channel.
We use the filter from the kinetic energy of the non dissociating CO+ in figure 4.2.3 to select
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4 Fragmentation Dynamics of N2 and CO dimers

Figure 4.2.6 : KER spectra of CO molecular dication and (CO)3+
2

from collision with 15 qkeV Ar9+

the direct and sequential events.

The red line represents the sequential where the green one is the contribution from the di-
rect mechanism. As expected, the sequential fragmentation process is associated to the lower
part of the KER spectrum which is known to correspond to long lived metastable states of
CO2+. This stipulates that the states involved are long lived within the time range of few ps
to around 1 �s, since we are not sensitive to fragments having lifetime more than around 1 �s
because of experimental limitations. A numerical calculation has been done for this channel
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considering two point charges (with charge equals 1 and 2) separated with R(CO)2
(4.52 Å).

Assuming a pure Coulomb dissociation the time required for converting 99% of the Coulomb
potential energy into kinetic energy is about 1 ps. This indicates that all states with lifetimes
larger than 1 ps will contribute to sequential fragmentation. Moving towards the third peak,
the contribution from direct mechanism starts to increase along with a noticeable contribution
from sequential mechanism as well. The ratio between direct and sequential under this peak is
almost similar. After 18 eV the contribution is from the direct fragmentation only. Now looking
at this high energy part, they partially correspond to peak 3 and 4 of KER of the monomer
CO+ dication. As mentioned in Penent’s work these peaks consist of around 30 levels with
lifetime of about 10−14 s range (which is much smaller than 1 ps). As expected, such short
lived states are found to contribute to the direct fragmentation in which the CO2+ and the
dimer bond break at the same time.

As we have seen in previous section that the initial populated states of CO2+ are mostly
conserved inside a dimer therefore the states contributing to sequential peak are X3̀, 1̀+,
1̀, 3̀+ and 21̀+. The lifetime for all these states is in the intermediate range of few ps
to 1 �s. All the long lived metastable states (lifetime > 1�s) cannot be detected under this
channel. Whereas for the direct fragmentation the states involved are highly excited repulsive
states mentioned in Penent’s work. These short lived high excited states are under peak 3 of
figure 4.2.6 (upper) which correspond to the third peak in KER of (CO)3+

2
. This peak also

contains a contribution of sequential events which are associated to the 21̀+ state.

4.3 Conclusion

Using the low energy ion-induced recoil ion coincidence measurements, we report on the 3-body
fragmentation dynamics of (N2)2 and (CO)2 dimers.

1) For the (N2)
3+
2

Ă N+ +N+ +N+
2

channel, the dominant dissociation process is found
to be direct fragmentation with only a weak contribution from sequential fragmentation of less
than 5%. Secondly, the states involved in the fragmentation of N2+

2
dication are weakly af-

fected, by the proximity of a non-dissociating N+
2

inside a dimer. However there is an additional
energy provided to the monomer dication system because of the presence of neighboring ion.
This energy is the result of the Coulomb repulsion interaction between the charged fragments.
The resulting energy shift of the KER spectra of the 3-body channel is very well reproduced
thanks to a simple Coulomb model and including the initial geometry of the dimer.

2) On the other hand, in the 3-body channel (CO)3+
2

Ă C+ + O+ + CO+, we have found
a delayed dissociation mechanism (i.e. sequential) in addition to the fast/direct dissociation
mechanism. The presence of these two mechanisms can be identified directly on the kinetic

67
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energy of the non dissociating CO+. Inside this dimer also we observe the similar effect of
the neighboring cation on the dissociation of molecular dication. The KER has been used to
distinguish the states involved in the fast (direct) and intermediately delayed (sequential) frag-
mentation processes. It turns out that higher excited states have shorter lifetimes and mainly
contribute to the direct fragmentation. In contrast, only the low lying states with life time
larger than 1 ps are found to contribute to the sequential process.

These results show how molecular dimers can be efficiently used as a tool to access the life
time of molecular ions produced in collision with highly charged ions.
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5 Geometrical analysis of N2 and CO dimers

After investigating the fragmentation dynamics for both the N2 and CO dimers, now we
will focus on the 3-D geometry of these two dimers. As already discussed, this geometry could
be fully defined using the four coordinates: inter molecular distance (RDimer), orientation of
molecule along the dimer axis (�a, �b), and torsional angle or angle between both molecular
bonds (�)(see figure 5.1.1 (1)). The experimental determination of these coordinates would
require the coincident measurement of the 4-body channel in which the dimer fully dissociates
into four atomic fragments. However, this particular channel has a very low cross section and
the measured yield is even lower due to the low detection efficiency of the four fragments. Thus,
this channel has very low statistics and low signal-to-noise ratio. Due to these shortcomings,
we will show how a partial 3-D geometry of the dimers can be deduced from the 2-body and
3-body channels which have significantly larger statistics. Shortly, the 2-body channel allows a
direct measurement of the inter molecular distance from the position of the total kinetic energy
release (KER) peak. Moreover, the orientation of the molecules with respect to the dimer axis
(�a or �b) can be deduced from the 3-body channels. Note that the calculation of the orientation
angle theta from the experimental measurements is not straight forward, therefore a numerical
simulation of the 3-body dissociation has been performed in order to have a better interpretation
of the experimental findings. Note also that for the 3-body channels, the measurement is not
sensitive to the torsional angle (�) and that only a partial determination of the geometry is
accessible (see figure 5.1.1 (2) ). As described in the chapter 2 the interaction with Ar9+ ions
is faster than the nuclear motion of both molecules so our experimental method allows the
determination of the geometry of neutral dimer.
The objective of this chapter is to give the first experimental measurement of the 3-dimensional
structure of the N2 and CO dimers using the Coulomb explosion imaging technique. These
experimental findings will be compared to existing theoretical calculations and few experimental
measurements performed for both dimers.

5.1 Geometry of the N2 dimer

We focus on doubly and triply charged dimers leading to 2 and 3-body dissociation channels
(A) (N2)

2+
2

Ă N+
2
+N+

2
,

(B) (N2)
3+
2

Ă N+
2
+N+ +N+.

As discussed in chapter 2, the geometry of N2 dimers has been investigated through ab-
initio calculations with the support of few cross section measurements as well as through
photoelectron spectroscopy. It has been shown that several isomeric states (corresponding to
different geometries) exist for the ground state of the neutral N2 dimer. The five most favor-
able geometrical propositions from the previous studies are summarized in table 5.1.1 below.
Table includes the 3-D parameters (see figure 5.1.1) of these geometries which include inter
molecular distance and orientation of a molecule.
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5.1 Geometry of the N2 dimer

Figure 5.1.1 : Definition of the dimer geometry using the (RDimer, �a, �b, (�) coordinates. The N2

molecular bond length is fixed to RN2
=1.1 Å. a): complete three dimensional geometry. b): Partial

geometry accessible through the 2-body and 3-body explosion of the dimer. The non-dissociating N+
2

molecular ion is considered as a point-like particle located at its center of mass and the measurement
is not sensitive to the � coordinate.

Table 5.1.1 : Three dimensional parameters for (N2)2 structures proposed theoretically [26].

