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Abstract

This thesis concerns the study of fragmentation dynamics of highly charged tri-

atomic and polyatomic molecular ions created by high energy electron impact on

neutrals. A momentum spectrometer was designed and assembled to carry out

the study. An event-by-event reconstruction of the momentum space spanned by

the fragments helped us to study various aspects of dissociation, such as identifi-

cation of channels, lifetime of metastables, kinetic energy release, angular distri-

bution of fragments and preferential bond breaking. Some deductions are sup-

ported by quantum chemical computations.

The symmetry of a molecular ion is often different from that of the ground

state of the neutral. For a linear triatomic, CO2, we deduced that geometry of

the dication is different from that of the neutral. For polyatomics such as CCl4

and SF6, the change is very substantial and involves migration of atoms. In addi-

tion, we have identified certain stability patterns in the fragments. The stability

depends on the possibility of forming filled hybrid molecular orbitals, which in

turn is related to even/odd electron numbers in the fragment ions. In asymmet-

ric polyatomic molecules which have a few identical atoms attached to different

skeletal atoms, such as C2H5OH, we have observed association of atoms during

dissociation. This is reflected in the formation of H+
2 and H+

3 . We determined

the site-specific probability of such rearrangements. Contrary to the expectation

based on bond strength, we find that the O–H bond breaks preferentially over

C–O or C–H bonds, depending on the dissociation channel.

1
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Chapter 1

An overview

1.1 Probing at the atomic scale

Atoms and molecules form everything that we see around us. Many efforts have

been made in order to understand the structure of atoms and molecules. How

does one look inside atoms or molecules and locate an electron? In order to

determine the position of an object we must somehow ‘see’ it. In our normal

experience, this is done by reflecting or scattering light from the object to the ob-

server’s eyes. When observing an object as small as an electron, its interaction

with a single photon or a charged particle is to be considered.

The first scattering experiment to understand the structure of atoms was done

by Rutherford in 1911. The inference drawn from the experiment was that the

atom consists of a positively charged heavy nucleus with negatively charged elec-

trons arranged around it; the electrons occupy a volume many times larger than

that occupied by the nucleus.

The information about the static structure of atoms, like binding energies

and electronic energy levels of the electrons, have been investigated successfully

– both theoretically and experimentally. This is reflected in the comprehensive

databases available for atomic and ionic energy levels and transition probabili-

ties [CHIA, NIST]. On the other hand, we still face a problem in investigating the

dynamic situation (that is, the response of atoms to external perturbations) in

atomic scattering reactions like single ionisation of helium by photon or charged

particle impact. The dynamics of a molecule are far more complex, and difficult

3



4 Chapter 1. An overview

to investigate, compared to those of atoms.

The investigation of molecular structure parallels the study of atomic struc-

ture in some ways. A major part of the study of molecular structure is the descrip-

tion of the bonds which are formed between atoms. Atoms are held together in a

molecule by an attractive potential energy. This potential energy varies with the

distance between the two atoms in a molecule and is represented by a potential

energy curve (PEC). In polyatomic molecules, the potential energy is a function

of several internuclear distances and angles, and is represented by a potential

energy surface (PES).

The dynamics of molecules are probed by photons or charged particle im-

pact. An easily available projectile is an electron. Energy of the incident particle

is an important parameter. If the energy is high enough, multiply charged molec-

ular ions may be formed. A molecule and its molecular ion are different entities

in many respects. A molecule is more stable as compared to its molecular ions.

Singly charged molecular ions are generally more stable than multiply charged

molecular ions. Being unstable, molecular ions relax via different pathways, be-

cause of which numerous changes can occur: change in bond lengths and bond

angles, dissociation into various fragments, etc. The decay pathway is governed

by the PES of the precursor molecular ion involved in the dissociation. Hence,

the knowledge of PES will help us to understand the dynamics of dissociation. In

addition, substantial change in the geometry of molecular ions may occur, lead-

ing to an unexpected conformation. The changes may also involve dissociation

of some bonds followed by formation of new bonds. Our knowledge of these pro-

cesses is very little. The study of the above mentioned processes brought about

by electron impact on molecules is the mainstay of this thesis.

1.2 Electron-molecule collisions

The collision of an electron with a molecule may lead to a number of different ef-

fects. Collisions are categorised as elastic and inelastic collisions. In elastic colli-

sions, no energy is transferred to the internal motion of the molecule. In inelastic
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collisions, some kinetic energy is lost by the electron in the excitation of internal

degrees of freedom of the molecule. Further classification of inelastic collisions

can be made as ionising and non-ionising collisions, depending on whether or

not sufficient energy is transferred for ejection of one or more electrons from the

molecule. Non-ionising inelastic collisions cause excitation of molecular states.

The perturbation of the molecule by an electron depends on the velocity of

the projectile electron. The velocity of the projectile electron, vp , relative to the

velocity of the valence electron of the molecule, ve , often influences the outcome

of the perturbation. The ratio vp /ve is the parameter employed for categorising

low and high energy collisions. Low energy collisions are those for which vp /ve <
1 while for high energy collisions vp /ve ≥ 1.

A slow electron spends large amount of time near the molecule and affects

the molecular wave function in a non-perturbative regime. An electron of low

energy may combine with the molecule and form a transient negative molecular

ion, which dissociates promptly. Slow electron collisions do not follow optical

selection rules [Chr83, Mor83]. Transitions to symmetry and / or spin-forbidden

states are easily achieved, especially at large scattering angles (i.e. for large mo-

mentum transfer). The reason for deviations from the optical case is that in the

optical case the electric dipole interaction dominates, while in the latter case all

orders of multipoles and electron exchange terms are important [Chr83, Mor83,

Mas69]. This relaxation of optical selection rules makes possible the study of en-

ergy levels which are not accessible by optical methods. Collisions may often ac-

cess metastable states. A large number of molecular electronic states have been

discovered by low energy, large scattering angle electron impact excitation.

At high impact energy the electron spends very little time near the molecule.

The interaction time is short, the momentum transfer by the projectile to the

target molecule is small and scattering angles close to zero dominate. In high

energy electron scattering the target experiences a sharply pulsed (in time) elec-

tric field. The interaction can be treated as a perturbation, and the post-collision

interaction between the projectile and the ionisation products can be neglected.

Due to short collision times, it can be described in terms of first order perturba-
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tion theory. This is the Born approximation [Bor26]. It is valid when the incident

electron energy is high compared to the binding energy of the bound electron to

be excited or ionised.

In high energy collisions, ionisation generally is the dominant channel, fol-

lowed by the dissociation and excitation channels. However, in low to interme-

diate energy collisions, it is not possible to separate out a dominant channel be-

cause often many inelastic channels strongly couple with one another. Develop-

ing an accurate theory of low energy electron impact is quite difficult because of

many coupled channels.

Complete information about a collision can be obtained from a fully differ-

ential cross-section, i.e. cross-section differential in all observables of the final

state. A fully differential cross-section can in fact be directly compared to the

square of the transition matrix element [Kel00]. Any cross-section integrated

over one or more observable gives us rather less information, but experimental

difficulties usually leave us with just that much. To obtain such cross-sections, it

is necessary to have kinematically complete information (barring the spin) which

means that momenta, or angles and energies, of all involved particles have to be

observed in coincidence.

The first kinematically experiment was on single ionisation of helium by elec-

tron impact in 1969 [Ehr69, Ama69]. This experiment detected the scattered

and the ejected electrons simultaneously and measured their angular and en-

ergy distributions. Such experiments are known as (e,2e) experiments where ‘e’

represents ‘projectile electron’ and ‘2e’ represents ‘scattered and ejected elec-

tron’. Complete kinematic information was obtained by scanning the spectrom-

eter over all emission angles and energies. The efficiency for angle and energy

resolved detection was in the range 10−3–10−6 for one electron detection. For

electron pair detection it was not better that 10−7. The next logical step was kine-

matically complete double ionisation experiments, i.e (e,3e) experiments. The

first (e,3e) experiment was done by Lahmam-Bennani et al in 1989 in which all

the energies and directions of the three outgoing electrons were measured in co-

incidence [Lah89]. In a related development, the first photo-double-ionisation
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experiment was done on helium in 1993 [Sch93] using similar coincidence tech-

niques. The simultaneous detection of two or more electrons yielded extremely

small coincidence rates. One of the fundamental technical challenges for these

fully differential experiments was the small solid angle coverage. For a complete

4π solid angle coverage the apparatus had to be rotated in small steps, which

was a time consuming process and needed long term stability of the apparatus.

The momentum space imaging technique discussed in next section is a concept

to overcome this basic problem. It covers a 4π solid angle for the coincident,

three dimensional, momentum resolved measurements of ions and electrons

from atomic and molecular reactions, without the need for step-by-step scan-

ning.

1.3 Birth of Momentum Spectroscopy

Momentum spectroscopy was first realised experimentally for studying ion-atom

collisions in 1992 by Ali et al [Ali92]. The final state of the projectile ion was es-

timated by complete momentum measurement of the scattered projectile and

ions created in the interaction volume. The idea behind momentum spectroscopy

is as follows. Consider a well localised and nearly stationary ensemble of target

atoms or molecules, ionised by charged particle impact or by photoabsorption.

A homogeneous electric field guides the ions and electrons formed in the reac-

tion to a position (x, y) on the plane of a detector placed perpendicular to the

applied electric field, following a flight of duration t from the instant of the re-

action (refer Figure 1.1). The motion of the fragments is completely determined

by their initial position, the momentum balance in the reaction, and the electric

field. From the positions and flight time of the detected ions the trajectories of

ions are reconstructed and the three momentum components (px , py , pz) of are

derived.

With the newly developed techniques the complete momentum vector of the

recoil ion emerging from an atomic collision was measurable with a good mo-

mentum resolution and a solid angle of nearly 4π sr [Dor93]. The final state mo-
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Figure 1.1: Illustration of temporal and spatial dispersion of ions in an electric

field. Such dispersion is the basis of the momentum spectroscopy technique.

menta of the products of a reaction are interrelated by three momentum and

one energy conservation law. Thus, if N particles are created in the final channel

then it is necessary to measure 3N −4 momentum components for a complete

kinematic experiment. The four remaining components can be extracted from

momentum and energy conservation laws. This was first demonstrated in an ex-

periment by Ali et al for single ionisation of helium by Ar8+ impact [Ali92]. The

azimuthal and polar scattering angles of the projectile were measured in coinci-

dence with the three dimensional momentum vector of the recoil ion. The en-

ergy loss of the projectile and the momentum of the emitted electron was later on

deduced using conservation laws. However, in many fast ion-atom collisions the

relative momentum change of the projectile is very small (typically∆p/p < 10−5)

and cannot be directly measured. In such cases coincident momentum measure-

ment of ion and electron provides the only access to fully differential cross sec-

tions. Experimental set-ups incorporating simultaneous electron and ion mo-

mentum measurements are known as reaction microscopes [Mos96a]. The first

kinematically complete experiment using a reaction microscope was single ioni-
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sation of Helium by impact of Se28+, done by Moshammer et al [Mos96b, Mos97].

Complete momentum map of He+ and the ejected electron was obtained and the

small change in the projectile momentum was deduced. This was possible only

because of event-by-event momentum mapping of the reaction products.

Kinematically complete experiment with five fold differential cross-section

for double ionisation of helium by fast ion impact was successfully done [Bap99,

Bap00]. In these experiments the momentum transferred by the projectile to

the target was determined. In another series of experiments, fully differential

cross-section for double ionisation of helium by photon and electron impact was

determined with a better accuracy and higher efficiency than that achieved by

conventional (γ,2e) and (e,3e) experiments [Spi95, Spi96, Spi96, Dor96]. More-

over, state-selective scattering-angle-dependent studies of single and double-

electron capture into different shells of the projectile at medium velocities were

performed [Mer95a, Kam95, Cas96].

Initially momentum spectroscopy technique was used to study atomic reac-

tions only. At the turn of the century the technique has come to be exploited

for studying molecular reactions [Sie00, Bak01, Jan02, Sie02a, Red03, Tak05]. It

has become a powerful tool to investigate the dissociation dynamics of unstable

molecular ions. Due to the high detection efficiency for momentum resolved de-

tection of all particles, and the ability to record several particles in rapid succes-

sion, momentum spectroscopy is well suited for multi-ion coincidence measure-

ment of products of molecular dissociation. The power of the technique to study

molecular dissociation dynamics is described at length in the coming chapters.

Other than momentum spectroscopy, velocity map imaging (VMI) has also been

used quite extensively for momentum resolved measurements. In this technique

all ions with a given velocity produced in the interaction volume are mapped

onto the same radius on a two-dimensional position sensitive detector. The lim-

itation of this technique is that it requires time-slicing of the events to obtain the

momentum distribution and hence samples only part of the momentum space

at a time. Two comprehensive reviews on the momentum imaging methods and

applications are [Ull03b, Par03].
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1.4 Motivation and outline of the work

Multiply charged molecular ions play an important role in understanding the

chemistry of the atmospheres of astrophysical objects. Molecular ions, for exam-

ple H+
3 , H3O+, CO+, H2O+ etc., have been observed in many stars [Dal76, Man80,

Ban04]. The quantitative understanding of the energetics and reaction dynamics

of multiply charged ions may be relevant for technological development in dif-

ferent fields such as hot plasmas (fusion devices), laboratory discharges, or high

intensity ion sources. They play a significant role in the chemistry of the upper

atmosphere and of interstellar space [Asc03, Mai03]. These reasons and the fun-

damental aspects related to molecular ions have attracted increasing attention

of physicists and chemists.

In the gas phase, multiply charged molecular ions exhibit a different behaviour

compared to the well-known solution chemistry of metal multiply charged ions

[Asc03, Qay04, Lev05a]. Very little is known about these multiply charged mole-

cules, primarily due to their instability. The PES of multiply charged molecular

ions often have unusual features. These features are due to the competition be-

tween the repulsive Coulomb interaction, and the attractive terms generated by

chemical bonding and charge induced dipole interactions [Lev05a]. When re-

pulsion dominates, the so-called “Coulomb explosion” leads to a separation of

the charges accompanied by bond breaking. The internal energy stored in the

molecular ion is converted into kinetic energy of fragments. The information

about the lifetime, bond angle, electronically excited energy levels etc. of multi-

ply charged molecular ions is carried by the fragments.

Measuring the complete momentum of all fragments is thus a tool to extract

information about unstable molecular ions. We can image a complete snapshot

of the molecular ion breakup process by measuring the correlated momentum

vectors of all collision products. Such measurements will not only provide in-

formation about the charge states and potential energy surfaces but also shed

light on the mechanism and dynamics of their excitation, ionisation and frag-

mentation process. The angular correlation between momentum vectors may
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tell us about the geometry of the fragmenting molecular ion. This motivated us

to investigate dissociation dynamics of unstable molecular ions, or precursors,

by momentum spectroscopy of fragments.