Configuration RDimer(Å) �Ԃ
a

�Ԃ
b

�Ԃ

H 3.81 90 90 0
X 3.87 90 90 90

T(Ta+Tb) 4.03 0 90 0
Z 4.30 45 45 0
L 4.65 0 0 0

To summarize we have two geometries H and X where both �a and �b are equal to 90Ԃ.
The next geometry T is a special case where one molecule in the dimer is parallel to dimer
axis and the other is perpendicular to theTa and Tb which are part of same configuration T,
however they can be distinguished as �a and �b while discussing triple electron capture of (N2)2
dimer. Then we have the only canted configuration Z with �a and �b as 45Ԃ. At the end we
have a linear configuration L where the two molecules are aligned with the dimer axis.
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5.1.1 2-body dissociation channel: Inter molecular distance

As already described in chapter 4, the bond length is measured from the position of the KER
peak in channel A. We have found an average KER value of 3.35 eV from its distribution
(refer to figure 4.1.1), which correspond to 4.29 Å as the equilibrium bond length R(N2)2

of
(N2)2 dimer. Our measured KER value agrees well with that obtained from the core excitation
using synchrotron radiation followed by intermolecular coulombic decay process by Trinter et
al [111]. They have found 4.03 Å as the intermolecular distance however the relaxation process
was different in their case as they were observed KER peak for interatomic coulombic decay
process. Comparing to ab-initio calculation, our R(N2)2

value is in fair agreement with the
theoretical predictions of T and Z shapes [20, 26]. However, the predicted bond length differs
only by 10% for the different geometry. For this reason, no definitive conclusion can be made
only from the RDimer value. Now we will discuss the 3-body channel in order to understand the
partial geometry of this dimer by accessing the variable �.

5.1.2 3-body dissociation channel: Molecular orientation in the dimer

As already mentioned, the initial orientation � (�a or �b) can not be directly deduced from the
experimental observable. Here we will use a comparison to a Monte Carlo simulation of the
3-body break up to indirectly infer the initial angle � from our data. In fact, the distribution
of the momentum of the 3 fragment depends on:
i) the intermolecular distance of dimer R(N2)2

,
ii) the orientation of the dissociating molecule with respect to the dimer axis i.e. � and
iii) the shape of the potential energy curve of the dissociative N+ +N+ state.

From our experimental observation the equilibrium intermolecular distance R(N2)2
=4.29 Å.

In the following we will use different experimental observables: kinetic energy of each fragment,
KER of the N2 monomer dication and also the angle  which is defined in figure 5.1.2.

The 3-body model in figure 5.1.2 explains the reconstruction of the angle  which is de-
pendent on the initial angle � but also on the KER of N2 molecule. The angle  is constructed
using the momentum of both atomic ions from the dissociating N2+

2
molecular ion. The mo-

mentum of the second fragment ⃖�⃖P 2 to reach the detector is subtracted from the momentum
of the first fragment ⃖�⃖P 1 which gives the resultant vector ⃖�⃖P 1 −

⃖�⃖P 2. The angle between this
resultant vector and the momentum vector of non-dissociating molecular ion N+

2
is called as

 . The angle  is in general not equal to �. However,  is equal �=90Ԃ and if both atomic
fragments have same mass and same charge.

As we discussed in the chapter 4 about the sharing of the kinetic energy among the 3
fragments in case of channel (B), the kinetic energy spectra of N+

2
is shown in figure 4.2.1.

As most of the events in the channel (B) correspond to fast synchronous direct fragmentation
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5.1 Geometry of the N2 dimer

Figure 5.1.2 : 2D representation of 3-body N2 dimer showing the angle  deduced from the
coincident measurement of the momenta of the three fragments in the N+

2
+N+ +N+ channel

the kinetic energy of the non dissociating N+
2

is low because of the fast repulsion of the two
atomic ions. This kinetic energy depends on the angle � as well as on the KER of the N2

monomer dication. The desired information about the geometry of the dimer can only be
accessed through these synchronous direct events therefore we will use them in the following
discussion. Although, due to their prominence over sequential events there is no filter on the
kinetic energy of N+

2
to avoid these events.

5.1.2.1 Numerical simulation of 3-body dissociation

The distribution of the momentum among the fragments following a 3-body fast synchronous
dissociation has been investigated using a classical model. Here we will present a simple model
used to determine the final momenta of three charged point like particles after dissociation as
a function of the initial geometry.

Description

In a 3-body channel we only have access to � which limits our input parameters for simulation.
A schematic representation of 3-body dissociation of (N2)

3+
2

through the channel N++N++N+
2

is described in the figure 5.1.1 b). Few assumptions and initial geometrical conditions have
been used to mimic the the 3-body dissociation. All the three fragments are considered as
point like charges situated at their center of mass initially at rest. The simulation is initial-
ized with an initial configuration resembling the geometry of the neutral cluster by positioning
ions at their atomic positions (see figure 5.1.1 b)). The equilibrium RN2

is set to 1.1 Å and
the R(N2)2

or RDimer and � values for different configurations of (N2)2 are provided in table 5.1.2.

The model assumes a fast synchronous direct fragmentation where both the van der Waals
and covalent bond break at the same time. Therefore forces on all the three ions start acting
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Table 5.1.2 : Updated geometrical parameters in accordance to 3-body dissociation experimental
observable in figure5.1.1 b). Here we only account the average RDimer along with the orientation of
the dissociating molecule i.e. �. We take an average of all the theoretical RDimer values to use the
categorize the five geometry just with their orientation angle �.

Configuration RDimer(Å) �(�a/�b)

H,X,Ta 4.23 90
Z 4.23 45

L,Tb 4.23 0

at the same time. Each force consists of two components from two neighboring ions as shown
in equation 5.1.1. In equations 1, 2 and 3 are the identifiers for N+, N+ and N+

2
.

⃖�⃖F i(i = 1, 2, 3) =

iȂj
∑

j=1,2,3

⃖�⃖F ji (5.1.1)

The forces on the each ion are calculated using an electrostatic repulsive forces induced
due to coulombic repulsion from the force fields of neighboring ions. Although, the assumption
of such Coulomb potential is only true for the case of force on 1 and 2 due to 3 and vice-versa.
On the other hand, the potential between atomic ions 1 and 2 of dissociating molecule is not
purely coulombic as it can be evidenced from the wide KER distribution of N2+

2
Ă N+ +N+

channel. To account for this KER distribution instead of the ab-initio based potential energy
curves in our model, we used a "corrected" Coulomb potential shown in equation 5.1.2.

V12 =
q1q2
4�"0

Ȃ

A12

r21
(5.1.2)

where r21=RN2
and q1, q2=1. An additional unit less parameter A12 is used to define the

potential between both 1 and 2 ions in equation 5.1.2 which helps in shaping the potential
curve for 2-body dissociation of monomer. Using the above potential, we will get a KER for
2-body breakup of a monomer at an interatomic separation of RN2

=1.1Å, which is described
in equation 5.1.3.

KER12 =
1

4�"0
Ȃ

A12

RN2

=
14.4

1.1
× A12 Ȃ A12 × 13.1eV (5.1.3)

Here 13.1 eV is the total kinetic energy released assuming a pure Coulomb dissociation of
N2 dication. In our model this parameter is calculated using the relation below

A12 =
KERN2

_Experimental

13.1
, (5.1.4)

thus, as the KER varies from 5 to 50 eV, it corresponds to A12 varying from 0.38 to 3.8.
Using the above potentials the forces acting between each ion are deduced below in equation
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5.1.5, 5.1.6 and 5.1.7.

⃖�⃖F 13 =
q1q3
4�"0

×
1

r2
31

û31 (5.1.5)

⃖�⃖F 23 =
q2q3
4�"0

×
1

r2
32

û32 (5.1.6)

⃖�⃖F 12 =
q1q2
4�"0

×
A12

r2
21

û21 (5.1.7)

Now using equation 5.1.1, we will have the coupled differential equation (DE) of the three
interacting particles using the equation of motion of the particle labelled "i".

�⃖vi =
d�ri
dt

(5.1.8)

mi
d⃖�⃖vi
dt

=
∑

i=1,2,3

⃖�⃖F i =
∑

jȂi

⃖�⃖F i (5.1.9)

where �⃖vi is the velocity of the particle, �ri is its position vector and t is time (t=0 is the
instance of collision). These coupled DE’s are integrated over a time period of 1 ns using a
sub routine of Runge-Kutta ODE solver. We use 1 ns as interval for this integration since this
is a sufficient time to reach the asymptotic momentum limit for all the 3 ions. A sample case
of 3-body dissociation of channel (B) is shown in figure 5.1.3 using the A12 Ȃ 1.

The figure 5.1.3 a), c) and d) shows the ion trajectories for the three geometries with �=0Ԃ,
45Ԃ and 90Ԃ. In figure 5.1.3 b) the evolution of kinetic energy of each ion and the total KER
for channel are shown as a function of the time. All the three ions reach the kinetic energy
asymptotic limit after about 1 ps.

Dependence of experimental observable on initial parameters

Once we obtained the momentum vectors after the integration time of 1 ns we will use them to
state the dependence of theoretical parameters (�, KER_N2+

2
) on the experimental observable

( , KE_N+
2

). We used the KER of N2+
2

ranging from 5 to 50 eV (A12 = 0.38 to 3.8). Figure
5.1.4 shows the evolution of the kinetic energy of non dissociating N+

2
with the initial � and

the KER_N2+
2

. For values of � ranging from 20Ԃ-90Ԃ the kinetic energy acquired by N+
2

is
relatively low and decreases when the KER_N2+

2
is high. The high KER_N2+

2
implies a fast

dissociation of both N+ ions which results in less time for N+
2

to be affected by their repulsive
electric field, thus resulting in a small final kinetic energy of the N+

2
ion. Whereas in the case of

� ranging from 0Ԃ to 20Ԃ, it is totally opposite i.e., for the high KER_N2+
2

values the kinetic
energy of N+

2
is higher because of the additional kinetic energy from one of the N+ fragment

is directed towards the N+
2

.
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5 Geometrical analysis of N2 and CO dimers

Figure 5.1.3 : a), c) and d): calculated ion trajectories of the 3-body dissociation of the channel
(B) for �=0Ԃ, 45Ԃ and 90Ԃ. b): Evolution of the kinetic energy and total KER as a function of time
for �=90Ԃ.

Using figure 5.1.4 we can distinguish between geometries with �= 0Ԃ and �= 45Ԃ or 90 Ԃ.
Although, the kinetic energy of N+

2
is poorly sensitive to � over the 30Ԃ to 90Ԃ range. Due to

this only a little difference is observed between the geometries with �= 45Ԃ and �= 90Ԃ.
Now using the momentum vectors of three ions we accessed the angle  and its dependence
with the initial angle � and KER_N2+

2
is shown in the figure 5.1.5. As we stated earlier, for

symmetry reasons  is equal to 90Ԃ if �= 90Ԃ for this channel. It is because, obviously the two
N+ atomic ions have similar masses and charges.

For � ranging from 45Ԃ and to 90Ԃ the angle  is only poorly sensitive to � and results in  
from 90Ԃ to 100Ԃ range. As we move to lower values of angle � (less than 40Ԃ) the sensitivity
of KER_N2+

2
on the angle  is highly increased. This high sensitivity on KER_N2+

2
makes it

difficult to deduce the initial angle � from  . Although when we reach toward �= 0Ԃ this high
sensitivity is minimized and  is equal to 180Ԃ. For this configuration, the  is independent of
the value KER_N2+

2
because the three ion propagates along the horizontal axis.

Convolution with experimental conditions

To achieve better understanding and comparison of simulation with experimental results we
added few experimental conditions in our simulation. The orientation of the dimer target is
chosen according to an isotropic distribution. This orientation is in respect to the laboratory
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5.1 Geometry of the N2 dimer

Figure 5.1.4 : Correlation graph showing the dependence of measured kinetic energy of non-
dissociating N+

2
from 3-body dissociation with initial � and KER_N2+

2
.

Figure 5.1.5 : Correlation graph showing the dependence of initial � and KER_N2+
2

on the
measurement of angle  from 3-body dissociation.

frame. We neglect any angular dependence of the electron capture process with the dimer orien-
tation leading to an isotropic initial orientation of the dimer. The molecules inside a dimer have
thermal agitation due to vibrational and rotational motion which causes the large experimental
distributions. We accounted this vibration of the molecules along molecular axis in a dimer and
it is denoted by using d� = ±20Ԃ. The initial values of � are chosen as a gaussian distribution
centered at �= 0, 45 or 90Ԃ in figure figure 5.1.1 b) and with a standard deviation d� = 20Ԃ.
The vibrations of these molecule inside the dimer also result in stretching and compression of
intermolecular bond/van der Waals bond. This bond is variable for different configurations so
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5 Geometrical analysis of N2 and CO dimers

to account the fluctuation in bond length, we measure the standard deviation (�KER) of the
kinetic energy release (KER) distribution for pure 2-body Coulombic dissociation of a dimer.
The fluctuation is around 10% of the peak value i.e. 10% on the RDimer (see chapter 4). Here
we use R(N2)2

=4.3 Å and �R(N2)2

=0.43Å.

In our experimental setup, the collision region for the overlap of the projectile and target
supersonic jet of 600 �m and 1.5 mm in diameter respectively. The size of this beam collision
region is estimated and initialized to be a sphere of 300 �m radius. The initial position vectors
for center of mass of the three ions in this dimer are randomly generated using a Gaussian
distributions with standard deviation of �x, �y, �z = 300�m. Calculating the velocity of the
supersonic jet (vjet) theoretically and from our experimental data (chapter 2); this is initialized
to be 700 m/s. During collision the transverse momentum is exchanged between projectile
and target, which contributes to experimental resolution. This means we need to account the
initial velocity from experimental data sets with standard deviation of about �vx, �vy and �vz =
300 m/s. With vjet as mean initial velocity of supersonic jet target, momentum exchange with
projectile contributes to distribution of initial velocity of target in center of mass frame (vcm ).

To reproduce the simulation close to experimental conditions now we consider an homo-
geneous extraction field (Eext) of 4000 V/m for the recoil ion spectrometer. Thus we also add
an additional force due this homogeneous electric field in equation 5.1.1, new equation will be
5.1.10

⃖�⃖F i(i = 1, 2, 3) = qi ⃖�⃖Eext +

iȂj
∑

j=1,2,3

⃖�⃖F ji (5.1.10)

with ⃖�⃖Eext = Eextûx. Once the ions are far enough from each neighbor ions(see figure), we
stop using Coulomb potential for their migration and let them get extracted upto the detector
using only the extraction field. This propagation is calculated using the equation of motion in
5.1.11, where �⃖u and �⃖a are velocity vector after 1 ns and acceleration due to the extraction field
respectively.

⃖�⃖S = �⃖ut +
1

2
�⃖at2 (5.1.11)

Once we determine the time t as the TOF of ions from above equation we can get the
position coordinates of ions on the detector using; Y = Y0+vy×TOF and Z = Z0+vz×TOF .
Then position and the TOF parameters are convoluted with the spatial and temporal detector
resolution (̀t,̀y,̀z). The resolution of TOF, Y and Z are fixed to 1 ns and 0.1 mm for both
Y and Z position coordinates. Once we have (TOF, Y, Z) for all events, we transform this
data set into 3D momentum vectors (Px, Py, Pz) for each particle using the same data analysis
program as for experimental data.
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5.1 Geometry of the N2 dimer

5.1.3 Results: Experimental vs Simulation

Using the above explained simulation we performed the simulation for three main geometries
that are summarized in table 5.1.2. In figure 5.1.6 a) we have the distribution of  from
the simulation along with the experimentally observed  distribution in figure 5.1.6 b). In
simulated spectra of  distribution for geometry with �=90Ԃ there is one peak centered around
90Ԃ. For the next geometry with �= 45Ԃ, we observed two peaks around 83Ԃ and 97Ԃ. This
peak distribution is wider because of the higher sensitivity of  on the KER_N2+

2
. Finally for

linear geometries with �=0Ԃ, a widely spread distribution on both sides of 90Ԃ is observed. The
 reproduces a valley at 90Ԃ.