For the present study molecular ions were created by high energy electron

impact on free molecules. The energy is high enough to ensure that the break-up

is purely unimolecular and is not influenced by the properties of the projectile or

by post-collision interaction with the projectile. Questions such as – is the geom-

etry of the dissociating molecular ion same as that of neutral molecule? which

bond breaks preferentially and what is its probability? is there any preferential

decay channel of dissociating molecular ion? which electronically excited energy

levels are involved in a break-up? – were attempted.

To carry out these studies we built a multi-particle momentum spectrome-

ter. The next two chapters describe the experimental set-up used for multi-hit

coincidence study of different fragment ions produced in a collision. The set-up

was first tested with an atomic gas (Argon) and later on triatomic and polyatomic

molecules were studied. The linear triatomic molecule, CO2, was studied quite

extensively. The study on CO2 is described in fourth chapter. The fifth chap-

ter deals with the fragmentation of polyatomic molecules having a high order of

symmetry, viz. CCl4 and SF6. We observed migration of atoms during dissocia-

tive ionisation of these molecules, and determined the altered geometry in case

of CCl2+
4 . The sixth chapter concerns site specificity in dissociative ionisation. A

large scale rearrangement of atoms is observed in the dissociation alcohols. An

attempt is made to determine the site specificity in the break-up and formation

of bonds of that molecule. The seventh chapter summarises the work done and

the inferences drawn from the study.
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Chapter 2

The Ion Momentum

Spectrometer

2.1 Requirements

For the work reported in thesis many different aspects of dissociation of molecu-

les were studied in order to understand the dynamics of the process. To pursue

the study we designed and built a momentum spectrometer. The primary re-

quirement of the experiment is to detect and identify ions which are formed in

collision regions and measure their complete momentum vectors. The combi-

nation of a TOF mass spectrometer and a imaging detector permits us to identify

the ions and to measure their momentum vectors. The TOF is measured with re-

spect to a trigger signal which defines the instant of interaction between target

and projectile. To obtain the trigger, a pulsed projectile beam is often used. How-

ever, the interaction itself provides a trigger for ion flight time measurement in

the form of the ejected electron, provided the electron is detected nearly instan-

taneously. Since our projectile beam is not pulsed, we use the ejected electron as

the trigger to start the ion flight time measurement. The TOF of an ion depends

not only on its m/q ratio but also on its momentum along the flight axis (which

we call the z axis). To extract the momenta transverse to the z-axis, we use a large

area imaging detector which records the position (x, y) of arrival of the ion on the

detector placed perpendicular to the TOF axis. This (x, y, t ) information for each

ion is recorded and stored in an event list. The three momentum components

13



14 Chapter 2. The Ion Momentum Spectrometer

(px , py , pz) of each ion are reconstructed event-by-event.

This chapter describes the apparatus and the efforts put in to bring it up to its

optimum performance. The performance of spectrometer was tested with argon

gas, the results of which are discussed at the end of the chapter.

2.2 The experimental set-up

The momentum spectrometer is housed in a stainless steel vacuum chamber of

diameter 300 mm and height 570 mm. It has eight ports in one plane for arrang-

ing the electron gun, the gas jet, the faraday cup and a provision for admitting

a laser beam. All ports are metal gasket sealed. The chamber is pumped by a

single 520 lit/sec turbomolecular pump backed by a dry scroll pump. The ulti-

mate pressure, achieved after bakeout, is 5×10−9 mbar. The components of the

spectrometer are described below.

2.2.1 Collision geometry

Two considerations are important in creating the source of ions for a momen-

tum spectrometer. The first is that the target should be internally cold, and the

second is that the reaction volume should be well localised. The well localised

reaction volume is achieved by having a projectile–target crossed beams geom-

etry. The cold target is achieved by supersonic expansion of the gas. However,

it is not possible to generate a supersonic beam of all gases or liquids. A super-

sonic beam is not a must if the momenta to be measured are sufficiently larger

than the thermal spread of the target molecules. In our set-up we use an effusive

beam produced by a capillary of inner diameter 0.15 mm and length 12 mm. A

target number density at the exit of the capillary is about 1013 cm−3.

Ionisation of the target is carried out by electron impact. An electron beam is

produced by an electron gun of electrostatic design. Its electron source is an in-

directly heated cathode. The energy of the electrons can be varied over the range

600–1900 eV. The gun uses an Einzel lens for focusing the beam and electrostatic

deflectors for steering it. The gun is 200 mm long. The focal length can be varied
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over 250–300 mm. The focal spot of the beam is about 0.5–0.8 mm. A 80 mm

deep Faraday cup biased at +30 V is used to collect the electrons. The ionisation

volume is about 3 mm3.

2.2.2 Extraction of reaction products

One of the key aspects of the momentum spectroscopic technique is the homo-

geneity over a large volume, of the electric field used for extraction of ions from

the reaction volume. There are various methods of creating a homogeneous ex-

traction field. One of the methods consists of uniformly winding a carbon fibre

around four germanium coated isolator rods with a gap along the length of the

rods. A voltage applied along the fibre is distributed according to the resistance

of the fibre [Mer95a]. Another arrangement uses a pair of large plates with a re-

sistive coating. A voltage can be applied to the edges of the plates, creating a

uniform field along the length of the plate. In the present apparatus, we achieve

this by co-axially stacking 12 thin aluminium rings, equally spaced, in a potential

divider arrangement.

The outer and inner diameters of the 2 mm thick rings are 200 mm and 100

mm, respectively. Figure 2.1 shows the details of the spectrometer. The dashed

line shows the plane of interaction of projectile beam and target beam. Count-

ing away from this central plane, the top rings are labeled t1 . . . t6 and the bot-

tom rings are labeled b1 . . .b6. The distance between the two consecutive rings

are 20 mm. The distance between the topmost, t6, and bottommost, b6, rings is

220 mm. The b2 ring (30 mm below the central plane) and the t6 ring (110 mm

above the central plane) have high transmission meshes on them, creating a uni-

form field over a cylindrical volume of 100 mm diameter and 140 mm height (See

Figure 2.1). The transmission coefficient of the wire mesh is about 95%. Imme-

diately above the t6 ring is the drift region for ions, defined by a 100 mm diame-

ter tube terminated at the top by a high transmission wire mesh and held at the

same potential as the t6 ring. The length of the drift tube is 220 mm, following the

Wiley-McLaren condition (d = 2s) which nullifies the effect of the spatial spread

of the reaction volume on the TOF resolution [Wil55]. The nullification is impor-
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Figure 2.1: Schematic of the momentum spectrometer built for studying molec-

ular fragmentation. The stack of rings for field generation is clearly seen. The

red thick horizontal dashed line indicates the plane of the e-beam and molecu-

lar beam. The blue circle at the centre of the chamber represents the interaction

region. The black dashed lines represent the meshes on plates b2, t1 and t6.
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tant, because a practical reaction volume is not point-like. An extended reaction

volume has two problems. First, the ions start at different potentials. Second, the

ions travel different distances during acceleration. These cause a spread in flight

times for ions of same mass and initial momentum. Hence, a momentum spec-

trometer with an acceleration region alone, but no field free drift region is not as

good as one with a field free region. A commonly used design for a TOF spectrom-

eter has two successive acceleration stages and a drift region to improve the mass

resolution. However, it destroys the information about the initial momentum of

ions.

The potential divider arrangement comprises a resistor chain. The resistors

are 200 kΩ each and have a low temperature coefficient and tight nominal value

tolerance. The measured values of the potentials on the rings deviate less than

0.05% of the notional values. The uniformity of the electric field E , as estimated

by computer simulation, is better than 1 in 103. The central plane of the stack is

at zero potential, and the electron and molecular beams lie and intersect in this

plane. The overlap volume is quite well centred in the extraction volume. The

extraction field accelerates the ions vertically upwards and the electrons down-

wards. The field strength can be varied from 15 V/cm to 90 V/cm. This field

is much stronger than that employed in momentum spectrometers for atomic

collisions (typically 5 V/cm), thereby leading to a poorer momentum resolution.

However, strong fields are essential here, in order to collect the energetic disso-

ciating fragments.

2.2.3 Electron detector

The electron detector is a 40 mm diameter MCP which is 40 mm away from the

interaction region (10 mm below the b2 plate). An MCP has several million chan-

nels and each channel works as an independent electron multiplier. The inner

surface of each channel is coated with a semiconducting material, which serves

as a secondary electron multiplier. Energetic electrons entering a channel re-

lease secondary electrons from the wall of the channel (see Figure 2.2). The sec-

ondary electrons are accelerated by an electric field developed by a voltage ap-
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Figure 2.2: Operation principle of an MCP. Charged particles hitting the surface of

the MCP generate secondary electrons which are accelerated by the applied voltage

VD . These secondary electrons then again strike the channel surface and produce

more electrons, creating a charge cloud.

plied across both the ends of the MCP. They travel along parabolic trajectories

until they in turn strike the channel surface again, thus producing more sec-

ondary electrons. Successive strikes yield a cloud of around 107–108 electrons,

which emerges from the rear of the MCP. It is advantageous to stack together

two or three MCP (called Chevron or Z -stack configurations, respectively) to get

better performance, due to increased gain. Under appropriately applied voltages

the detection efficiency for charged particles is about 60%.

2.2.4 Ion imaging detector

For any imaging experiment a large area position sensitive detector is a must. For

charged particle imaging, the first stage of the detector comprises a MCP. Posi-

tion encoding is achieved in the second stage, where a coordinate is assigned to

the centroid of the electron cloud emerging from the back of the MCP. Three pop-

ular methods are the charged coupled device, the wedge and strip anode and the

delay-line anode. The principles of these imaging devices are discussed below.
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Charged coupled device camera

The charged coupled device (CCD) camera is the simplest of the three methods

mentioned. In this method, the electron cloud created by the MCP falls on a

semi-transparent phosphor screen where it is transformed into a localised pho-

ton shower. This light is then imaged on a CCD camera. Such a system has a

utility in direct determination of the position of particle impact. However, due to

the slow electronic readout of the optical image, it is not very useful for obtaining

timing information or rapid readouts.

Wedge and Strip detector

The wedge and strip detector was a revolution in the field of charged particle

imaging. The working principle of the wedge and strip detector is as follows. The

wedge and strip anode consists of a base germanium layer, on which three repeti-

tive metallic structures are etched.These anode structures are ‘wedge’ (W ), ‘strip’

(S) and ‘meander’ (M) (see Figure 2.3). This pattern is made so that the electron

cloud will hit all three structures or electrodes. Thus the charge will spread over

all three electrodes. From the relative fractions of the charge arriving on each of

the electrodes the center of gravity of the electron cloud can be estimated [Kay88]

by the following expressions:

x ∝ QS

QS +QW +QM
, y ∝ QW

QS +QW +QM
(2.1)

Here, QW , QS and QM are the amount of charge collected by the wedges, the

stripes and the meander, respectively. The position resolution depends on the

charge collection efficiency, and hence longer charge integration times are re-

quired to achieve good resolution. At the expense of count rate, a wedge and

strip detector can offer resolution as good as 0.1 mm.

Delay line anode

The delay-line is a bare copper wire wound across opposite edges of an insulat-

ing plate. Two crossed pairs of delay lines, isolated from one another, give a 2-D
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Figure 2.3: The Wedge and Strip detector.

grid as shown in Figure 2.4. The details of the position encoding can be found

in [Jag98, Roent]. An electron shower (from the back of the MCP) on this grid

causes image charge pulses to travel to the ends of the wires, giving four pulses

for each particle hit. The signals from the MCP as well as the delay line anode are

fed to preamplifiers with a gain between 50–100, and are constant fraction dis-

criminated to generate NIM standard timing pulses. The signal from the primary

electron shower of the MCP is used to time the ion arrival. The time difference be-

tween the signals arriving at ends of the delay-line is proportional to the distance

of the the electron shower from the mid-point of the delay-line. For a crossed

pair of delay lines, which form the x and y grid, the position is derived from the

time differences between the pairs of pulses reaching the ends of the two delay

lines:

x = (tx1 − tx2)vsignal, y = (ty1 − ty2)vsignal (2.2)

Here vsignal is the pulse propagation velocity along the delay-line, which is almost

equal to the speed of light.

Since the propagation time from one end of a delay-line to the other is a constant,

the quantities tx1 + tx2 and ty1 + ty2 are constants for a given delay-line. These

sums can be used as a consistency test for genuine signals. The relevance of time

sum will be clarified later.
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y1

y2

x1

x2

Figure 2.4: [Left] Detail of a helical wire delay-line anode (DLD). [Right] Opera-

tion principle of delay-line anode. The red circle defines the boundary of the MCP.

Secondary electron from MCP are accelerated towards the DLD. Every event gener-

ates four signals on DLD. One at every end of the orthogonal delay lines: x1, x2, y1

and y2. Position x and y is then calculated by x1 −x2 and y1 − y2

Selection of anode

Momentum spectroscopy requires a large area position sensitive detector with

good position resolution and fast timing signals. In most applications the delay-

line anode is superior to the wedge and strip detector. The biggest advantage is

very fast readout allowing a count rate of about 1 MHz. Another advantage is that

large area delay-line anodes can be made without any loss of position resolution

where as the wedge and strip detector results in proportional reduction of the

resolution. Thus, we have chosen for our spectrometer a chevron configuration

MCP with a delay-line anode. It has an active diameter of 76 mm. Its position

resolution is 250 µm and the time resolution is 1 ns.
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2.3 Optimisation of spectrometer performance

The performance of the momentum spectrometer was optimised for proper over-

lap of the electron beam with the gas beam and for signal processing. The details

are described below.

2.3.1 Projectile-target overlap

The electron gun is mounted on one of the eight cross ports of the chamber. The

gun is shielded from external electric and magnetic fields by enclosing it within

a grounded mu-metal sleeve. The electron beam can be swept in the transverse

direction by electrostatic deflectors. At the focal spot the sweep is about±20 mm.

The focal length can also be varied between 150–200 mm from the exit aperture.

Coarse tuning of the beam is done by observing the beam spot on a fluorescent

screen, and fine tuning is done on the basis of the TOF and position spectra. An

atomic gas (eg. Argon) is used for this purpose, so that there is a negligible mo-

mentum width of the ions. It is important to ensure that the overlap of the elec-

tron beam and the molecular beam occurs within about 0.5 mm of the axis of

the spectrometer in order to obtain high coincidence efficiency. The position of

the overlap along the extraction axis is equally critical, in order to meet the time-

focus condition, d = 2s. The drift tube was designed in such a way that its length

could be altered by a few mm. By several trials, with minor variations in the tube

length the condition d = 2s was met. The parallelity of the stack plates and the

drift tube is also well taken care of in the present set-up by appropriate design-

ing and precision machining of the stack and drift tube structure. The measured

imperfection is 0.2 mm in 330 mm.