Figure 5.1.6 : a):  distribution obtained from the simulation for the configuration accounted in
table 5.1.2, b): Experimentally observed  distribution for the channel (B).

In figure 5.1.6 b) the measured experimental  distribution from 3-body channel (B) is
shown. For this channel the distribution is well centered around 90Ԃ and is in agreement with the
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5 Geometrical analysis of N2 and CO dimers

simulated spectra for �=90Ԃ dimer in figure above (red curve). Unlike in the simulated spectra
for �=45Ԃ (blue curve) there is no evidence of the two contributions centered around 83Ԃ and
97Ԃ in our experimental  distribution. Similarly there is also no evidence for the geometries
with �=0Ԃ. Henceforth, with the agreement over �=90Ԃ, only the H, X or Ta shape are possible
candidates as initial geometry of the N2 dimer. Note that the T-shape geometry would result in
two contribution depending on either the dissociating N2+

2
is the one perpendicular or aligned

with the dimer axis. Since the electron capture process is not expected to be favoring one
molecular configuration inside the dimer therefore the T-shape geometry is supposed to give
rise to two contributions corresponding to �= 0Ԃ and �= 90Ԃ with relative intensities of about
50%. Therefore, the T-shape can be excluded from predicted geometry. Thus we can conclude
that using the comparison between experimental and simulated  distributions geometrical
configuration of (N2)2 dimer is either H or X shape.

Figure 5.1.7 : Two dimensional correlation between the measured angle  deduced from N+
2
+

N+ +N+ channel as a function of kinetic energy of N+
2

.

In figure 5.1.7 a correlation between the experimental  distribution as a function of
kinetic energy of non dissociating N+

2
is shown. As explained before we can see that the

angular information is preserved in the fast synchronous direct events. The high intensity
region below 3 eV correspond to those events. No dependence of  with kinetic energy of non
dissociating N+

2
is observed which confirms the molecular orientation to be �=90Ԃ. A slight

vertical straight line around 3.35 eV is due to few long lived metastable states showing signs of
sequential fragmentation. This two dimensional graph can also be used to differentiate between
direct and sequential fragmentation as it will be discussed for CO dimers.

5.2 Geometry of the CO dimer

To discuss the geometry of CO dimer we will use exactly the same analysis as in the case
of N2 dimer. Since the late 90’s there had been a lot of theoretical calculations done to
determine the structure of CO dimer [14,28,30,32–35,112–114]. There were a few infrared (IR)
spectrometer experiments by various collaborative groups [28, 30, 32, 34, 113–115]. In almost
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5.2 Geometry of the CO dimer

all of the calculations and IR experiment the predictions are coherent for C-bonded (T-shaped
or anti parallel) with bond length of 4.4 Å and O-bonded (T-shaped or anti parallel) with bond
length approximately 4 Å. Although, for a complete investigation we use all configurations from
previous calculation and measurements which are mentioned in Nxumalo’s paper [30]. Table
5.2.1 below accounts the five proposed configuration of CO dimer with corresponding three
dimensional geometry parameters. The three dimensional and two dimensional structure for
CO dimer are exactly the same as shown in figure 5.1.1, apart from the measurement of the
angle � is chosen to be with respect to the oxygen atom in the CO molecule.

Table 5.2.1 : Theoretically proposed 3-dimensional parameters for (CO)2 structures

Configuration RDimer(Å) �Ԃ
a

�Ԃ
b

�Ԃ

C-Bonded antiparallel 4.4 135 45 180
O-Bonded antiparallel 3.96 45 135 180

T shape C-CO 4.42 90 0 0
T shape O-CO 3.88 0 90 0

Linear O-O 4.62 0 0 0

As in the case of N2 dimers we will focus only on doubly and triply charged CO dimers
leading to
(C) (CO)2+

2
Ă CO+ + CO+ and

(D) (CO)3+
2

Ă CO+ + C+ + O+

2 and 3-body dissociation channel respectively.

5.2.1 2-body dissociation channel: Inter molecular distance

The intermolecular distance inside a dimer is deduced from the KER spectra of the 2-body
channel (C) with single charge on each CO molecule inside the dimer. In figure 4.1.2 we have
the KER spectra for channel (C) (see chapter 4). The peak is centered at the mean value of
3.18 eV. This value is consistent with the one reported by Ding et al in [46] obtained using
a similar Coulomb imaging technique where they used an ultrashort intense laser pulses to
achieve multiple excitation of CO dimer target. Although the main objective of there work was
to study the fragmentation dynamics. Assuming a pure Coulomb dissociation for the 2-body
channel (C) the equilibrium intermolecular distance R(CO)2

is found to be 4.52 Å.

TheR(CO)2
is very close to the intermolecular distances predicted for C-bonded antiparallel,C-

bonded T-shaped and the O-bonded configurations. Furthermore, in various ab-initio calcu-
lations it is found that the global minimum of the potential energy surface of CO dimer are
for antiparallel C-bonded configuration (�=135Ԃ), with the intermolecular distance predicted
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5 Geometrical analysis of N2 and CO dimers

around 4.4 Å. Therefore the geometry is more likely to correspond to the C-bonded struc-
ture. For further investigation of these geometrical configurations, the analysis of the 3-body
dissociation channel will be used along with the simulation results.

5.2.2 3-body dissociation channel: Molecular orientation in the dimer

As we discussed in previous chapter the fragmentation dynamics of CO dimer is different from
the N2 dimer, with two prominent pathways: fast synchronous direct and sequential. These two
mechanisms are easily separable using the KE of non-dissociating CO+ from channel (D)(see
figure 4.2.3). The peak for sequential events is around 3.2 eV which can be calculated by using
the Coulomb dissociation approximation in the first step of CO+ + CO2+.
For channel (D), the sequential pathways is a two step process where the first step is a pure
Coulomb explosion of the dimer into CO++CO2+. Then the longlived CO2+ randomly rotates
in space before dissociating further into atomic ions. This is why only fast synchronous direct
events are used for determination of initial molecular orientation �. A filter on the kinetic en-
ergy of the non-dissociating CO+ i.e. events below 2.5 eV (see figure 4.2.3) is used to separate
these events.

As we have already discussed the torsional angle (�) is not accessible from the 3-body
channel. Therefore for partial geometry we will update the table 5.2.1 to table 5.2.2, on
the basis of initial angle � and RDimer (depending on C-bonded or O-bonded). Using the
configurations in the table 5.2.2 we performed a 3-body dissociation simulation similar to the
one described in the case of N2 dimer.

Table 5.2.2 : Updated geometrical parameters in terms of initial angle �. Here we choose two
average RDimer values. One corresponding to C-bonded (4.4 Å) and the other one O-bonded (4 Å).

Configuration RDimer(Å) �(�a/�b)

Slipped anti parallel (C-C) 4.4 135
Slipped anti parallel (O-O) 4 45

Ta (CO-C/CO-O) 4.4 90
L, Tb(CO-O) 4 0

Tb(CO-C) 4.4 180

Since, CO is heteronuclear we can not compare to the results of the N2 dimer directly.
We adapted the simulation accordingly by changing the interatomic distance (RCO=1.128Å),
similarly the KER of CO2+ from monomer is used to shape the potential curve for CO2+ inside
a dimer. The jitter on � is 20Ԃ and the jitter on RDimer or R(CO)2

is 0.4 Å as for N2 dimers. The
 distributions obtained from simulation for the five configurations in table 5.2.2 are shown in
figure 5.2.1 a). For the initial �=135Ԃ (C-bonded) there is one peak centered at 80Ԃ. Secondly,
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5.2 Geometry of the CO dimer

for �=45Ԃ (O-bonded) the  distribution is much wider than in the case of �=135Ԃ and is
centered around 98Ԃ. Now the case with �=90Ԃ is slightly different from the case of N2 dimer
as masses of C and O are not equal. The  distribution for this case is centered around 86.5Ԃ.