The electron beam suffers a deviation as it traverses normal to the extraction

field. A 1300 eV beam suffers a deviation of 4–24 mm at the target, for extraction

fields between 15–90 V/cm. Even with the extraction field on, it is possible to po-

sition the beam on the target, by changing its entry angle. However, this leads to a

large number of secondary electrons due to the beam grazing the extraction ring.

These secondary electrons increase the electron background count and affect the
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Figure 2.5: Trajectory of a 1300 eV electron beam through the extraction stack with

the compensation ring and the modified t1 and b1 extraction rings with smaller

inner diameters. The extraction field is 60 V/cm, and the compensation ring pro-

duces an opposing field of approximately the same magnitude. Distances are in

mm. The trajectory simulation calculations were done using the TRICOMP soft-

ware.

quality of the spectrum. Furthermore, the beam is not properly collected by the

Faraday cup. To get around these problems, we have introduced a ring electrode

(named compensation plate), which partially compensates for the effect of the

extraction field on the e-beam. This ring has inner diameter 80 mm and outer

diameter 190 mm, and is placed between the central plane and the b1 ring. It

provides an upward acceleration to the e-beam twice during its transit through

the spectrometer. By tuning voltage on the compensation plate and the beam en-

try angle, it becomes possible to transport the beam without loss to the Faraday

cup, while simultaneously intersecting the gas beam, as seen from a computer

simulation (Figure 2.5). To minimise the distortion of the extraction field due to

the compensation field, the inner diameter of the t1 and b1 stack rings is reduced

to 40 mm. The uniformity of the extraction field around the ionisation volume
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remains unaltered to within 1%, while the effective open area for transport of

ions remains unchanged. Introduction of compensation plate reduced the elec-

tron background count rate. Before the introduction of the compensation plate

the electron count rate was about 10 times the ion count rate. The compensa-

tion plate reduced this to about 3 times, besides making it possible to measure

the transported electron beam current.

2.3.2 Signal processing

Ion signals

To detect all ions with equal efficiency it is necessary to operate the detector at

saturation (i.e. constant gain region). The detection efficiency of the detector is

proportional to the impact velocity of the detected particle [Sav95]. Hence, for a

given channel plate voltage ions having small m/q are more likely to be detected

than those having large m/q . We determined the voltage at which the detector

efficiency was equal for all ions of interest. To do this, the ratio Ar+/Ar2+ of ions

arising from ionisation of argon was studied as a function of the voltage on front

face of the MCP while keeping a fixed potential difference across the plates. We

found that ratio did not change beyond −3600 V front face voltage.

However, during most of the runs we fixed the bias on the front channel plate

at −2800 V, because at some stage we noticed that a higher voltage increased the

background ion counts drastically. This may have been due to a small discharge

near the MCP, which could have caused irreparable damage to the detector. Since

most of our results do not pertain to absolute intensity measurements, the appli-

cation of −2800 V does not affect our analysis. The timing pulse from the MCP

has a width of 1 ns and an amplitude of 20 mV.

To extract the signal from the delay-line anode, it should be operated at pos-

itive potential relative to the potential on the MCP back. While optimising the

voltages we kept a fixed potential difference between MCP back and delay-line

anode and operated at the factory prescribed potential difference of 250 V.

A dedicated signal extraction unit is supplied by the manufacturers of the
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Figure 2.6: Schematic of the biasing of the channelplate for electron detection in

the present set-up. For positive ion detection, the voltage on the front face of the

channelplate is negative, while the back is grounded through a resistor and the

anode is maintained at a positive potential.

delay-line detector. Within this unit the primary signal from the MCP and four

signals from the delay lines are processed through a RC network. The drawn out

signal cannot be observed directly, but can be observed after the amplification

stage. The factory gain setting (about 80) was not disturbed during the course of

the experiment. The amplified signal goes to built-in CFDs which give out NIM

standard logic pulses. The five NIM outputs were then fed to a multi-channel

time to digital convertor (TDC).

Electron signals

The connections of the electron detector are shown in Figure 2.6. The anode is

maintained at 2100 V and this voltage is distributed on the front and back chan-

nel plates in accordance with the biasing resistance and the intrinsic resistance

of the plates. The resistance across the front and back face of the channel plates

is 120 MΩ. The potential on the front and back MCP can be calculated, which

comes out to be 35 V and 2080 V, respectively.
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The signal from electron channel plate was drawn out through a capacitor

and dropped across a resistor and was amplified by a preamplifier. The gain of

the amplifier was 100. The amplified signal was then fed to a constant fraction

discriminator (CFD) and then the NIM output from the CFD was fed to START of

the TDC.

One hurdle encountered during the set-up was due to face to face position-

ing of the electron and the ion MCPs with a large electric field between them. This

caused a stray flow of ions from the electron MCP to the ion MCP, distorting the

image on the ion detector. To minimise this effect the electron MCP was moved

away from the reaction volume, and a weak barrier potential was arranged near

the electron MCP to suppress ion feedback. With the increased distance, elec-

tron focusing became necessary, which was achieved by introducing a grounded

cylinder as shown in Fig. 2.1. The focusing cylinder also reduced stray electron

pick-ups. Electron trajectory simulations showed that upto 22 eV electrons were

collected with 100% efficiency.

2.4 List Mode Data Acquisition

Data acquisition for the momentum spectrometer is based on six timing signals:

one from the electron MCP, one from the ion MCP and four from the delay-line.

The electron MCP signal serves as a master START for every event, triggering five

channels of the TDC (LeCroy 133MTD). The first four channels are stopped by

the delay-line signals, giving the ion position. The fifth channel is stopped by the

ion MCP signal, giving the ion TOF. The TDC has a 500 ps resolution, and a 32 µs

range. The maxiumum event rate can be about 1.2 kHz with all channels active.

For the present measurements the rate is maintained around 250 Hz as at higher

count rates stray coincidences lead to a heavy background. Figure 2.8 shows the

sequence of data acquisition.

Digitised outputs of the five channels are read event after event, and stored as

a list on a computer disk. The TDC has a PC interface written in the MS Visual C++

language. The program is called CoboldPC, which stands for “Computer Based
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Figure 2.7: Trajectory simulation for the electron and CO+ from a dissociative ion-

isation of CO2. It shows that electron show that the upto 22 eV electrons are col-

lected completely when the extraction field is 50V/cm whereas CO+ having energy

11eV energy are collected with 100% efficiency. Simulations were done using the

TRICOMP software.
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Figure 2.8: Reading out the events. The electron signal serves as the master start

for all channels. Channels 1–4 are used to get position information of ions, while

channel 5 gives the TOF. The TDC has a computer interface via the CoboldPC pro-

gram, which reads the events into a list mode file.
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Online-offline Listmode Data Analyser”. The program writes the events into a list

mode file (online data acquisition). The same program is also used to analyse list

mode data after acquisition (offline analysis). List mode is a special technique

used in collision physics. In this mode all acquired information (named coordi-

nates in CoboldPC) is stored event by event in a data list. The original CoboldPC

program is meant for imaging, using the four delay-line signals. The program

was modified to accept five inputs so that the vital TOF information could also be

recorded simultaneously with the position. The event list adapted to our require-

ments contains (x1, x2, y1, y2) and t , entries, obtained from the delay-line anode

and the electron-ion coincidence respectively. From these entries we get the x, y

position using Eq. 2.2.

The same program can be used to analyse the list mode data after the ex-

periment is over (offline analysis). The primary offline function is the genera-

tion of the momentum data from the x, y, t triplet, which is described in detail

in the next section. The program is capable of sorting data from several events,

performing complex calculations, transformations, conditional sorting, creating

new variable from old ones, histogramming events etc. and displaying the pro-

cessed data.

2.5 Building the ion momentum vector

The TOF of an ion depends on the initial momentum component along the ex-

traction axis, the length of the extraction region, s, the length of drift region, D ,

and the extraction field, Es . Let us first see how the TOF of an ion is obtained.

Consider an ion that is created in the ionisation region, having charge q , mass m

and initial momentum along the extraction axis pz . The time ts taken by the ion

to reach the field free drift region is given by

s = pz

m
ts + 1

2

qEs

m
t 2

s . (2.3)

Solving Eq. 2.3 gives the TOF in extraction region

ts =
−pz/m +√

[pz/m]2 + (qEs/m)s

qEs/m
. (2.4)
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The time, (tD ), spent by the ion in the drift region is

tD = D√
[pz/m]2 + (qEs/m)s

. (2.5)

The total time the ion takes to reach the detector is, hence, given by

t = ts + tD = −(pz/m)+√
[pz/m]2 + (qEs/m)s

qEs/m
+ D√

[pz/m]2 + (qEs/m)s
. (2.6)

Setting the Wiley-McLaren condition 2s = D gives

t =p
2m

−pz/
p

2m +
√

p2
z/2m +qsEs

qEs
+ s√

p2
z/2m +qsEs

 . (2.7)

The TOF, t0, for ions which have zero initial energy is given by

t0 =
p

2m

[√
qsEs

qEs
+ s√

qsEs

]
. (2.8)

Cases in which (p2
z/2m) ¿ qEs , the difference between the flight times of zero

energy and non-zero initial velocity ions can be written in a simplified. The con-

dition is well satisfied in our spectrometer. Combining Equations 2.7 and 2.8, we

get

pz = qEs(t − t0). (2.9)

Once the TOF (t ) and the position (x, y) is obtained, the momentum vector of

each registered ion can be derived. The momentum components parallel to de-

tector plane and perpendicular to the TOF axis are given by following expressions:

px = m × (x −x0)/t , (2.10)

py = m × (y − y0)/t , (2.11)

where (x0, y0) is the centroid of the interaction volume projected on the detector

plane.

The first condition to be satisfied by the recorded events for consideration

for momentum analysis is the time sum condition explained in Sec. 2.2.4. Only

those events which satisfy this condition carry complete time and position in-

formation. Other events, which form about 10% of the total, are ignored during

offline analysis.
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The next step towards extracting momentum values is the identification of

the ion species, and the pz = 0 point in the TOF spectrum for each species. To

this end, the TOF spectrum of an atomic gas like Argon is recorded. The mean

positions of the Ar+, Ar2+ and Ar3+ TOF peaks are taken to be pz = 0 points for the

respective ion species. A linear fit of these TOF points to (m/q)1/2 provides the

m/q calibration and pz = 0 position for all ion species. As the final step, we set

a window demarcating the TOF distribution of the ion of interest and transform

the (t , x, y) values to (pz , px , py ). This is exercise is carried out for each recorded

ion species.

2.6 Test results

We first look into the momentum resolution of our instrument. Throughout this

thesis, atomic units are used for momenta. One a.u. of momentum is the RMS

momentum of an electron in the ground state of the H-atom, in units of |e| = me

= ħ = 1, c = 1/α, and equals 2.04 × 1024 kgm/s.

The limit on the momentum resolution imposed by the spatial resolution of

the detector is

∆px,y = m∆x/t ,m∆y/t (2.12)

where∆x (or∆y) is the position resolution of the detector, which is 0.25 mm. We

find ∆px,y = 2.1 a.u. for Ar+. The detector imposed limit on the pz resolution is

∆pz = qEs∆t (2.13)

This comes out to be 0.3 a.u., based on a 1 ns timing resolution.

Another related quantity is the upper limit on mass resolution based on the

TOF spectrometer design, as defined by Wiley and McLaren. Based on a source

extent (∆s) of 2 mm and an extraction length s of 110 mm, this value is

M/∆M = 16[s/∆s]2 = 48400

The secondary estimate of M/∆M based on the initial kinetic energy width of

the ions is not relevant to the present spectrometer, as its primary purpose is to
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Figure 2.9: [Left] TOF mass spectrum of ions arising from 1300 eV electron-impact

on Ar. [Right] Position spectra of Ar+ ion arising from 1300 eV electron-impact on

Ar, obtained by filtering of raw data. The intense red spot close to the centre is a

projection of the overlap of the gas beam and the electron beam on the detector

plane.

measure the initial kinetic energy itself.

The momentum resolution finally achieved depends on additional factors,

such as the thermal spread of the target, spatial extent of the reaction volume,

non-uniformity of the fields and deviation of the reaction volume from the mid-

plane of the spectrometer. To estimate this, we perform an analysis of the spec-

trum obtained for an atomic target, such as Argon. All results discussed here are

for 1300 eV electron energy and 60 V/cm extraction field. The gas used here has

99.95% purity. The peaks corresponding to N2 and O2 mass are due to air con-

tamination in the gas line itself, but they do not affect the present analysis.

Figure 2.9 shows a TOF spectrum of ions arising from ionisation of Ar. The

width of the Ar+ peak may essentially be taken to be the limit of mass resolution

and pz resolution. The FWHM of the Ar+ TOF peak is 9 ns, while the modal TOF is

7842 ns. This gives a mass resolution M/∆M = 436.

Figure 2.9 shows the x-y position spectra of Ar+ ion. The standard deviations

of x and y distributions are found to be 2.1 mm and 3.4 mm respectively. σy
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is larger, because the ionising electron beam runs parallel to the y axis and thus

ions are formed over a broader range of the y coordinate than of the x coordinate.

These standard deviations translate to σpx = 9.5 a.u. and σpy = 10.2 a.u. The

standard deviation of the pz distribution of Ar+ is found to be 2.4 a.u. The scalar

momentum resolution [σ2
px

+σ2
py

+σ2
pz

]0.5 works out to be 14 a.u. Figure 2.10

shows the momentum spectra of the Ar+ ion.

We note that the momentum spread of Ar atoms at room temperature is 12.4

a.u. It is thus clear, that in the present set-up the achievable resolution is limited

by the thermal width of the target and spatial spread (especially along the elec-

tron beam direction) of the reaction volume. It should however be noted, that

the resolution of the z-component alone is higher, since the effusion of the gas is

perpendicular to the z-axis.
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Figure 2.10: Distributions of the px , py , pz components of Ar+ ions.

The resolution thus achieved is adequate for the study of molecular fragmen-

tation, as the energies of the fragments are much larger than the thermal energy

of the target. A further consideration in the study of molecular targets is that the

number of particles ejected from a single collision can be quite large (depend-

ing upon the complexity of the molecule). To study the complete kinematics of
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the molecular break-up one needs to detect all fragments from a single event in

coincidence. Only then will it be possible to obtain complete kinematics of a

break-up. This is possible if detector and the data acquisition system have multi-

hit capability. The multi-hit coincidence technique and its power are the subject

of the next chapter.



Chapter 3

Multi particle coincidence and

momentum maps

The energy transferred to a molecular target may get dispersed in various ways.

Besides electronic processes nuclear motion comes into the picture. Nuclear

motion manifests itself as vibrations, rotations, bending, stretching of molecu-

lar bonds. The time scales of nuclear and electronic motion are very different.

Nonetheless, if several electrons are removed in a collision, the response of the

residual multiply charged molecular ion can be quite dramatic. Multiply charged

molecular ions are transient species. They fragment on timescales ranging from

fs to µs, leading to the formation of atomic or molecular ions. The transient na-

ture of molecular ions make their study challenging. Studying them by spectro-

scopic technique is difficult as they cannot be stored in large numbers for long.

A line of investigation opens up, if one realises that the information about these

transient species is carried by the fragments arising from them. Detecting all

fragments in coincidence and measuring their complete momenta is a tool for

obtaining various types of information about these molecular ions. The dynam-

ics of fragmentation of triatomic and polyatomic molecules is complex, as com-

pared to diatomic molecules, due to the coupling between additional internal

degrees of freedom, i.e. bending, as also due to the presence of several features

on their potential energy surfaces (PES). Therefore, the dissociation of triatomic

and polyatomic molecular ions holds many surprises and is yet to be understood

completely.
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Combining the technique of momentum spectroscopy with the multi-ion co-

incidence technique leads to complete kinematic information and thus helps

us to understand the fragmentation dynamics. The combination is known as

multi-hit momentum imaging. The combination not only enables us to decipher

the decay pathways, but also throws light on the PES of the dissociating molec-

ular ion. When aided by computed PES, complete kinematic data can unravel

the dynamics of molecular dissociation. This chapter deals with the technique

of multi-hit momentum imaging to study fragmentation dynamics of multiply

charged molecular ions and an overview of methods for extracting various phys-

ical quantities from the data. We will see how the ion momentum spectroscopy

method can be naturally adapted to coincidence measurements, and thereby be-

comes a powerful tool for studying molecular fragmentation.

3.1 Multi-ion coincidence

Consider a molecule that undergoes dissociative ionisation at time t = 0 and is

accelerated towards the ion detector. The ejected electron provides a ‘time zero’

marker from which the flight times of the fragment ions are measured. Ions aris-

ing from a single break-up will have correlated flight times. Neglecting for the

moment the z component of the ion momenta, the TOF of ions is proportional

to
√

m/q , and hence the ions will be recorded in a time-ordered sequence at

the detector. This forms the basis of the multi-ion coincidence technique and is

shown schematically in Figure 3.1.

The only addition we need to the ion momentum spectrometer for imple-

menting the multi-ion coincidence idea is a detector that can record several ions

in quick succession without loss in its position resolving capability. In other

words, the detector should have a low dead-time without compromising the po-

sition resolution. The delay-line anode satisfies these conditions rather well.

Naturally, the detector capability has to be complemented by equally capable

read out and storage electronics. The DLD80 and the TDC8 form an ideal com-

bination for our study. In the present set of experiments we can observe coinci-
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Figure 3.1: Principle of multi-ion coincidence detection technique. The molecular

ion fragments at t = 0 and the resulting fragment ions are detected in a sequence

governed by their m/q ratio.

dences between an electron and four consecutive ions, as long as their arrivals

are separated by at least 20 ns and at most 32 µs.

List mode data acquisition is a vital component in multi-ion coincidence

measurements. The successive ion hit data after being processed through the

TDC have to be stored rapidly to a computer disk. This list can be analysed later,

at will, long after the experiment is over. It contains complete position and flight

time information about every ion in every event that was recorded during the ex-

periment. Table 3.1 is a sample event list. Correlated momentum information

about the fragments, or momentum maps, can then be obtained from this event

list.

Sometimes an ion and an electron that do not come from the same event may

create a coincidence count. Such coincidences are called random coincidences,

otherwise they are considered to be true coincidences. True coincidence rates

are proportional to the count rate, whereas random coincidences are propor-

tional to the square of the count rate. In order to minimise the random coinci-
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Event number Ion1 Ion2 Ion3 Ion4

. . . . . . . . . . . . . . .

101 (t , x, y)101,1 – – –

102 (t , x, y)102,1 (t , x, y)102,2 (t , x, y)102,3 –

103 (t , x, y)103,1 (t , x, y)103,2 – –

104 (t , x, y)104,1 – – –

105 (t , x, y)105,1 (t , x, y)105,2 – –

106 (t , x, y)106,1 (t , x, y)106,2 (t , x, y)106,3 (t , x, y)106,4

107 (t , x, y)107,1 – – –

. . . . . . . . . . . . . . .

Table 3.1: Schematic of the event list. The position and temporal information of

fragment ions resulted from a single fragmentation event are stored in an event

list. The event list later on be sorted for analysis once the acquisition is over.

dence rate, one has to keep a moderate count rate. In our case the ion count rate

is 500 Hz and the electron count rate is 1200 Hz. The electron-ion coincidence

rate is about 300 Hz whereas the electron-ion-ion coincidence rate is 30–50 Hz.

Coincidence rates are molecule- and projectile-specific. The numbers reported

here are for CO under 1300 eV electron impact.

3.2 Coincidence momentum maps

The primary step towards extracting correlated momenta of fragments is identi-

fication of coincident ion pairs. For each ion in the chosen coincident ion pair,

we first establish the pz = 0 point in their TOF distribution and determine the

extents of the TOF peaks as explained in Section 2.5. We then filter out from

the event list those events whose t values fall within the extent of the TOF peak.

For these events the three momentum components for each correlated fragment

are calculated. The distribution of events as a function of correlated momen-

tum components is histogrammed, forming the ion pair momentum map. The
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method can be trivially extended to higher order correlations present in a many-

body break-up.

From the three momentum components of each fragment ion and multi co-

incidence information, it is possible to identify dissociation channels, to extract

their branching ratios, to obtain the lifetime of metastable precursor ions, to es-

timate the geometry of highly charged molecular ion precursors, to obtain frag-

ment ion kinetic energy release distributions, which in turn can be related to the

energy levels of the precursors, etc. The coincident TOF alone carries information

about the dissociation channels of the molecular ions and lifetime of molecular

ion if it is metastable. Deeper information can be derived from complete mo-

mentum maps.

3.3 Information from TOF coincidences

Ion TOF coincidences laid the foundation of the experimental studies of molecu-

lar fragmentation. The first electron-ion-ion coincidence experiment was done

in 1986 by Frasinski et al [Fra86]. Largely speaking, the molecules studied were

triatomics, like NO2, CO2, SO2, OCS, and focused on identification of the break-

up channels. Mechanisms leading to the break-up, were proposed, based on

shapes and slopes of the correlated TOF distributions. On the basis of the ion

pair intensities branching ratios were calculated [Cur85, Mil86, Ela87a, Ruh90,

Hsi95]. A few unexpected break-up patterns for multiply charged organic mole-

cules were studied and some evidence for rearrangement of atoms prior to dis-

sociation was found [Ruh90, Rej02, Kri04, Fur05]. Field and Eland applied the

electron-ion-ion coincidence technique to deduce for the first time the lifetime

of a metastable molecular dication [Fie93].

3.3.1 Dissociation channels

An unstable molecular ion breaks up via various pathways. As an example con-

sider the break-up of dicationic molecular ion (ABC2+). There can be three two-

body dissociation channels in which two fragments are ions. Similarly, there can
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be three three-body fragmentation channels with two ion fragments.

For each of the ion pairs, the correlated TOF distribution will appear as an is-

land on a t1, t2 plot. The position of the centroid of the island corresponds to ions

with pz = 0. The size and the shape of the islands depends on the mechanism of

formation of the pair. Figure 3.2 is a coincidence map of photoions from CO2.
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Figure 3.2: Coincidence map of fragments arising from ionisation of CO2 by 200 eV

photons. The prominent ion pairs C+:O+, O+:O+, O+:CO+ arise from the break-up

of CO2+
2 . The less intense ion pairs C2+:O+, O2+:O+, O2+:C+ arise from the break-

up of CO3+
2 . The varying shape and slope of each island reflect different break-up

mechanisms.

A fragmentation may be classified as one step (concerted) or two step (se-

quential), based on whether the, bonds break simultaneously or one after the

other. The sequential process is further classified as initial charge separation

(ICS) and deferred charge separation (DCS). In ICS, the breaking of the first bond

releases one atomic ion and a diatomic ion. The diatomic ion fragments in the
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second step. In DCS, the breaking of the first bond releases a neutral atom and

a diatomic dication, which breaks up in the second step. This classification was

made by Eland [Ela87b] based on the shapes of the islands in an ion pair coin-

cidence map and the slope of the line fitted to the intensity distribution in the

island.

For the one step process, the shape of the distribution is either cigar-like or

dumbbell-like. For the two step ICS process, the slope of the best-fit line to the

distribution is given by the following expressions (following [Ela91]):

slope = mc+

mc+ +mA
or

mc+ +mA

mA
(3.1)

where, mA is the mass of the undetected neutral fragment and m+
C is the mass of

the lighter fragment. For decay via DCS, the slope of the best-fit line is

slope =−q1/q2 (3.2)

where q1 and q2 are the charges on the fragment ions.

3.3.2 Lifetime of metastable ions

Multiply charged molecules, if metastable, will break-up into fragments after a

delay, as compared to the case of prompt fragmentation. The flight times of frag-

ment ions from a delayed fragmentation will therefore differ from the flight times

in case of a prompt dissociation. This will alter the characteristics of the (t1, t2)

distribution. The lifetime of the precursor ion can be determined from the alter-

ations in the distribution. Generally, lifetimes comparable with the flight times

are sampled by this method.

Figure 3.3 is the schematic of the coincidence map [Fie93]. The main island

1 is due to the prompt decay of AB2+. This island has a long tail extending upto

the t1 = t2 diagonal. Apart from the tail, there is a V -shaped structure at the

end of the tail. The tail is formed due to the breaking up of the precursor ion in

the extraction region at different distances from collision region. The V is due to

break-ups in the field free region of the TOF spectrometer. The tail and V are thus

indicative of a metastable decay.
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Figure 3.3: Schematic of the ion-ion coincidence map of fragments arising from a

break-up. The tail and the V attached to the main coincidence island ‘1’ are due to

metastable states of the precursor molecular ion. Island ‘2’ is due the decay of an

unstable precursor molecular ion. The dotted line from the apex of the V indicates

the TOF of the precursor molecular ion, if it were to remain undissociated.

The lifetime (τ) can be obtained from the counts in the V (IV ) and in the tail

(Itail) by following expression:

Itail

IV
= f (exp(T /2τ)). (3.3)

Here, f is the transmission factor of the spectrometer, which is 90% in our case,

and T is the TOF of the stable precursor molecular ion. An application of this

method to dicationic CO2 appears in the next chapter.

3.4 Information from full momentum maps

To unravel information leading to potential energy surfaces of the intermediate

multiply charged molecular ion and the geometric structure of the fragmenting

system, a full momentum map of all fragments arising from a single break-up

is necessary. This is easily accomplished in our experiment, if all fragments are

charged. This is also accomplished provided the break-up is unimolecular and
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there is only one neutral fragment. This is because in a unimolecular break-up

we can determine the momentum of the undetected neutral fragment by the mo-

mentum balance in the centre-of-mass frame. We can treat the laboratory frame

itself as the centre-of-mass frame, because the momenta of the fragments are

much larger than the momenta of the parent molecular and the thermal ener-

gies of the parent neutrals. Once the complete momenta of fragment ions and

neutrals are deduced, the intermediate geometry of the multiply charged molec-

ular ion and KER during the dissociation is unambiguously determined.

3.4.1 Geometry estimation

Multiply charged molecular ions are expected to favour equilibrium geometries

which differ from those of the parent neutral molecule, because of the altered

charge distribution. As a consequence of the near equivalence of the laboratory

and centre-of-mass reference frames, the relative angles between the fragment

momentum vectors can be taken to be the angle between the departing frag-

ments in the molecular ion reference frame. These can be further considered to

be the bond angles of the precursor molecular ion (see Figure 3.4). If the mo-

mentum vectors of the ions flying apart are ~p A and ~pB , then the angle between

them is given by

αA:B = cos−1
[
~p A · ~pB

|p A||pB |
]

. (3.4)

The above analysis can be extended to any pair of fragments from a single event,

including ion-neutral pairs, under the conditions previously mentioned. The ge-

ometry of the molecular ion at the instant of break-up is determined from these

angles. As an example, the angular distribution of fragment ions arising from a

three-body break-up of a dicationic water molecule is shown in Figure 3.5.

The momentum vectors of the fragments in a two-body break-up are equal

but opposite, and no non-trivial information can be obtained from the angular

distributions of such break-ups.

Due to the random orientation of molecules in a free target, it is difficult to

obtain the angular distributions of the fragments in the molecular frame of ref-
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Figure 3.5: Momentum map of all fragments in the break-up H2O2+ → H++O++
H. The momentum vector of the first detected ion (H+) is taken as the reference

vector, and the angle made by the momentum vectors of the other two fragments

(O+ and neutral H) is obtained.
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erence. One way out is to align the target. A few studies for estimating the ge-

ometry of precursor molecular ions aligned by an intense laser field were done

[Cor96a, Cor96b, His99a, His99b, San99, Bri07, Sie02b, Bry00]. No work has been

reported for free targets. To estimate the geometry of free targets the only way

out is to have the complete kinematic information of the fragments.

3.4.2 Energy levels

Consider the fragmentation of a parent ion AB2+ of mass mAB , which is initially

at rest.

AB2+ → A++B+

The excess internal energy of the molecular ion due to the energy transfer in

the collision is distributed among the internal degrees of freedom. The internal

energy of the parent is released as translational energy of departing fragments.

The sum of the kinetic energies of all fragments is called as kinetic energy release

(KER). Let ~p A and ~pB be the momentum vectors of the ionic fragments, in the

center-of-mass frame. Once again, due to the near equivalence of the laboratory

and centre-of-mass frames, KER is equal to the sum of the kinetic energies of

coincident fragments measured in the laboratory frame.

K ER = p A
2

2mA
+ pB

2

2mB
(3.5)

The energy released depends on the shape of the potential energy surface of

the initial and final states of the precursor ion. Thus, measurement of KER is a

probe of the potential energy surfaces of the precursor molecular ion that partic-

ipates in the fragmentation (see Figure 3.6). As an example, Figure 3.6 shows the

KER spectrum for the break-up CO2+ → O++C+.