Figure 5.2.1 : a):  distribution obtained from the simulation for the configurations accounted in
table 5.2.2, b): Experimentally observed  distribution for the channel (D).

Lastly, for configurations with �=0Ԃ and 180Ԃ the  distributions are spread from 90Ԃ-180Ԃ

and 0Ԃ-90Ԃ respectively. The figure 5.2.1 b) shows the experimental distribution of the angle
 from direct events channel (D). There is a single peak centered at 86.1Ԃ. The experimental
spectra fits perfectly with the simulated spectra for �=90Ԃ. All the other configurations does
not able to reproduce the experimental data henceforth they all can be excluded.

As in the case of N2 dimers, a T-shape geometry would result in two distinct contribution
corresponding to �=0Ԃ and �=90Ԃ. The experimental spectrum does not show any evidence
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5 Geometrical analysis of N2 and CO dimers

for a �=0Ԃ geometry. Therefore the T-shape geometry for both the C and O-bonded can be
excluded. This however generates the possibility of introducing propositions for the geometry
of CO dimer, there is a possibility of having a planar H or non planar X configuration similar
to the case of N2 dimer. To investigate more about these structures we need to be susceptible
to the torsional angle � which would require the analysis of the 4-body channel.

Figure 5.2.2 : Two dimensional correlation between the measured angle  deduced from CO+ +

C+ + O+ channel as a function of kinetic energy of CO+.

In the end, a correlation graph between the angle  with KE of CO+ is presented in
figure 5.2.2. Both the synchronous direct and sequential process can be seen separately. The
high density contribution in region below 2.5 eV and 86.1Ԃ corresponds to the event involved
in synchronous direct process. Whereas a straight vertical line centered around 3.2 eV and
distributed along 0Ԃ-180Ԃ results from the 2-step sequential process. This isotropic distribution
of  for these events confirms that the fragmentation time of the CO2+ is much larger than
its rotational period in the first step CO+ + CO2+.

5.3 Conclusion

We used the 2 and 3-body dissociation channels of N2 and CO to determine the three di-
mensional structure of these molecular dimers. The intermolecular distance has been deduced
from the KER distribution of the 2-body dissociation channels while we used a comparison to
Monte-Carlo simulation of the 3-body break up to derive the molecular orientation � from the
experimental observable.

1) From the experimental measurement using the 2-body channel the equilibrium inter-
molecular distance for N2 dimer is 4.3Å. The orientation of the dissociating molecule inside
the dimer is deduced using  to be around �=90Ԃ. Using the Monte-Carlo simulation the
value of this initial angle � is in agreement with H or X shapes. The measured intermolecular
distance is in agreement with measurements done in Trinter’s work using the Coulomb imaging
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technique [111]. Although, the predicted intermolecular distances calculated theoretically for
H and X configurations are not in agreement. On the contrary the Z configuration agrees
perfectly with our measurement of intermolecular distance.

2) For CO dimer using the KER from 2-body channel the equilibrium intermolecular dis-
tance is measured around 4.52 Å. The orientation of the dissociating molecule inside the dimer
is found to be 90Ԃ. The experimental  distribution is a single peak centered at 86.1Ԃ which
correspond to �=90Ԃ configurations. Using the simulation none of the proposed theoretical
configurations fits with our experimental measurement of angle  . Therefore we propose the
geometry for CO dimer could be a C-bonded H shaped parallel/anti-parallel or X shaped crossed
with torsional angle � = 90Ԃ. For this heteronuclear complex we have options between C or
O-bonded configurations. Since the uncertainty in our KER measurement is much lower than
10%, therefore comparing with theoretical and infrared measurements from the previous work
the CO dimer is more likely to be C-bonded. Our measured intermolecular distance are con-
sistent with the Ding’s work using the the similar Coulomb imaging technique [46].

For both N2 and CO dimer the analysis of multiply charged (N2)
q+

2
Ă N+

2
+Nm+ +Nn+

and (CO)
q+

2
Ă CO+ + Cm+ + On+ channels with m Ȃ 1, has been done and the conclusion

is same for both geometries. The Coulomb imaging technique has been the most significant
technique to provide answers regarding intermolecular distance and partial geometry of dimers.
However, for further discrimination between the H or X geometry we need to be measure the
three dimensional parameter � and it will be possible with the 4-body dissociation channel only.
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6 Geometrical Analysis of N2 and CO trimers

In this chapter we increase the cluster size from dimer to trimer. As explained in Chapter
3 the production of trimers at room temperature is possible with a high inlet pressure of about
20 bars. Coulomb explosion of triply ionized trimers of both N2 and CO are discussed in this
chapter with the objective of determining the geometrical structure of these trimers. Upto our
knowledge, there are no previous experimental results using imaging technique investigating
molecular trimers. Note that such equilateral triangle geometries have already been measured
for Ar3 and Ne3 using a similar Coulomb imaging explosion technique [85,87]. There had been
few theoretical calculations done along with Raman spectra to find the low energy configurations
of weakly bound (N2)n (n=2-6) complexes [116]. In this work they have proposed an equilateral
geometry for (N2)3 trimer. Similarly for (CO)3 trimer a theoretical and IR spectroscopy has
been performed to comment over the geometrical configurations of this trimer [117]. For (CO)3
as well an equilateral planar geometry has been proposed which is claimed to be C-bonded.

88



6.1 3-body fragmentation of N2 trimers

6.1 3-body fragmentation of N2 trimers

The fragmentation of (N2)
3+
3

trication if one electron is captured of each molecule is via the
(N2)

3+
3

Ă N+
2
+N+

2
+N+

2
channel. Depending upon the trimer geometry the total energy will

be shared differently among all the fragments. Similar to the case of dimer we will use KER
and Newton Diagram to identify the geometry. In addition, for further analysis we will also
use Dalitz plots to describe the momentum sharing between each fragment corresponding to
a certain geometry. Moreover, the equilibrium inter molecular distance R(N2)3

can be deduced
from the KER measurement.

6.1.1 KER Spectra of (N2)
3+
3

In figure 6.1.1 the total KER for the 3-body channel of (N2)
3+
3

Ă N+
2
+N+

2
+N+

2
is shown.

The KER peak starts to build up from around 5 eV, from here it goes until the most probable
value of the distribution at 9.75 eV. The KER peak is clearly asymmetric (with left skewed
shape) and the fast drop on the high energy side may be due to the minimal intermolecular
distances in the trimer.

Figure 6.1.1 : KER spectra for (N2)
3+
3

3-body channel from the collision with 15 qkeV Ar9+

Along with the total KER of the 3-body channel, the energy distribution among the 3
fragments is also observed. Figure 6.1.2 shows the kinetic energy of all three N+

2
ions in order

of their arrival on the ion detector. These peaks look very similar to the shape of the total KER
spectra having a long tail at low energy part and a sudden drop in high energy. The maximum
kinetic energy for all the three fragments is almost the same i.e around 3.25 eV.

The equally shared energy between all the three fragments indicates a symmetrical ar-
rangement of the (N2)3 trimer where the three molecules sits at the "corner" of an equilateral
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6 Geometrical Analysis of N2 and CO trimers

Figure 6.1.2 : Kinetic energy spectra for all the three N+
2

from (N2)
3+
3

trication. First, second and
third are assigned according to their time of arrival on the ion detector.

triangle. The very small contribution in the low energy part (close to 0 eV) of the kinetic energy
of the second N+

2
is due to the false coincidences in our data. Although it has no significant

effect on our total KER as the statistics of these events are quite low. Such a contribution is
also observed for (CO)3 trimers and will be discussed more in detail later. Now, we will see in
the next section how the symmetry in kinetic energy distribution can be explained by using the
Newton diagram.