Measurements of KER have existed for a few decades. Curtis et al have es-

timated the mean kinetic energy release during the break-up from the extents

of the correlated TOF distributions [Cur85]. Measured values of KER have been

found to be useful for determining the intercharge distances under the coulomb

explosion model of molecular ion break-up [Sie00, Tom01]. With the aid of elab-
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Figure 3.6: [Top]The relation between potential energy surface and kinetic energy

release. [Bottom] Kinetic energy release distribution for the C+:O+ break-up chan-

nel induced by 1300 eV electron impact on CO molecule. The structures in the

distribution correspond to the excited states involved in the break-up. A dissoci-

ation involving more than one intermediate PES will lead to broad, multi-modal

kinetic energy distribution.
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orate theoretical modelling, measurements of KER distributions have led to in-

formation on binding energies [Las01]. These studies were done by analysing

the magnitude or a single component of the fragment velocity, followed by the

assumption that the break-up is isotropic. Now, with complete measurement of

the momentum vector of the fragment ion this assumption need not be made, in

fact the assumption of isotropy can be tested.

3.5 Need for quantum chemical calculations

Experimental KER or angular distributions alone cannot complete the study of

dissociation dynamics. What are needed are computations of the potential en-

ergy surfaces. A complete theoretical study of a fragmentation which allows full

comparisons with the experimental results requires an accurate PES. To find the

PES we must solve the electronic Schrödinger equation at a very large number of

nuclear configurations [Lev05b]. While the differences in the dissociation limits

of the participating states determine the value of the fragment kinetic energy for

a specific event, the transition probabilities from one state to other govern the

distribution of the KER. It is here that experimental KER can aid theory, and vice

versa. Similar considerations apply to the synergy of structure calculations and

angular distributions leading to bond angles.

With the availability of powerful computers and quantum chemical software

the ab initio calculations of the total energy of molecules and its ions has be-

come possible. In our work, we have benefited from computations done for some

molecular ions by our collaborators at IIT-Kanpur.
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Chapter 4

Fragmentation of a linear

triatomic : CO2

The fragmentation dynamics of multiply charged molecular ions of triatomic

molecules have attracted growing interest in recent years because the complete

kinematics of all fragments arising from a single break-up event can easily be

deduced as compared to polyatomic molecules. The most frequently studied

molecule is CO2, primarily due to its importance in terrestrial and planetary at-

mospheres. Absolute cross-sections for dissociation channels arising from the

break-up of double, triple, and quadruple ionisation of CO2 under electron im-

pact [Tia98] and branching ratios of fragmentation channels initiated by syn-

chrotron radiation [Mil86, Hsi95, Cur85, Ela87a] have been obtained. On the the-

oretical front, the excited energy levels of CO2+
2 were calculated [Hoc95, Hoc98].

Although CO2+
2 has both linear and bent excited states, these calculation were

restricted to linear states.

We have investigated the fragmentation dynamics of CO2+
2 through estima-

tion of its energy levels, deduction of its geometry and the lifetime of its metastable

state. Our investigation was supported by quantum chemical ab initio calcula-

tions using MOLPRO [MOL] suite of programs.

Two sets of experiments were carried out. The first is by electron impact using

the set-up described in the preceding chapters. The other is by photoabsorption,

done at the INDUS-1 synchrotron. The latter experiment used a simple two-stage

Wiley-McLaren TOF spectrometer with multi-hit ion detection capability.

49
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We used a CO2 sample which was purified in two stages by distillation, in

order to get rid of air (N2 and O2) and water (H2O) contamination. In the first

distillation stage at 253 K, H2O remained frozen while CO2 and air were extracted

into another chamber. H2O was then discarded. In the second distillation stage,

just above 77 K, CO2 remained frozen, while air was pumped out. The process

was repeated two to three times. The TOF mass spectrum of the purified sample

showed no contamination.

4.1 Break-up channels

Six ionic species – C2+, C+, O+, CO2+
2 , CO+, CO+

2 – are prominently seen in the

TOF spectrum under 1300 eV electron impact (see Figure 4.1).

There are three prominent islands in the t1 : t2 coincidence map. They corre-

spond to coincident ion pairs CO+: O+, O+: O+ and C+: O+ arising from the break-

up of CO2+
2 . The branching ratios are 0.61, 0.08 and 0.31, respectively. Of these

CO+: O+ is due to a two-body break-up. O+: O+ and C+: O+ are due to three-body

break-ups, with the third partner being neutral C and O, respectively.

4.2 Two body break-up

The two body break-up, CO+: O+, is the dominant channel. Being a two body

break-up, the ion momenta are anticorrelated and the CO+: O+ angular distri-

bution ought to ideally have a peak of zero width at 180◦. However, due to in-

strumental limitation, the angular distribution may have a peak of finite width.

Figure 4.2 is the angular distribution of CO+ ion relative to O+. The FWHM of the

lobe is ±8◦, and can be taken to be the approximate angular resolution of our

instrument.

Due to the anti-correlation between the momenta of CO+ and O+, we can-

not derive non-trivial information related to the geometry. However, the KER,

and thereby the excited energy levels of the molecular ion, can be deduced. This

break-up shows signatures of a metastable decay, which is discussed next.
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Figure 4.1: The lower panel of the Figure shows the TOF of fragment ions recorded

as hit1. The upper panel of the Figure shows the coincidence map of the correlated

fragment ion pairs. Three prominent islands are seen in the map which corre-

spond to CO+: O+, O+: O+ and C+: O+ resulting from the break-up of CO2+
2 .
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Figure 4.2: Momentum distribution of CO+ with respect to the momentum of O+.

The continuous curve is the scalar momentum distribution of O+, with 771 counts

at the peak. The maximum of the CO+ colour scale is 550 counts.

4.2.1 Lifetime of metastable CO2+
2

The t1 : t2 coincidence map under electron impact (Figure 4.1) as well as pho-

toabsorption (Figure 3.2) show CO+: O+ coincidence counts mainly distributed

as an island along the reverse diagonal. This is because the momenta of the two

fragments are anticorrelated. This island is due to prompt decay of the CO2+
2 , but

a tail is seen emerging from it, leading to the forward diagonal. This indicates a

metastable decay, even though the V -shaped structure near the diagonal is miss-

ing. The reason for the missing V could be that the flight time of the undissoci-

ated CO2+
2 is shorter than its lifetime. We also note that the states accessed in the

two experiments could be different. To investigate this feature, we performed the

electron impact experiment at a lower extraction voltage, so that the flight time

could be prolonged beyond the lifetime.

Figure 4.3 shows the t1 : t2 coincidence map for 30 V/cm extraction field. The

flight time of the stable CO2+
2 in this configuration is 8.2 µs. From the intensities

in the tail and the V , we determine the lifetime of CO2+
2 to be 5.8±1.5 µs (refer

Equation 3.3). The error in the lifetime is due to the error in the determination of

tail and V intensities. Lifetimes ranging from 0.9 to 21.6 µs have been reported

for this molecular ion [Fie93, New64, Tsai80]. This suggests that CO2+
2 has several

metastable states.
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Figure 4.3: Ion pair coincidence map for the break-up CO2+
2 → CO++O+ obtained

at 30 V/cm extraction field. The tail and the V emerging from the main CO+: O+

distribution are due to metastable states as explained in the text. The t1 ordinate

of the dotted line is the flight time of CO2+
2 , if it were to remain intact.

4.2.2 Potential energy surface of molecular ion

Figure 4.4 is the kinetic energy release (KER) spectrum of the (CO+: O+) break-

up. Structures seen in the KER distribution are attributable to dication electronic

states that participate in the fragmentation process. An interpretation of these

peaks requires knowledge of the PES of the precursor and intermediate species.

PES of dicationic CO2 is developed theoretically by MOLPRO suite of program

[MOL].

For studying dissociation dynamics an analytical function was fit to the ab

initio PES and the dissociation dynamics of CO2+
2 was investigated using time-

dependent quantum mechanical wave packet approach. Since the transition

follows Frank–Condon principle, the stationary wave function, |ΨCO2
g (0,0,0)〉, of

ground state can be treated as non-stationary wave function of the excited state,
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|ΨCO2+
2

g (t = 0)〉. This wave function then evolves with time on the potential energy

surface for the electronic state of CO2+
2 .

|ΨCO2
g (0,0,0)〉 −→ |ΨCO2+

2
g (t = 0)〉 H

CO2+
2

g−→ |Ψ(t )〉.

Here, H
CO2+

2
g is the Hamiltonian for the ground electronic state of CO2+

2 . The

autocorrelation function c(t ) = 〈Ψ(t = 0)|Ψ(t )〉 for the ground state of CO2+
2 is

Fourier transformed yielding an excitation spectrum. The excitation spectrum

when convoluted with instrumental resolution function yields the theoretical

KER spectrum. The computed and experimentally obtained KER spectra are shown

in Figure 4.4.

The peak at 4.9 eV is attributed to the X 3Σ−
g state of CO2+

2 . In this state the

PES has a barrier height of 2.0 eV in the equilibrium geometry. The barrier height

decreases with decrease in O–C–O bond angle. The structures in the predicted

spectrum are attributed to the metastable states of CO2+
2 . The convoluted exci-

tation spectrum is in good agreement with the experimental result in the low en-

ergy region. The discrepancy between theory and experiment at higher energies

arises presumably due to the non-inclusion of the excited states of CO2+
2 . The

theoretical ab initio calculations of PES were carried out in collaboration with IIT-

Kanpur and detailed theoretical calculations are published elsewhere [Sha07].

4.3 Three-body break-up

The mechanisms of three-body break-up as classified by Eland [Ela87b], can be

derived on the basis t1 : t2 coincidence maps alone. Since this information is

available to us for both, the electron impact and photoabsorption data, we first

carry out this analysis. The photoion coincidence spectrum (Figure 3.2) is richer

than the electron impact spectrum (Figure 4.1) due to inner shell excitations.

The ion pairs are found to arise from two precursors, namely CO2+
2 and CO3+

2 ,

whereas in the case of electron impact, there is only one precursor, CO2+
2 .

The slope of the best-fit line to the intensity distributions of ion pairs in the

t1 : t2 coincidence map is compared with the predictions of Equation 3.1. The
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Figure 4.4: [Top] Comparison of the computed kinetic energy release spectrum for

the CO+ (X2Σ+) + O+ (4S) fragmentation channel with the experimental results

obtained by electron impact ionisation of neutral CO2. [Bottom] Potential energy

profiles for dissociation of CO2+
2 are shown for different θ values, with the zero of

energy corresponding to the (local) minimum energy geometry of CO2+
2
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Table 4.1: Comparison of the slopes of the best-fit line to the ion pair coincidence

islands arising from photofragmentation of CO3+
2 with predictions of the ICS, DCS

and concerted break-up models. R is the regression coefficient of the best-fit line.

channel slope [ICS] slope [DCS] slope [fitted] R mode

O+:C+:O −3.7 −1.0 −0.97±0.03 0.90 DCS,c

O+:C:O+ −2.75 −1.0 −2.1±0.06 0.80 c, ICS

C2+:O+:O −4.7 −2.0 −14.5±1.5 0.70 c

O2+:C+:O −0.86 −2.0 −0.62±0.04 0.78 ICS

O2+:O+:C −1.14 −2.0 −1.44±0.04 0.90 c, ICS

fitted slopes and other parameters are summarised in Table 4.1. We find that no

single process can explain the observed distributions. Studies done by Hsieh-

Eland and Tian-Vidal on CO2 lead to similar [Hsi95, Tia98] conclusions for the

break-up of CO2+
2 , as does our electron impact data. Ours is the first report for

the break-up of CO3+
2 .

Since in the electron impact experiment we have complete momentum maps

of all fragments including the neutral fragment, we have an opportunity to ob-

tain geometry information of the dissociating molecular ion from the momen-

tum vectors of its fragments, following the method described in Chapter 3.

4.3.1 Geometry of dissociating molecular ion

The O+: O+: C channel

Figure 4.5 shows the momentum distribution of the second arriving O+ ion rela-

tive to the momentum vector of the first arriving O+ ion. Two distinct lobes are

seen in the distribution, a weak one at 80◦ and the dominant one at 160◦. This

suggests that there are two precursor states of CO2+
2 leading to this break-up, with

differing O–C–O angles, neither of which is 180◦. The conjecture about the exis-

tence of two states is further supported by analysing the KE of the ions and the

momentum vector of the neutral. The two sub-channels are separated by sort-
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ing the list mode data into two, depending on whether the O+: O+ angle lies in

the range 40◦–120◦ or 120◦–180◦. It should be noted that the coincidence detec-

tion method is blind to events in which KE of two ions of the same species are

comparable and the mutual angle is small.
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Figure 4.5: [Left] Momentum distribution of the second O+ ion with respect to the

momentum of the first O+ ion in the break-up CO2+
2 → O++C+O+. The black line

at αO+:O+ = 120◦ groups the events into two. The maximum of the colour scale for

the second O+ ion is 12 counts. [Right] Sum of the kinetic energies of the two O+

ions for αO+:O+ < 120◦ (red curve), and αO+:O+ > 120◦ (blue curve).

Two KER distributions are obtained for two ranges of the O+: O+ angle and

plotted in Figure 4.5. These clearly show that for break-up with small O+: O+

angle, the KE sum of the two O+ ions is small whereas for large O+: O+ angle the

KE sum is large. The mean of the KE sum in the two cases are 8.7 eV and 17.3 eV,

respectively. This can be understood as follows: O atoms are the terminal atoms

and C is the central atom in the CO2 molecule. When O+ ions depart with a large

mutual angle, the central C atom would carry small KE. Most of the KE will be

carried away by the O+ ions. On the other hand, when the O+: O+ mutual angle

is small, the KE carried away by the C atom will be larger.

For the two angular ranges mentioned above we have deduced the momen-

tum of the neutral fragment. This is shown in Figure 4.6. For small O+: O+ angle,

the C atom is preferentially emitted around 130◦ to the first O+ whereas for large

O+: O+ angle, the preferred angle is approximately 90◦. We have verified that
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Figure 4.6: Momentum map of all fragments in the break-up CO2+
2 → O++C+O+.

[Left] ForαO+:O+ < 120◦. The continuous curve shows the momentum distribution

of the first arriving O+, with 23 counts at the maximum of the peak. The max-

imum of the colour scale for the second O+ is 9 counts and for C it is 7 counts.

[Right] For αO+:O+ > 120◦. The continuous curve shows the momentum distribu-

tion of the first arriving O+ with 32 counts at the maximum of the peak. The max-

imum of the colour scale for the second O+ is 12 counts and for C it is 20 counts.

these distributions are identical under the exchange of labels 1,2 of the O+ ions.

From these observations we conclude, that the break-up is symmetric and the

two bonds break simultaneously. Two preferred geometries as shown in Figure

4.6 for the break-up channel CO2+
2 → O++C+O+ emerge from these observa-

tions.

The C+: O+: O channel

Figure 4.7 is the momentum distribution of O+ and neutral O relative to the mo-

mentum vector of C+. Both distributions are broad and single lobed. In the for-

mer case the intensity is maximum around 150◦ while in the latter the intensity is

maximum around 30◦. The emission of O+ and neutral O is not symmetric with

respect to the emission of C+. This implies fragmentation via an asymmetric

stretch and can be understood as follows. The two positive charges reside on C
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Figure 4.7: [Left] Momentum map of all fragments in the break-up CO2+
2 → C++

O++O. The continuous curve shows the momentum distribution of C+ with 210

counts at the maximum of the peak. The maximum of the colour scale for O+ as

well as O is 30 counts. [Right] Kinetic energy release spectrum.

and on one of the O atoms. The two atoms move apart under coulomb repulsion.

In the absence of the second (neutral) O, the two ions would be emitted back to

back. However, the neutral O causes the trajectory of the C+ to deviate. A C+–

,O scattering leads to a small angle between the momentum vectors of C+ and

O. Unlike in the CO2+
2 → O++C+O+ break-up, only one O–C–O angle is promi-

nently seen in this break-up. Consistent with the momentum distributions, the

KER also has a single broad distribution (Figure 4.7).

We conclude from the above analyses, that the three-body break-ups of CO2+
2

follow from two bent dissociative states. The kinematics of each dissociation

channel and the geometry of the bent states are summarised in Figure 4.8. Two

bent states of CO2+
2 , one with mean O–C–O angle 157±8◦ and the other 86±8◦

lead to the break-up CO2+
2 → O+ + C + O+. The mean KER for these channels

are 18.4 ± 4.4 eV and 20.3 ± 4.8 eV. The second three-body break-up, CO2+
2 →

O++C++O, also arises from bent mode, with mean O–C–O angle 155±8◦. Within

experimental error this O–C–O angle is the same as that for the first break-up
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Figure 4.8: Schematic diagrams showing bent dissociative states of CO2+
2 leading

to three-body break-ups. The mean momentum of each fragment is shown next to

the respective symbol. The angles are the mean angles.

channel. However, the break-up CO2+
2 → O+ +C+ +O involves an asymmetric

stretch. The mean KER for this channel is 15.5±4.1 eV.

4.4 Considerations for polyatomics

For a triatomic molecule the only possible change that can occur in the geometry

is the bond angle. However, for polyatomic molecules which have higher order

of symmetry there may occur a multitude of changes. The change can, in fact,

be substantial and may lead to an entirely altered geometry, which is the topic of

discussion of the next chapter.



Chapter 5

Fragmentation of symmetric

polyatomics : CCl4, SF6

Fragmentation dynamics of polyatomic molecular ions presents formidable chal-

lenges, because of the large number of open dissociation channels as well as the

large number of fragments that can arise from a single dissociation. Symmet-

ric polyatomic molecules are in some sense a transition between small mole-

cules and very large ones because of the symmetry related degeneracy of dis-

sociation channels. Removal of a few electrons from the symmetric electron

clouds in molecules of high degree of symmetry, such as SF6 and CCl4, can lead

to drastic changes in the structure of these molecular ions. Bond rearrangement

may lead to the formation of ionic species contrary to the expectations based

on symmetry. Intramolecular bond rearrangement has been observed by many

workers in the past, in simple triatomic [Nag94, Str96] and polyatomic molecules

[Ruh90, Rej02, Fur05] upon charged particle or photon impact. Bond rearrange-

ment implies an alteration in the geometry of precursor molecular ions. Expla-

nation of the rearrangements have been largely speculative, there has been no

concrete proof of the rearrangement process per se.

This chapter deals with the alteration in geometry and migration of atoms in a

dissociating molecular ion. Molecules having a high order of symmetry, SF6 and

CCl4, are chosen for our study. SF6 has an octahedral geometry whereas CCl4 has

a tetrahedral geometry. Both molecules have an atom at the centre, surrounded

by six and four electronegative atoms, respectively. Because they are alike in this

61
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respect, we expect similarities in dissociative ionisation of the two. We have in-

vestigated the issue of stability of certain molecular ion fragments arising from

the break-up of the two molecules. We have also focused on the formation of

molecular ions that require migration of atoms from their locations in the neutral

molecule, and finally, on the determination of the geometry of the dissociating

state.

5.1 Stability patterns in molecular ion fragments

SF6

The mass spectrum of SF6 under 1300 eV electron impact is shown in top pannel

of Figure 5.1. Eleven ionic peaks, viz., F+, SF2+, S+, SF2+
2 , SF2+

3 , SF+, SF4
2+, SF+

2 ,

SF+
3 , SF+

4 and SF+
5 , are seen. Parent ions, i.e. ions of the type SFq+

6 , are absent

from the mass spectrum. Hence, we conclude that all parent molecular ions are

unstable.

Figure 5.1 is bar plot for the intensity of the fragment ions arising from the

break-up of multiply charged SF6 ions. The probability of formation of SF+
2n+1

ions is higher than that of SF+
2n (n = 0–2). Similarly, SF2+

2m ions are more probable

than SF2+
2m+1 (m = 0–2). The common thread here is that all ions, which are found

to be stable, have even number of electrons.

The number of electrons appears to be of further significance, as is seen from

the following considerations. As seen in Figure 5.2, the decay of dicationic SF6

preferentially follows those channels which lead to fragments with even number

of electrons. SF2+
6 dissociating into F+ and SF+

2n−1 shows higher probability than

SF2+
6 dissociating into F+ and SF+

2n−2, where n = 1–3. The dominant break-up

channel is (F+:S+), in which both fragments are atomic, and hence are stable.

This kind of behaviour has also been observed by a few other groups [Hit79,

Nas96, Sin03]. Of these, Hitchcock and Van der Wiel [Hit79] offered an expla-

nation for the observed stability pattern. The primary assumption was that the

charge resides on the central S atom. The explanation of bond stability was based

on the valence-bond configuration of the fragment ions. Singly charged molec-
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Figure 5.1: [Top] Time-of-flight spectrum of SF6. [Bottom] A bar plot showing the

intensity of all fragment ions.
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Figure 5.2: [Top] The coincidence map of the correlated fragment ion pairs arising

from the dissociative ionisation of SF6. [Bottom] A bar plot showing the intensity

for different dissociation channels.
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ular ions from SF6 are considered to consist of an S+ ion with valence configura-

tion 3s23p3, and the appropriate number of F atoms. The optimum geometry for

overlap consistent with the ground-state configuration of S+ implies preferential

bonding to three F atoms, forming SF+
3 . Excitation of one 3s2 electron of S to the

3d orbital will give rise to the configuration 3s3p33d of S+, which is optimal for

bonding to five F atoms. One thus expects SF+
5 to be relatively stable. On the

other hand, no configuration can be derived to optimise bonding for SF+
4 or SF+

2 ,

so these ions are expected to be less stable.

Similarly, doubly charged molecular ion fragments from SF6 are considered

to be formed from S2+, whose valence configuration is 3s23p2, and the appropri-

ate number of F atoms. This configuration yields preferential bonding to two F

atoms whereas sp3 hybridisation yields optimal bonding for SF2+
4 . No preferred

configuration can be derived for SF+
2m+1.

CCl4

The TOF spectrum of fragments from CCl4 bombarded by 1300 eV electrons shows

nine ionic peaks, viz., C2+, C+, Cl2+, CCl2+,Cl+, CCl+, Cl+2 , CCl+2 and CCl+3 (see Fig-

ure 5.3)a. Absence of parent ion peaks, viz. CCl+4 and CCl2+
4 , indicates that they

undergo prompt dissociation. Parent molecular ions with charge > 2 would also

be unstable, and several ion pairs are expected to be formed from their dissocia-

tion.

In a behaviour paralleling that of SF6, ions of type CCl+2n , which have even

number of electrons are more likely to be formed, than CCl+2n+1, which carry odd

number of electrons. This is clearly seen in Fig. 5.3. We explain this behaviour by

extending the model of Hitchcock and Van der Wiel. Singly charged fragments

of CCl4 are considered to be constructed from a C+ ion (valence configuration

2s22p1) and the appropriate number of Cl atoms. Thus, the ground-state con-

figuration of C+ implies preferential bonding (optimum geometry for overlap) to

one Cl atom. This explains the formation of CCl+. Excitation of one 2s2 electron

of C+ ion into one of the 2p orbitals causes sp2 hybridisation, forming bonds

with three Cl atoms. This explains the relatively stable configuration of CCl+3 .
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Figure 5.3: [Top] Time-of-flight mass spectrum of CCl4. The sharp peak in the

spectrum at 6600 ns (≡ m/q = 28) is due N2 contamination. [Bottom] A bar plot

showing the intensity of all fragment ions.
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Figure 5.4: The coincidence map of the correlated fragment ion pairs arising from

the dissociative ionisation of CCl4.

Thus, the high-low probability pattern in the formation of various types of singly

charged fragment ions is qualitatively explained by this model.

The model fails when applied to the formation of doubly charged ions from

CCl4. For C2+ the valence configuration is 2s12p1. The best choice for bonding

should have been two Cl forming a bond with C, forming stable CCl2+
2 . Extend-

ing this to the case of more Cl atoms, the valence bond model suggests that CCl2+
2n

is preferred over CCl2+
2n+1. This in complete contradiction to observations. Ions

of type CCl2+
2n are not seen at all (see Figure 5.3), but ions of the type CCl2+

2n+1

(n = 0,1) are observed. From the analysis of the shapes and the slopes of the

distributions in the coincidence map of the correlated fragment ion pair, we de-

duced that the only precursors to these break-ups are CCl2+
4 and CCl3+

3 .
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5.2 Migration of atoms during dissociation

The observation of F+
2 (a tiny peak at m/q = 38) in the spectrum of SF6 and the

observation of Cl+2 (a tiny peak at m/q = 71) in the spectrum of CCl4 indicate that

at least one of the apical atoms in either molecule migrates during dissociative

ionisation. This point can be dealt with more closely by looking at the ion pair

coincidences. These deductions are based on the shapes and slopes of the ion

pair coincidence distributions (Figure 5.2 for SF6 and Figure 5.4 for CCl4).

SF6

We consider channels that lead to F+
2 . The precursor to its formation can be ei-

ther SF+
6 or SF2+

6 as shown below.

SF+
6 → F+

2 +neutral fragments (5.1a)

SF2+
4 → SF+

4 +F+
2 (5.1b)

Formation of F+
2 ion involves breaking of a S–F bond, and formation of a bond

with another F atom. These two dissociation channels provide evidence for a

non-octahedral geometry of the precursor ion and indicate migration of at least

one F atom from its position at the apex of the octahedral.

CCl4

The precursor to the formation of Cl+2 can be either CCl+4 or CCl2+
4 . Based on the

single and pair coincidences, we deduce three channels which can lead to Cl+2
formation:

CCl+4 → Cl+2 +neutral fragments (5.2a)

CCl2+
4 → CCl+2 +Cl+2 (5.2b)

CCl2+
4 → CCl++Cl+2 +Cl (5.2c)

The relative probabilities for the formation of Cl+2 from the three break-up

channels are obtained by comparing the intensities in the singles and coinci-
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dence spectra. The values are 0.89, 0.07 and 0.04, respectively. These three disso-

ciation channels provide evidence for a non-tetrahedral geometry of the precur-

sor ion.

For both molecules, we find evidence for migration of atoms during dissocia-

tive ionisation – the formation of F+
2 and Cl+2 . A fallout of migration is a change

in the charge distribution within the molecule. A consequence of this can be

alteration of the geometrical structure of the molecular ion. How severe this al-

teration is, will be discussed next.

5.3 Alteration in geometry

SF6

Figure 5.2 shows the coincidence map of the fragment ions arising from disso-

ciative ionisation of SF6. Two dissociation channels are from two body break-up,

viz. F+:SF+
5 and F+

2 :SF+
4 . Rest of the channels are due to more than two-body

break-up. The probability of break-up into three ions is estimated to be much

less than one percent, based on the relative counts in the triple and pair coinci-

dence maps. Therefore the analysis that follows is based on the ion pair coinci-

dence maps, with the tacit assumption that the third partner is neutral.

As discussed in chapter 3, estimation of the geometry of fragmenting molec-

ular ion is possible only when n −1 out of n fragments are charged and are de-

tected. Of the several channels seen in the coincidence map, only two qualify for

this analysis. The channels are:

SF2+
6 → F++SF+

4 +F (5.3a)

SF2+
6 → F++SF+

3 +F2. (5.3b)

However, the statistics for first channel is poor, therefore it is not analysed. In the

second channel the third partner is taken to be F2, because we have evidence for

migration of F , and because F is a highly electronegative atom and will immedi-

ately form a bond with another F atom.
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Figure 5.5: Momentum map of all fragments in the break-up SF2+
6 → F++SF+

3 +F2.

The maximum of the colour scale for SF+
3 is 140 and F2 is 120 counts.

Figure 5.5 shows the angular distribution of SF+
3 and the neutral F2 fragment

relative to the momentum vector of F+. The mean angle between F+ and SF+
3

is 138◦, that between F+ and F2 is 96◦, while that between SF+
3 and F2 is 126◦.

These observations indicate that the geometry of SF2+
6 is no longer octahedral

like the parent. The average momenta carried away by F+, SF+
3 and F2 are 93 a.u.,

121 a.u. and 83 a.u., respectively. The inequality of the emission angles and the

mean momenta further suggest that the six F atoms in SF2+
6 are not equidistant,

as in the original octahedral geometry. We have no theoretical support for the

altered geometry, but work is in progress.

There are other clear pointers to alteration of geometry of SF2+
6 from the orig-

inal octahedral geometry, although the angular distribution of all the fragments

cannot be deduced as there are more than one neutral fragments. The channels



5.3. Alteration in geometry 71

-300a.u. 300a.u.

300a.u.

F+

SF2

+

Figure 5.6: Momentum map of SF+
2 relative to F+ in the break-up SF2+

6 → F++
SF+

2 +neutralfragments. The maximum of the colour scale for SF+
2 is 30.

pointing to alteration of geometry are:

SF2+
6 → F++SF+

2 +neutral fragments (5.4a)

SF2+
6 → F++S++neutral fragments (5.4b)

Only first break-up channel is dealt with here. Figure 5.6 shows the angular

distribution of SF+
2 relative to the momentum vector of F+. The mean angle of

emission of SF+
2 relative to F+ is 128◦ and the mean momenta carried away by

F+ and SF+
2 are 100 a.u. and 124 a.u, respectively. In neutral SF6, F atoms are

positioned either neighbouring or on opposite sides of the S atom i.e. the F–S–

F angle is either 90◦ or 180◦. The present observation shows that the angle has

deviated from the original angle of 90◦ or 180◦. The conclusion thus is, that the

geometry of SF2+
6 is not the same as that of SF6.