6.1.2 Newton Diagram

Figure 6.1.3 : Newton diagram showing the 3-body pure coulomb dissociation of (N2)
3+
3

, the second
fragment to arrive on detector is taken as the reference. Momentum are in atomic units (a.u.).

Figure 6.1.3 shows the Newton diagram of the (N2)
3+
3

Ă N+
2
+N+

2
+N+

2
channel. Here,

we choose the second N+
2

fragment as a reference on the X-axis. The momentum of the first
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6.1 3-body fragmentation of N2 trimers

fragment is plotted in the lower part of the spectrum while the third fragment appears in the
upper part. We observe two contributions centered around Px= -55 au and Py= ±95 au. The

corresponding momentum strength is P =
Ȃ

(±95)2 + (−55)2 Ȃ 110 au, which is also strength
of momentum vector of the reference N+

2
fragment. This results in the kinetic energies of

about 3.25 eV for all the three fragments as already shown in figure 6.1.2.

Figure 6.1.4 : Angle between the momentum vectors of two adjacent fragments.

The Newton diagram also shows that all van der Waals bonds dissociate simultaneously
because any sequential fragmentation process would result in a circular shape of the first and
third fragment momentum distribution. Considering all the three fragments as point charge, it
is clear that (N2)

3+
3

trication have a equilateral triangular shaped geometry. This interpretation
of triangular geometry is fully consistent with the equal energy sharing between all the three
fragments which dissociates via Coulomb explosion. To support this interpretation we have
also measured the angle between the momentum vectors of any two N+

2
fragments. In figure

6.1.4 (top) a triangular geometry for (N2)
3+
3

has been represented where the �⃖p1, �⃖p2 and �⃖p3 are
the momentum vectors of the corresponding N+

2
fragment. The angle �12 is the angle between

�⃖p1 and �⃖p2 and �23, �13 are defined similarly. In figure 6.1.4 (bottom) all these 3 angles have
been plotted.

A sharp peak centered around 120Ԃ is observed for all the three angles in figure 6.1.4.
Considering an equilateral triangle geometry, the angle between the momenta is expected to
be equal to 120Ԃ. Note that due to the high symmetry of the equilateral trimer and as all the
fragments have similar masses and charges, the angle �ij(i Ȃ j) = 120Ԃ correspond both to
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6 Geometrical Analysis of N2 and CO trimers

the initial geometry of the trimer but also to the final angle between the momentum vectors
of each ion. Therefore the geometry of (N2)3 is determined to be an equilateral triangle. The
widely spread distribution on the bottom of these angle peaks represents the stretching of the
van der Waals bonds inside the trimer.

Bond length

Now after the analysis of KER distribution and Newton diagram, assuming an equilateral
triangular geometry of (N2)3 trimer, the KER value at 9.75 eV (see figure 6.1.1) can be used to
compute the equilibrium bond length R(N2)3

. For an equilateral triangle configuration assuming
a pure Coulomb repulsion between the three fragments, one find:

R(N2)3
= 3 ×

1

4�"0
Ȃ

1

KER

.
where KER is of the 3-body dissociation channel of (N2)

3+
3

trication. The KER peak at 9.75
eV thus correspond to a bond length R(N2)3

= 4.43 Å. This value is very close to the equilibrium
bond length in dimer R(N2)2

= 4.3 Å as measured and detailed in chapter 4.

The work done by Li using the theoretical calculations and Raman spectra predicted an
equilateral triangle geometry of (N2)3 which is in agreement with our experimental results [116].
Aforementioned, there had been no experimental data on (N2)3 trimer geometry, yet rare gas
trimers had been of interest lately [85,87]. In the recent studies on Argon and Neon trimers using
the similar imaging techniques, it has been found that both these trimers have the equilateral
triangular geometry. Moreover, the equilibrium bond length in Ar3 and Ne3 is close to what
was measured from dimer dications of respective atoms. In our measurements as well the bond
length of the N2 dimer is similar to the bond length in N2 trimer with a highly symmetric
equilateral triangular geometry. Molecular N2 trimer, as well as rare gas trimers result from
induced dipole interaction between non polar molecules or atoms. Interestingly, it turns out
that all these van der Waals clusters exhibit the similar geometrical features.

6.1.3 Dalitz plot

Another approach to confirm the previous geometrical investigation in above sections can be
done using a Dalitz plot [118]. Dalitz plot is a probability density plot which allows the visualiza-
tion of the reduced correlated momenta in a 3-body fragmentation. These reduced momentum
are calculated using the equation below:

ei =
p2
i

Ȃ

i=1,2,3 �⃖p
2
i
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6.1 3-body fragmentation of N2 trimers

Using ei the energy correlation can be represented in a 2-D Cartesian system by defining
the following coordinates:

xD =
e2 − e3
Ȃ

3
and yD = e1−

1

3
. xD and yD are the coordinates for the Dalitz plot. Figure 6.1.5

shows the correlation between the initial geometry of the trimer and the position inside the
Dalitz plot. The configuration at the coordinates (0,0) i.e. point ’O’ corresponds to the case
where the energy is equally distributed among three fragments. In this case all the molecular
ions inside trimer are equidistant from each other and correspond to an equilateral triangle
geometry. Events located on bisectors AB, CD and EF correspond to isosceles triangular
geometries. These triangles can be either elongated or flattened depending on their position
along the bisectors. Rest of the location inside the circle represent any other asymmetric
geometries.

(a) (b)

Figure 6.1.5 : a) Example of a Dalitz plot for representing a 3-body dissociation of symmetric system
(same mass and same charge). See explanation in the text. b) Dalitz plot obtained experimentally
from the 3-body dissociation of (N2)

3+
3

.

The Dalitz plot for 3-body channel of (N2)
3+
3

is shown in figure 6.1.5b. The highly dense red
spot centered at (0,0) confirms the equilateral triangular geometry. Additionally three "wing"
like distributions can be seen along the bisectors which move from the center O to the low
energy part of the fragment (see OB, OC and OE in figure 6.1.5, arrow shortening along the
line represent energy decrements in corresponding fragment). Such contributions of slightly
flattened isosceles geometries as already been reported for rare gas Ar3 and Ne3 trimers [85].
They result from some specific vibrational modes of the trimer. The relative intensity of these
"wings" also gives information on the floppiness of the structure and will be later compared to
the case of (CO)3 trimers.
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6 Geometrical Analysis of N2 and CO trimers

6.2 3-body fragmentation of CO trimers

By contrast to N2, the CO molecule has a small dipole moment (about 0.12 D) and we will
study if this tiny dipole moment has a significant impact on the geometry of the neutral (CO)3
trimer. Another question regarding the geometry CO trimer is whether the molecules are C-
bonded or O-bonded. In figure 6.2.1 a planar C-bonded cyclic geometry has been deduced
from IR spectroscopy in the work of Rezaei recently [117]. After investigating the homonuclear
molecular trimer we update our target to heteronuclear molecular trimers i.e. (CO)3. After
triple ionization by 15 qkeV Ar9+ projectile, the fragmentation of (CO)3+

3
trication is via,

(CO)3+
3

Ă CO+ + CO+ + CO+ channel. The geometrical analysis in this section is similar to
the one already presented for (N2)

3+
3

trication.

Figure 6.2.1 : Using the hybrid potential surfaces from Vissers [14] and the IR spectra of (CO)3 it
is proposed by Rezaei [117] that, the CO trimer exhibits a C-bonded in plane cyclic geometry with
an inter molecular separation of 4.42 Å.

6.2.1 KER Spectrum of (CO)3+
3

Firstly the KER spectra of this 3-body channel is presented in figure 6.2.2. The KER distribution
appears to have the similar shape as of (N2)

3+
3

but here the reaction peak for CO trimer’s 3-
body channel begins at around 3 eV and suddenly drops at 11 eV. The distribution is left
skewed with the KER peak reaching to its most probable value at 9.2 eV. Such asymmetric
KER distributions have also been observed for Ar3 and Ne3 trimers and may come from specific
vibrational modes of the triangle. The events ranging from 11 eV to 20 eV most probably result
from false coincidences not filtered out in our analysis procedure.

To investigate further, the kinetic energy shared by the three fragments is shown in figure
6.2.3. All the three spectra show a similar distribution apart from a peak very close to 0 eV in ki-
netic energy of second CO+ fragment (blue part in the figure 6.2.3(center)). This contribution
is likely to arise either from: a linear shape of (CO)3 where the central CO molecule acquires
a small amount of kinetic energy or due to false coincidences where an independent monomer
cation arrive in a random coincidence window. To verify whether it is a contribution from a
linear geometry or false coincidences we look into the KER distribution and add a selection on
the kinetic energy of the second detected fragments (KE2). It divide the events in two sets:

94



6.2 3-body fragmentation of CO trimers

Figure 6.2.2 : KER spectra for the (CO)3+
3

3-body channel from the collision with 15 qkeV Ar9+.
The spectra in black is from all the events and spectra in red and green is with condition on kinetic
energy of second CO+ (see discussion in text).

KE2 Ȃ 0.25 eV and KE2 < 0.25 eV.

The KER distributions associated to these two sets of events are plotted in red and green
on figure 6.2.2. Events with KE2 < 0.25 eV (green line) result in an almost flat KER distribu-
tion ranging from about 0 eV to 20 eV. Where as events with KE2 Ȃ 0.25 eV (red line) seem
to correspond to a triangular shape. Assuming a pure the Coulomb dissociation for a linear
geometry of (CO)3 we can calculate the expected KER associated to three exactly aligned
molecules using the equation:

KERLinear =
1

4�"0

(q1q2
R12

+
q2q3
R23

+
q1q3
R13

)

.
For calculation we assume the average C-bonded inter molecular distance of 4.4 Å, therefore
R12 = R23 = 4.4 Å, R13 = 2×4.4 = 8.8 Å and q1, q2, q3 = 1. This gives KERLinear Ȃ 8.15
eV. Note that in such asymmetric linear geometry, the central CO+ ion is emitted with exactly
zero kinetic energy. Consequently, the central CO+ is expected to have a time of flight equal
to the central position of the TOF peak at

m

q
= 28. Thus, this fragment is expected to be the

second to reach the detector.

While comparing with KER distribution from KE2 < 0.25 eV (green line) in figure 6.2.2
there is no sign of such a peak around 8.15 eV. On the contrary this distribution is spread along
the total KER spectra in black as a consistent background. Therefore we can affirm that the
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6 Geometrical Analysis of N2 and CO trimers

contribution corresponding the kinetic energy of second detected fragment below 0.25 eV are
due to false coincidences and that it does not result from a linear shape.

Figure 6.2.3 : Kinetic energy spectra for all the three CO+ from (CO)3+
3

trication. First, second
and third are assigned according to their time of arrival on the ion detector.

In figure 6.2.3 the kinetic energy distribution in red corresponds to the events with KE2 Ȃ

0.25 eV and only these will be used. In the kinetic energy distribution of all the three fragments
the maximum is observed around 3.06 eV in all the three spectra, inferring to the symmetry in
the geometry of (CO)3 trimer. As we observed in the case of kinetic energy of N+

2
fragment

we again see a long tail in the low energy part and a sudden drop at the end. The equal
sharing of energy between all the fragments hints a triangular geometry. Nevertheless further
confirmation using Newton and Dalitz plot are done in following sections.

6.2.2 Newton diagram and Dalitz plot

The Newton diagram for the (CO)3+
3

3-body channel is presented below in figure 6.2.4. The
plot is in the frame of reference of second CO+ fragment and its momentum is fixed along
positive x-axis at y=0. The momenta of first and third fragments are plotted in upper and
lower part of y-axis respectively.

These features are very similar to what was observed in the (N2)
3+
3

trication. Looking from
the evidences of the Newton diagram and the equally distributed kinetic energy between three
fragments, it is quite evident that the geometry of (CO)3 is equilateral triangular. In the figure
6.2.5, the angular distributions between the momenta of any two CO+ fragments are shown.
All the three angles are centered around 120Ԃ which is also consistent with the geometry of
(CO)3 to be an equilateral triangle. The broadening in the bottom of each peak is from the
vibrations in the weak van der Waals bond as already observed for (N2)3 trimers and Ar3 and
Ne3 [85].

Finally, another evidence for our interpretation equilateral triangular geometry can be ob-
served in the Dalitz plot. Figure 6.2.6 shows the Dalitz plot for (CO)3+

3
3-body channel. The

high intensity distribution around the (0,0) coordinates of the Dalitz represent an equilateral
triangular geometry of this trication.
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6.2 3-body fragmentation of CO trimers

Figure 6.2.4 : Newton diagram showing the 3-body pure coulomb dissociation of (CO)3+
3

.

Figure 6.2.5 : Angle between the momentum vectors of two adjacent fragments.

Rest of the events along the bisectors show the similar behavior as in the N2 trimer. A
quantitative comparison of Dalitz from N2 and CO suggest that the "wing" like distribution
is more spread in case of CO trimer. All these events along the bisectors represents a large
variety of triangular configurations available for this trimer due to the floppiness of its structure.

In the Coulomb imaging experiment from Ulrich et al about the geometry of Ne3 and
Ar3 trimers, they observe the similar wide distributions in the case of Ne3 in comparision to
Ar3 [85]. They found that besides the dominant equilateral triangular geometry (Ȃ 31.5%)
there are various other triangular configuration such as isosceles (Ȃ 45%) and scalene(Ȃ 23.5%)
present for Ne3 [13]. The wide "wing" distribution in the case of (CO)3 trimer seems to have
similarly wide range of triangular configuration. Thus, the vibration motion inside the (CO)3
trimers seems to be significantly more pronounced than the N2 trimer.
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6 Geometrical Analysis of N2 and CO trimers

Figure 6.2.6 : Dalitz plot obtained experimentally from the 3-body dissociation of (CO)3+
3

Bond length

From our analysis we are sure that the CO trimer exhibit a equilateral triangular geometry.
Similar to the case of N2 trimer we used the most probable value from the KER of the 3-body
dissociation of (CO)3+

3
to calculate the inter molecular distance (R(CO)3

). The R(CO)3
is mea-

sured around 4.69 Å which is also close to our measured equilibrium bond length of CO dimer
i.e. 4.52 Å. As for the N2 clusters, we find the trimer bond length to be slightly larger (about
3%) than the dimers bond length. Alongside the structural agreement with Rezaei’s work we
also have the nearly equal inter molecular distances between CO dimer and trimer which agrees
with the case rare gas trimers studied in Ulrich’s work [85].

In previous chapter we concluded that CO dimer geometry is C-bonded. Since the value
of R(CO)3

is close to CO dimer bond length it seems that for an equilateral triangular geometry
of CO trimer may also be C-bonded. Also from the calculations and FTIR measurements done
in the reference work of Rezaei et al, the CO trimers are found to have a C3Ă symmetry for a
cyclic planar geometry [117]. Our measurements and the theoretical calculations evidence that
CO trimer have a C-bonded equilateral triangular geometry with an equilibrium R(CO)3

of 4.69
Å.

6.3 Conclusion

Using imaging technique low energy ion-induced recoil ion coincidence measurements, we per-
form a direct measurement of the structure of (N2)3 and (CO)3 trimers thanks to their respec-
tive 3-body fragmentation channels. To the best of our knowledge, no previous research has
investigated the geometry of (N2)3 and (CO)3 using similar experimental technique. We can
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6.3 Conclusion

state that both of these complex systems exhibit a similar geometry. (N2)3 and (CO)3 exhibit
an equilateral triangular geometry with R(N2)3

= 4.43 Å and R(CO)3
= 4.69 Å. However the

bond length between the dimer and trimers of respective targets are very close to each other.
This may indicate that CO trimer’s geometry is most probably equilateral triangular C-bonded.
The geometries obtained are in agreement with the work of Li’s and Rezaei’s done on (N2) and
CO trimer respectively. Although the Dalitz comparison shows that the structure of the CO
trimer might be a little floppier than N2 trimer. Such asymmetry in the emission energy of
the molecular N+

2
or CO+ ions may also be interpreted as a signature of some indirect decay

processes such as Intermolecular Coulomb Decay (ICD).