The KER SF2+
6 → F++SF+

3 +F2 break-up is plotted in Figure 5.7. The experi-

mental KER data is fitted with three Gaussians, with means 4.6±0.03, 6.02±0.53

and 9.43±0.63.

CCl4

To estimate the geometry of CCl2+
4 , only those break-up channels, in which the

momentum of all the three partners can be deduced, should be considered. The
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Figure 5.7: Kinetic energy release for the break-up SF2+
6 → F++SF+

3 +F2. Mean KER

is 7.1 eV.

break-up channels are:

CCl2+
4 → Cl++CCl++Cl2, (5.5a)

CCl2+
4 → Cl++CCl+2 +Cl. (5.5b)

In the first of the above equations, we have assumed that the neutral fragment

is Cl2. The precursor for this reaction is the same as that leading to Cl+2 in Equa-

tion 5.2c. The electronegativity of Cl is very high, and there are no electropositive

atoms in the molecule. Thus, it is reasonable to assume that two Cl atoms will

form a stable covalent bond if they are in a favourable position to form a bond.

The formation of Cl+2 suggests that this is indeed the case. A proof for this altered

position may be provided by the angles between the departing fragments, which

we obtain from the momentum map of the fragments.

Figure 5.8 shows the angular distribution of CCl+ ion and neutral Cl2 rela-

tive to the momentum vector Cl+ ion. The momentum distribution between the
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Figure 5.8: Momentum distribution of CCl+ with respect to the momentum of Cl+.

The maximum of the colour scale is 40 counts.

three bodies is nearly symmetric. The mean angle between Cl+ and CCl+ is 131◦,

that between Cl+ and Cl2 is 118◦, while that between CCl+ and Cl2 is 111◦. This

further supports the assertion that the four Cl atoms are no longer equidistant,

as in the original tetrahedral geometry. The average momenta carried away by

Cl+, CCl+ and Cl2 are 126 a.u., 122 a.u. and 114 a.u., respectively.

Figure 5.9 shows the angular distribution of CCl+2 ion and neutral Cl relative

to the momentum vector of Cl+ ion. The mean angle between Cl+ and CCl+2 is

141◦, that between Cl+ and Cl is 106◦, while that between CCl+2 and Cl is 113◦.

The average momenta carried away by Cl+, CCl+2 and Cl are 120 a.u., 128 a.u. and

95 a.u., respectively.

Putting together the information about the two three-body dissociation chan-

nels, we are led to the conjecture that the geometry of CCl2+
4 in the dissociating

state is trigonal. Since we have no evidence to the contrary, we assume that the

C atom is at the centre of the molecule. The Cl atoms are rearranged: a pair of Cl

atoms lie along one of the trigonal arms, the two lone Cl atoms are along the two

other arms. In the first dissociation channel, this Cl–Cl bond is not broken and
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Figure 5.9: Momentum distribution of CCl+2 with respect to the momentum of Cl+.

The maximum of the colour scale is 22 counts.

the pair remains neutral. The central C and one of the lone Cl atoms combine to

form the second partner, while the other lone Cl is the third partner in the dis-

sociation. The charge is shared between CCl and Cl. In the second dissociation

channel, the paired Cl atoms and the central C atom combine and carry away

one charge, while one of the two lone Cl atoms carries away the other.

Support for migration of the Cl atoms and modification of the bond angles

also comes in from theory. The geometry optimisation of CCl2+
4 was carried out

without any symmetry constraint using Gaussian03 program package with 6-

31g* basis set at Restricted Hartree-Fock level. Figure 5.10 shows the geometry

of CCl2+
4 calculated in this manner. It is clear that the geometry of the dication is

very different from that of the neutral.

The kinetic energy of all fragments, including neutrals, can be determined

for the fragmentation channels described above (reactions 5.5a, 5.5b). The KER

in the two channels is nearly identical, as can be seen from Figure 5.11. The

experimental KER data for CCl2+
4 → CCl+2 +Cl+Cl+ break-up channel is fitted with

three Gaussians, with means 5.9± 0.07, 9.8± 0.21 and 12.7± 3.1. Similarly, the
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experimental KER data for CCl2+
4 → Cl++CCl++Cl+2 break-up channel is fitted

with three Gaussians, with means 5.9±0.03, 9.8±0.08, 10.4±0.9. The similarity

in the structures of KER indicates that the same set of states of CCl2+
4 lead to the

two dissociation channels.
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5.4 E�ects due to asymmetry

In polyatomic molecules with high order of symmetry, like the ones considered

her, dissociation of bonds or migration of atoms will be indistinguishable with

respect to the site that was active during the process. will be independent of

the site at which the atom was located prior to dissociation. However, when

one considers a polyatomic molecule which has several identical atoms attached

to different atoms, or in other words a few identical atoms attached to different

skeletal atoms, the issue of site selectivity or specificity in dissociation comes up.

Alcohols are good candidates for this class of molecules. The site specificity in

the bond breakage and bond rearrangement in ethanol is dealt with in the next

chapter.



Chapter 6

Site speci�c dissociation:

C2H5OH

The discovery in the planetary atmospheres and interstellar atmospheres of or-

ganic molecules, such as alcohols has seen a new-found interest amongst che-

mists and atomic physicists [Kea87, Kis87, Man80]. Several spectroscopic and

collision studies, under a variety of excitation schemes, have been done. Par-

tial cross-sections for dissociative ionisation of methanol and ethanol by elec-

tron impact have been measured by Duric et al, Srivastava et al and Rejoub et al

[Dur89, Sri96, Rej02]. Beyond cross-section measurements are more interesting

issues, such as the formation of molecular ions involving non-intuitive bond re-

arrangements, exemplified by the observation of H+
2 and H+

3 . The observation of

H+
3 from CH3OH by photoabsorption was reported by Ruhl et al, Rejoub et al and

Furukawa et al [Ruh90, Rej02, Fur05]. Some explanations for the formation of H+
2

and H+
3 from CH3OH and C2H5OH by photon and charged particle impact have

been reported [Ruh90, Fur05, Kri04]. H atoms in alcohols are attached to differ-

ent skeletal atoms such as C or O. Since the neighbours of H atoms at different

sites are not identical, we expect H atoms at different sites to respond differently

to a perturbation. A typical alcohol molecule carries a few identically sited H

atoms and a variety of skeletal atoms. This makes alcohols ideal candidates for

studying site-specific dissociation.

Ethanol (H3C–CH2–OH) is the simplest molecule for such a study, offering

three different skeletal sites. We have studied the fragments arising from disso-

77
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ciative ionisation of ethanol by electron-impact. The most significant observa-

tion is the large scale rearrangement of H atoms during dissociative ionisation,

reflected in the formation of H+
2 , H+

3 , HOH+ and H2OH+ ions. These ions can

only be formed by breaking of bonds between the H and the skeletal C or O

atoms, followed by association of the H atoms or ions. In order to understand

these rearrangements, we need answers to questions such as – Are all bonds

equally active in this rearrangement? Which excited states are responsible for

the observed fragment ions? What are the energetics of the fragmentation chan-

nels of C2H5OH2+? One of the most exciting challenges in chemistry is control

over bond breaks. Understanding site selectivity in dissociation is the first step

towards that goal. It requires a detailed knowledge of the potential energy sur-

faces as well as of the dynamics that governs the dissociation.

6.1 Tools of trade: Isotopic substitution

The optimised structure of C2H5OH is shown in Figure 6.1. Of the six H atom

sites, the H′′′ site is very different from the rest in terms of the bond strength

and symmetry of the orbital. The structure suggests that fragments arising from

dissociative ionisation of ethanol can be grouped into two: those involving only

the peripheral H atoms, and those involving one or more of the skeletal C and

O atoms. To figure out whether the H atom attached to O does indeed behave

differently from the other H atoms, it is necessary to tag it differently from the

other H atoms. For this, we use isotopically altered ethanol (H3C–CH2–OD). The

strategy then, is to perform the experiment with both isotopomers, and com-

pare the fragmentation patterns. An important point here is that the electronic

structure of the molecules is to a very great extent independent of the isotopic

composition.

Isotopically altered ethanol used in the experiment was a commercially avail-

able sample with a D-atom purity of 99%. In the following discussion, we will

refer to the H (or D) atom on the O site as A, to distinguish it from other H

atoms. In the analysis that follows, we treat the C2H5OH molecule (henceforth



6.2. Identification of fragment ions 79

C C

H’

H’

H’ H’’

H’’

O H’’’

110o 1.095 A
o

110o

108o

1.087 Ao

0.96 Ao

1.
42

A
o

1.51 Ao

Figure 6.1: Structure of C2H5OH. The labelling H′, H′′, H′′′ is for distinguishing

various H atom sites.

called h-ethanol) as the primary molecule being investigated, falling back upon

the C2H5OD molecule (henceforth called d-ethanol) only when the identifica-

tion of the dissociation channels calls for assistance from the isotopically altered

species.

6.2 Identi�cation of fragment ions

The time-of-flight spectra of ions from h-ethanol and d-ethanol, calibrated in

terms of m/q are shown in Figure 6.2. Twenty-two and twenty-six ions are seen

in the two cases, respectively. The peaks at m/q = 28,32 in the C2H5OH spectrum

are due to air contamination, but these do not affect the analysis. In addition to

the parent ion peak we observe many other dissociation products. No multiply

charged parent ion peak is observed in the mass spectrum. This leads us to the

conclusion that multiply charged ethanol decays promptly.

The spectra are normalised to the area within the FWHM of the peak of the

methyl ion (CH+
3 ). A normalisation using the entire area was likely to give an

error due to the merging tails of the adjacent peaks. The choice of this peak

for normalisation is based on the fact that this is an ion which can arise from

a unique site, and does not involve the isotopically substituted site. Thus, the

relative intensity of all site-dependent fragments from the two isotopomers will
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Figure 6.2: TOF spectra of C2H5OH and C2H5OD under 1300 eV electron impact

normalised to the intensity of the CH+
3 peak.
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be correctly represented with this normalisation. We have verified, that this nor-

malisation matches the normalisation against the total ion yield. It is obvious

that differences in intensities of the peaks at the same m/q in the two cases point

to reactions that involve the O–A bond. The peak at m/q = 47 in the mass spec-

trum of C2H5OH is the combined effect of natural fractions of isotopes of H, C

and O. Corrections due to this have been taken into account in the analysis.

The peaks in the mass spectrum fall into six groups, namely the H+
n , CH+

n ,

HnOH+, C2H+
n , COH+

n and C2OH+
n groups. The parent ion peak is the most in-

tense. The grouping in the mass spectrum can be linked to the structure of the

molecule; the groups are consistent with the structure in Figure 6.1. Among

the ion groups listed, the groups H+
n and HnOH+ involve rearrangements of H–

bonds, while the others do not. We analyse the two categories separately.

6.2.1 Ions not requiring rearrangement of bonds

The CH+
n group

The relative intensities of CH+
n ions for a given n are equal for h-ethanol and d-

ethanol. Thus the O–A bond is not involved in the formation of ions in this group.

Ions of this group are formed when the C–C or C–O bonds break.

C2H
+
n group

Peaks at mass 24, 25, 26 and 27 are due to the C+
2 , C2H+, C2H+

2 and C2H+
3 ions, re-

spectively. Mass 28 cannot be assigned to a single species, it could be either CO+

or C2H+
4 . The peaks in this group are identical for the two isotopomers (barring

contamination due to N+
2 ). This implies, that the formation of these ions does

not require breaking of the O–A bond.

CHnO
+ group

The masses in this group range from 29 to 31 in case of h-ethanol. Three ions,

viz. H3C–CH+
2 , HC–O+ and C–OH+ have mass 29. To determine which of these
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ions formed the peak, we compare the normalised mass spectra of the two iso-

topomers. If the peak is due the C–OH+ ion, then in d-ethanol this will contribute

to the peak at mass 30 and the intensity at mass 29 will be different in the two

cases. Since the ratio I29/I30 for h-ethanol is same as that for d-ethanol, we con-

clude that the peak at mass 29 in h-ethanol cannot be due to C–OH+. It is not

possible to rule out or confirm the formation of the two other ions, H3C–CH+
2

and HC–O+. A scheme of site-by-site substitution of H by D may shed some light

on this. For the scheme to succeed, it is necessary to determine the intensity

of each peak accurately. However, broad mass peaks in this group preclude the

possibility at the moment. Masses 31 and 32 are exclusively assigned to CH2OA+.

The C2HnO
+ group

In case of h-ethanol, three structurally different ions viz. CH3CH2O+, CH3CHOA+,

CH2CH2OA+ appear at the same m/q , but in case of d-ethanol the CH3CHOA+

and CH2CH2OA+ ions would appear at m/q = 46. The ratio of the intensity of

the peak corresponding to loss of one H atom to the intensity of the parent ion

is the same in both molecules. (This fact is not obvious from the peak heights in

the mass spectrum, due to differing peak widths.) This indicates that only C–H

bonds, and not the O–A bond, are broken in processes involving loss of a single

H atom.

6.2.2 Ions requiring rearrangement of bonds

The H+
n group

The h-ethanol spectrum has peaks at m/q = 1,2,3 corresponding to H+, H+
2 and

H+
3 respectively. The d-ethanol spectrum, on the other hand, has peaks at m/q =

1,2,3,4 corresponding to H+, H+
2 or D+, H+

3 or HD+, and H2D+ respectively. The

comparison tells us, that the formation of H+
2 or H+

3 from h-ethanol involves a

rearrangement necessitating the breaking of the O–H bond.

To calculate the site-specific probability of formation of H+
n ions, we proceed

as follows. We assume that the sum of the normalised intensities of the peaks
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at m/q = 1. . .3 in case of h-ethanol equals the sum over m/q = 1. . .4 in the case

of d-ethanol. In other words, we assume that the sum of the cross-sections for

rearrangements involving the peripheral H (or D) bonds is the same for the two

molecules. The sum of the intensities of all ions in this group is arbitrarily set to

1, and the intensity of each peak is renormalised to this sum.