Until recently only the rare gas atomic trimers (Ne3 and Ar3) had been studied using
imaging technique and they were both found to have a equilateral triangular geometry. The
inter molecular separation in dimer and trimer are also very close to each other. As N2 is a non
polar molecule it is not surprising that it exhibit a high agreement with the findings of rare gas
trimers. More surprisingly, even if CO has a small permanent dipole moment, we found that
the CO trimer also exhibit a equilateral triangular geometry.
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Conclusion

7
In this thesis, a detailed discussion on the main experimental results explaining the fragmen-
tation dynamics of diatomic molecular dimers ((N2)2 and (CO)2) is presented. The three
dimensional geometry of dimers and trimers of both these diatomic molecules have also been
investigated using Coulomb explosion imaging technique. The experiments were conducted us-
ing low energy highly charged ions in collision with diatomic molecular dimer/trimer ((N2)2 and
(CO)2). The low energy of the projectile favors the electron capture as the dominant process
and the interaction time is shorter in comparison with the timescale of nuclear motion. Thus
both sites of the cluster are considered as frozen aiding in determination of the fragmentation
dynamics and geometry. Such a detailed analysis is only possible with a kinematically complete
experimental setup, COLd Target Recoil Ion Momentum Spectrometer (COLTRIMS) technique
in our case. The coincident detection of the position and the time of flight of all ionic frag-
ments allow us to identify the fragmentation channels and reconstruct the three dimensional
momentum vectors of each particle. A detailed analysis of the data provide details about the
fragmentation dynamics and partial geometry of N2 and CO clusters.

In both (N2)
3+
2

and (CO)3+
2

dimers trication, using the 3-body fragmentation channels we
find two distinct dissociation pathways depending on the presence of the metastable states
in the molecular dication. For the case of (N2)

3+
2

, there is essentially a synchronous direct
fragmentation with both the covalent and van der Waals bonds exploding at the same time.
However, in (CO)3+

2
there is an additional delayed pathway available, known as sequential frag-

mentation. In sequential fragmentation the first step is the cleavage of the weak van der Waals
bond via pure 2-body Coulombic dissociation followed by the cleavage of the covalent bond
of the recoiling molecular dication. These pathways can be separated using the kinetic energy
of the non dissociating molecule. Irrespective of the dissociation pathway it has been found
that the states involved in the fragmentation of both molecular dication are weakly affected by
the proximity of the non dissociating molecular cation. The presence of the non dissociating
ion however contribute to a global shift of the potential energy curves of the molecular dica-
tion, establishing that the influence of neibhouring molecule is only coulombic. Additionally,
the kinetic energy release corresponding to both pathways helps in distinguishing the states
involved in the direct and sequential processes. Sequential dissociation is found to be due to
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7 Conclusion

the existence of various metastable states in the molecular dication with lifetime above 1 ps.
Here we have demonstrated that molecular dimers are an effective tool to access the lifetimes
of molecular ions produced in collision with low energy highly charged ions.

In another study, we used the 2 and 3-body fragmentation channels along with a Monte
Carlo numerical simulations to determine the geometry of (N2)2 and (CO)2 dimers. The three
dimensional geometry of a diatomic molecular dimer can be represented using "internal" coordi-
nates: intermolecular distance (R), orientation of molecules along dimer axis (�1 or �2) and the
dihedral angle (�) between both molecules. Using the pure coulombic 2-body fragmentation
channel we found the intermolecular distances of (N2)2 and (CO)2 to be 4.3 Å and 4.52 Å
respectively. The orientation of the molecules (�) inside the dimer is inferred from the 3-body
channels. As � can not be accessed directly through experimental observables therefore, we
used the experimental angle  to deduce �. Note that to access the orientation of molecule
we only use the events associated to the direct fragmentation as the initial orientation of the
dissociating molecule is lost in sequential fragmentation. We found that for (N2)2 dimers the
distribution of the angle  is centered around 90Ԃ which, when compared to simulations, corre-
spond to configurations with � equals 90Ԃ. The angle  is equal to � only when the dissociating
molecule is perpendicular to dimer axis and both the atomic ions from the dissociating molecule
have equal mass and charge. Thus, for the case of (CO)2 dimer as C and O have different
masses we obtained the angle  around 86.1Ԃ which also correspond to the configuration �

equals 90Ԃ. In both cases, the value of � could correspond to H or X shaped geometries of
the (N2)2 and (CO)2 dimers. Being heteronuclear the CO dimer could be either C-bonded
or O-bonded. Comparing to the intermolecular distance for these two geometries, our value
R(CO)2

= 4.52 Å would rather correspond to a C-bonded structure (proposed theoretically and
by infrared measurements). Therefore, (CO)2 dimer is found to have a C-bonded H shaped
parallel/anti-parallel or X shaped geometry. However, for further discrimination between the
H or X shaped geometry requires the measurement of the dihedral angle � which is accessible
only through the 4-body dissociation channel. Due to the low production cross section and
the low absolute detection efficiency, our data does not contain enough statistics to investigate
such 4-body channels.

In the same experiment, we also investigate the geometry of (N2)3 and (CO)3 trimers,
using the respective 3-body fragmentation channel in which one electron is captured on each
molecular site. Here, only the van der Waals bond dissociate and only the position of the
center of mass of each molecule inside the trimer is investigated. Using kinetic energy release,
Newton and Dalitz diagrams, we measured that both of these complexes has a similar equilat-
eral triangular geometry. The intermolecular bond length of (N2)3 and (CO)3 are deduced to
be 4.43 Å and 4.69 Å respectively. These bond lengths are observed to be close to the bond
length of their respective dimers. This comparable bond length in dimer and trimer of CO may
indicate that (CO)3 trimer also exhibit a C-bonded equilateral triangular geometry. Finally, we
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found the structure of the (CO)3 to be more floppier than (N2)3. Such an apparent floppiness
could also result from an indirect decay process such as intermolecular coulombic decay. A
similar equilateral triangular geometry has also been recently measured in rare gas clusters with
intermolecular distances similar to their respective dimers. Through all the similarities between
rare gas clusters and diatomic molecular clusters (non-polar and polar) we can conclude that
the nature of constituents plays a minor role in the geometry of clusters.

To summarize, the experimental results obtained in this thesis and their comparison with
necessary numerical simulations confirms that the Coulomb explosion imaging technique is a
very efficient technique to provide answers regarding fragmentation dynamics, intermolecular
distances and partial geometry of diatomic clusters. During my thesis we have updated our
experimental setup by replacing the standard microchannel plate by a new funnel type mi-
crochannel plate for the recoil ion detector. The aim is to increase the absolute detection
efficiency of multiple fragment channels such as 4-body channels resulting from the full disso-
ciation of (N2)

4+
2

and (CO)4+
2

. A detailed analysis of these 4-body channels could allow the
discrimination between the H and X shapes of the dimers.

The structure of the trimers could also be more deeply investigated using the 4-body dis-
sociation of (N2)

4+
2

and (CO)4+
2

. In such channels, one of the molecule also breaks and the
direction of emmision of these atomic ions could give additional information on the orientation
of the molecule with respect to the trimer plane.

Finally, similar studies could be extended to other diatomic or triatomic molecules, specif-
ically to very polar molecules to investigate the effect of the dipole moment on the geometry
of the clusters.
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