We label the contribution to the intensity of H+
n due to rearrangement of the

H– bonds on the CH3, CH2, and OH sites by symbols with a prime, double prime

and triple prime respectively. The normalised intensity of a particular mass peak

is denoted by pm/q . Thus, for the case of h-ethanol we have

p1 = 0.694±0.004 = 3pH ′ +2pH ′′ +pH ′′′ (6.1a)

p2 = 0.189±0.001 = 3pH ′H ′ +pH ′′H ′′ +2pH ′′H ′′′ (6.1b)

p3 = 0.117±0.001 = pH ′H ′H ′ +pH ′′H ′′H ′′′ (6.1c)

This scheme is justified on the grounds that the C–C bond is the longest and the

H
′

atoms are far apart from the H′′ and H′′′ atoms. Likewise, using the symbol P

for the case of d-ethanol, we have

P1 = 0.601±0.002 = 3PH ′ +2PH ′′ (6.2a)

P2 = 0.216±0.001 = 3PH ′H ′ +PH ′′H ′′ +PD (6.2b)

P3 = 0.102±0.001 = PH ′H ′H ′ +2PH ′′D (6.2c)

P4 = 0.081±0.001 = PH ′′H ′′D (6.2d)

We further assume the following equivalences:

pH ′ = pH ′′ = PH ′ = PH ′′ (6.3a)

pH ′H ′ = pH ′′H ′′ = PH ′H ′ = PH ′′H ′′ (6.3b)

pH ′H ′H ′ = PH ′H ′H ′ (6.3c)

pH ′′H ′′H ′′′ = PH ′′H ′′D (6.3d)

The error in the probabilities is the net error due to statistical uncertainty and

error in determining the baseline of the mass peak. Solving these equations, we

find that H+ formation has 86±0.3% contribution from the five C-sited bonds and
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14± 0.3% from the O-sited bond. The contribution to H+
2 from rearrangement

of the bonds at the CH3 site is 49± 2% and due to rearrangement of bonds at

the CH2 and OH sites is 51± 2%. Similarly, 30± 4% of the H+
3 intensity is due

to rearrangement of the bonds at the CH3 site while 70± 4% is due to the CH2

and OH sites together. The last result is surprising, because it implies a large

probability of breaking of the strong O–H bond. This result may be compared

with the formation of H+
3 by photoionisation of CH3OH, for which Ruhl et al have

reported rearrangement involving the O–H bond to be thrice as likely as the one

not involving the O–H bond [Ruh90].

The HnOH
+ group

The peaks at mass 18 and 19 for the case of h-ethanol and the peaks at mass 19

and 20 for the case of d-ethanol confirm formation of HOA+ and H2OA+ ions. As

in case of the H+
n group, the formation of these ions necessitate rearrangement

of the H– bonds. The normalised intensity of HOH+ from h-ethanol equals that

of HOD+ from d-ethanol. Similarly the intensities of H2OH+ in h-ethanol and

H2OD+ in d-ethanol are equal within a percent. This implies, that the O–A bond

does not break in any of these rearrangements.

KE distributions for H+
n and HnOH

+ groups

Since H+
2 , H+

3 , HOH+ and H2OH+ are formed due to bond rearrangement, sev-

eral excited states may be involved in their formation, whose signatures would

be seen in the kinetic energy distributions (KED). The excited states may be of ei-

ther singly or doubly charged C2H5OA ions. The probability of single ionisation

leading to dissociation is determined to be five times that of double ionisation

leading to dissociation, based on the singles and coincidence spectra.

The KED of H+
2 and H+

3 ions from h-ethanol is plotted in Figure 6.3. The KED

shown do not take into account whether that intermediate ion is singly or dou-

bly charged. The KED could not be determined unambiguously for HOH+ and

H2OH+ from h-ethanol, as they are not very well resolved. However, the HOD+
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Figure 6.3: [Top] Distribution of kinetic energy of H+, H+
2 , and H+

3 ions from

C2H5OH. For H+
2 and H+

3 distributions, the experimental data points are fitted to

the sum of several Gaussian distributions, as indicated in the text. [Bottom] Dis-

tribution of kinetic energy of HOD+ and H2OD+ ions. arising from C2H5OD.
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and H2OD+ ions arise from a similar rearrangement in d-ethanol, and are better

resolved. We take the KED of HOD+ and H2OD+ to be similar to those of HOH+

and H2OH+, respectively (barring a
p
µ scaling due to differences in the reduced

mass). The KED of HOD+ and H2OD+ ions are plotted in Figure 6.3.

We attempted to fit the observed KEDs to sum of Gaussian distributions:

y =∑
i

ai

σi
p
π/2

exp[−2[(x −µi )/σi ]2]

This attempt succeeded partly for H+
2 and H+

3 ions, but not for the others, al-

though the KED of other ions also show a multi-peak structure. For H+
2 we ob-

tain a fit of four Gaussian distributions (ai ,µi ,σi ): (480,0.64,1.1), (2249,3.3,3.5),

(657,8.0,3.9), (435,12.4,3.6) with χ2/dof = 190. For H+
3 the fit consists of three

Gaussian distributions (ai ,µi ,σi ): (533,0.63,1.2), (1588,3.2,3.6), (836,9.1,5.1) with

χ2/dof = 237. We note, that the first two Gaussian distributions are almost iden-

tical for these ions (barring the amplitude). This suggests that the two ions may

arise from the same transition to the intermediate excited state. The presence of

multiple peaks can be taken to be an indication of the participation of many elec-

tronically excited states. A proper interpretation of these peaks requires knowl-

edge of the potential energy surfaces of the parent and intermediate species. If

this information is available, then a procedure based on the reflection approx-

imation [Woo77, Liu89], and a linear combination of excitation functions from

initial bound states to repulsive intermediate states can lead to an understanding

of the dissociation dynamics. Such a scheme is employed in recent times to the

study of fragmentation of CO and H2O by ion impact [Tar00, Leg05]. A complete

understanding of our data requires the calculation of PE surfaces of ethanol.

6.3 Decay channels of C2H5OH
2+

Figure 6.4 shows the coincidence map of the TOF of the first and second ions aris-

ing from h-ethanol. All ions in this map are singly charged. Furthermore, no ion

is recorded as third hit. Therefore, the precursors to all ion pairs are C2H5OH2+.

The situation for d-ethanol is identical.
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Figure 6.4: Top and bottom panel figures show the coincidence map of the corre-

lated fragment ion pairs arising from the break-up of multiply charged C2H5OH

and C2H5OD, respectively.
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6.3.1 Preferred channels

We will mainly focus on the dominant fragmentation channel in the map, i.e. the

ion pair at (m/q = 15 : m/q = 29) from h-ethanol. m/q = 15 is uniquely assigned

to CH+
3 . The ion at m/q = 29 can be C–OH+ or H–C–O+. If the O–H bond breaks,

the ion formed is H–CO+; if it does not, C–OH+ is formed. The O–H bond has the

highest bond energy of all. If we base our argument on bond strength alone, the

O–H bond is the least likely to break. Whether this is true in the formation of the

ion corresponding to m/q = 29 is resolved by comparing the coincidence maps

of d-ethanol and h-ethanol (see Figure 6.4). For the case of d-ethanol, the most

dominant ion pair is m/q = 15 : m/q = 29. This makes it clear that the second

ion of the m/q = 15 : m/q = 29 pair is H–CO+ and that it is the O–H bond that

preferentially breaks in fragmentation of C2H5OH2+. This evidence runs contrary

to the expectation based on bond strength, but molecular orbital considerations

can explain why the formation of H–C–O+ is preferable.

The oxygen atom in C2H5OH possesses four non-bonding orbitals, two of

which are free from mixing and have the lowest ionisation potentials of any of

the electrons in the molecule. Hence, electrons from the oxygen atom can be re-

moved easily [Mul35]. O+ is trivalent, so the C–O– group in the neutral molecule

becomes C=[O+]– in the ion, assuming that the charge is localised on the oxygen

atom. Thus, [H–C≡O]+ is more stable than [C≡O–H]+. Hence, it can be con-

cluded that CHO+ ion is preferentially formed as compared to C2H+
5 or COH+.

Conclusions drawn from the coincidence map and the molecular orbital ar-

gument go hand in hand. Thus, it is clear that the decay via the formation of

H–CO+ is the preferred pathway for dissociative double ionisation of ethanol.

6.3.2 Electronic energy levels

Figure 6.5 is the kinetic energy release spectrum of the channel CH+
3 : CHO+. The

mean value of the KE sum for the break-up C2H5OH2+ → CH+
3 +CHO++H2 is

5.2 eV and for the break-up C2H5OD2+ → CH+
3 +CHO++HD is 5.1 eV.

The structures seen in the two distributions correspond to the number of pos-
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Figure 6.5: Kinetic energy sum of the fragment ions for the break-up C2H5OA2+ →
CH+

3 + CHO+ + HA

sible electronically excited states of C2H5OH2+ and C2H5OD2+ involved in the

break-up. The position of the peaks in the two cases are almost identical. This

implies that same set of electronically excited energy levels are involved in the

two break-ups. We have no quantum chemical calculations of this spectrum, so

no assignments have been attempted.

6.3.3 Open questions

While we have been able to identify active sites and preferred decay channels,

many questions remain. For example, we do not have a conclusive explanation of

why certain pathways are more likely. Does the functional group play any role in

rearrangement and dissociation? To answer these questions, it might help to per-

form experiments with other alcohols, or other molecules with the same skele-

ton but different functional groups. Patterns in selective bond breaking could
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emerge from such studies. As is always the case, support from quantum chemi-

cal calculations will also be needed.



Chapter 7

Summary and future direction

7.1 Summary of the present work

The focus of the present work has been on the study of fragmentation dynam-

ics of the multiply charged molecular ions using the technique of multi-hit mo-

mentum imaging. This is a powerful method to observe the mechanism of the

fragmentation process. Multiply charged molecular ions in electronically excited

states are generally unstable, and decay via different dissociation channels. The

momentum distributions of the fragments from the dissociation of the precursor

molecular ion reveal detailed information about the break-up. Energy levels of

the electronically excited molecular ion, geometry of the dissociating molecular

ion, preferential bond breakage etc can be derived from the kinematics of the

fragments.

We built a momentum spectrometer in our laboratory to carry out the study.

Multiply charged molecular ions are produced by 1300 eV electron interaction

with a molecule. The electron energy is high enough to fall under the first Born

regime, ensuring that the decay is unimolecular. We studied the fragmentation

dynamics of the triatomic and polyatomic molecules.

No experimental data was available which could suggest the geometry of elec-

tronically excited molecular ions. The geometry of the precursor molecular ion

is often different from that of the ground state. We have made a successful at-

tempt to determine the geometry of electronically excited CO2+
2 molecular ions.

Our study suggests that there exist two bent states of CO2+
2 . Both bent states have

91
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symmetric and asymmetric stretch modes leading to dissociation. The one with

symmetric stretch decays via the CO2+
2 → O++C+O+ channel and the one with

asymmetric stretch decays via the CO2+
2 → O++C++O channel. CO2+

2 is found to

have a metastable state which decays via a two body break-up CO2+
2 → O++CO+.

Its lifetime, determined experimentally, is 5.8±1.5µs. On the basis of KER spec-

trum and concomitant quantum chemical calculations, we have determined the

potential energy surfaces of CO2+
2 leading to the two body decay. The initial state

of CO2+
2 for this break-up channel is assigned as X 3Σ−

g .

We demonstrated that dissociating polyatomic molecular ions, whose neu-

trals have a centre of symmetry in their ground state, undergo a change in their

geometry, accompanied by association of atoms within the molecular ion. We

have established that the tetrahedral structure of CCl4 changes to quasi-planar,

and trigonal CCl2+
4 . Moreover, one of the Cl atoms breaks away from the cen-

tral C atom and forms a bond with another Cl atom. The theoretically predicted

structure of CCl2+
4 is in qualitative agreement with the experimentally deduced

structure. Similarly, the geometry of SF2+
6 is found to change from the octahedral

geometry of the neutral. A firm conclusion about the change could not be drawn.

No calculations are available for this molecular ion. Our estimation of the geom-

etry of the dications will simplify the calculation for their PES by providing input

parameters for the geometry.

We have shown that the stability of fragment ions arising from dissociation of

these molecules shows a certain pattern. The stability depends on whether the

number of electrons in the fragment molecular ion is odd or even. The stability

pattern of SF6 fragments is explained by the valence bond model, but the model

fails for CCl4.

Similar to the case of CCl4 and SF6, intramolecular migration was also seen in

dissociative ionisation of C2H5OH. This is exemplified by the observation of H+
2

and H+
3 peaks in the mass spectrum of C2H5OH. These ions can only be formed

by breaking of bonds between the H and skeletal C or O atoms, followed by as-

sociation of the H atoms or ions. We determined the most active H sites for re-

arrangement that leads to the formation of H+
2 and H+

3 . We deduced that the
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formation of H+
3 due to the breaking of the O–H bond and rearrangement of the

H atoms on the CH2 site is more likely than its formation involving atoms from

the CH3 site alone. No such difference was seen in case of the H+
2 ion. Although

there have been reports of site-specificity of bond breaks, no report of a quan-

titative estimate is found in the literature. In the dissociative double ionisation

of C2H5OH, we demonstrated that the most probable decay channel leads to the

formation of [HC–O]+ rather than [C–OH]+ ions. This implies preferential break-

ing of the O–H bond, even though the O–H bond is the strongest bond in that

molecule.

7.2 A view into the future

The ionisation source used for our experiments was an electron beam. Electron

impact ionisation follows hardly any selection rules, enabling the excitation of a

wide range of states, including optically forbidden ones. However photon excita-

tion has the advantage of energy selectivity. This might prove useful for breaking

a specific bond of a complex molecular system and for understanding processes

close to threshold. Controlling the energy may enable us to bring about transi-

tions from one structure to another, including those transitions in which molec-

ular bonds are broken and new bonds are formed. In line with this, we have

set-up a momentum spectrometer at the INDUS-1 synchrotron. Another idea is

selective excitation of the target molecules to a specific electronic state and then

probing the potential energy surfaces of the excited molecular system.

For another class of studies of fragmentation dynamics of molecular ions, we

have started some experiments at the Inter-University Accelerator Centre, Delhi,

in which we will use a low energy oxygen ion beam as a projectile. The interac-

tion of low energy oxygen ions with a diatomic molecule like CO or NO may form

a short lived multiply charged triatomic molecule. The behaviour of this multi-

ply charged molecular ion will be studied and compared with the unimolecular

dissociation of the corresponding multiply charged triatomic molecular ion.

The reaction dynamics of multiply charged ions – both in the gas phase and
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at the gas-surface interface, i.e. when the reactions are no longer unimolecular

– are expected to be far more complicated because of the competition between

different collision pathways. Such pathways include charge transfer, dissocia-

tive charge transfer, collision-induced dissociation and chemical reactions. Mea-

surements on propensities for each of the possible pathways, as a function of

collision energy can be carried out, accompanied by accurate calculations of PES

for the various electronic states involved in the collision process. These will lead

us to understanding reactive chemistry and provide new insights into the inter-

action of multiply charged ions with other species.
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