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CHAPTER 1. INTRODUCTION

Evolution of the universe is closely related to the interaction of matter with radiation. The
forms of matter which can survive in the harsh interstellar conditions can finally materialize as
the main composition of space. Isolated carbonaceous molecules like polycyclic aromatic
hydrocarbons (PAHSs) have been proposed as an important component of interstellar medium
(ISM)*2, When an isolated molecule interacts with energetic radiations, the absorbed energy is
dissipated by radiative or nonradiative relaxation mechanisms. In case of smaller molecules,
energy dissipation is mainly associated with nonstatistical dissociation from repulsive electronic

state. When it comes to larger molecules like PAHSs, excitation energy due to UV/visible radiation

IR emission I &\ 9
4

Flat Bowl

Figure 1-1: Hlustration of chemical evolution of PAHSs in the ISM under the influence of UV/visible
photons or fast ions leading to (a) Emission of neutral molecules or (b) Complete dehydrogenation to form
graphene. (c) Further electronic excitation of graphene upon UV/visible radiation interaction can lead to

the formation non planar structures by the process of isomerization.



or fast charged collision is mainly stored to its rich vibrational modes, and it is digested by neutral

evaporation, infrared (IR) florescence or structural rearrangements 2,

For more than thirty years, PAHs were identified as the carriers of ubiquitous IR
emission bands, 3.29, 6.2, 7.7, 8.7, 11.3, and 12.7 um associated with a wide range of interstellar
environments in our local galaxy and other galaxies’2. The IR fluorescence of PAHs is dominated
in UV irradiated regions. It is explained by invoking strong internal conversion process, followed
by rapid internal energy equilibration into various vibrational modes of PAHSs resulting to IR
cooling. If the internal energy is large enough, the molecule undergoes dissociations or
isomerisations to form complex non-planar carbonaceous compounds in space? as illustrated in

fig 1.1. Several laboratory studies have been devoted to address this topic.

Gas phase unimolecular dissociations are powerful laboratory tools to characterize excited
electronic or vibrational state properties of the molecule. A lot of understanding about excited
electronic state properties of smaller molecules in their neutral and cationic forms have already
been obtained from gas phase unimolecular dissociation studies®®. In case of larger molecules
the energy flow from electronic to vibrational modes can be tracked with novel experimental
techniques like pump probe photoelectron spectroscopy ° and a good understanding of vibrational
dynamics can be achieved by probing reaction kinetics of unimolecular dissociations. The main
purpose of this work is to develop a comprehensive method to perform an investigation on

statistical unimolecular dissociations of PAHSs.

1.1 Introduction to PAHs

PAHSs are intriguing quantum systems in molecular science, consisting of fused five- , six-
or seven- membered carbon (C) aromatic rings with hydrogen (H) atoms located at the periphery.
The simplicity of their structure reflects in the quantum states in their form of symmetry, which
makes them often a model system to investigate and understand molecular quantum mechanics.
As the name indicates, this family of molecules involve more than one carbon ring structure and
hence, technically benzene does not qualify as PAH in spite of PAHs having most of their
molecular properties common with benzene. The aromatic rings can be fused together in three

ways giving three categories of PAHs namely polyaryls, ortho-fused PAHs and ortho- and para-



fused PAHSs. In polyaryls, two rings are linked by a single bond (e.g. biphenyl), in ortho-fused
PAHSs two rings share a common C-C bond (e.g. naphthalene, azulene) and in ortho- and peri-
fused PAHSs three rings share a common C-C bond or a common C atom (e.g. pyrene and
coronene). A schematic picture of different type of PAHSs are given in figure 1.2,

Figure 1-2: Examples of PAHSs: 1) Biphenyl, 2) Naphthalene, 3) Azulene, 4) Anthracene, 5) Phenanthrene,

6) Pyrene, 7) Benzo(a) Pyrene, 8) Coronene, 9) Circumcoronene

The main feature of such a system is their high degree of electronic polarizability arising
from delocalized 7 and o electrons, which makes the system electronically resilient against harsh
radiations. But, electronic delocalization is not perfect in PAHS, as is the case with benzene. The
fusion of aromatic rings causes a perturbation in the delocalization of electrons of PAHs. This
leads to the question of what stabilization energy comes from electronic delocalization for each
of the PAHs. Huckel molecular orbital (HMO) theory is a simple, evergreen theory which can
excellently give insight into the quantum behavior of hydrocarbons with delocalized electrons,
aromaticity and delocalization energy etc. In simple HMO theory for pure hydrocarbons®®, 2p
atomic orbitals are linearly combined to molecular orbitals with energies given in terms of «, the

Coulomb integral, a negative number equal in magnitude to the ionization energy of a carbon 2p



orbital electron, and g, the resonance integral, a negative number expressing the interaction
energy between two neighbouring atomic orbitals. HMO theory is based on complete neglect of
multiple atom overlap integrals and is expected to yield only qualitative results. But advances in
electronic structure theory, improved software and substantial improvement in computing power
have made quantum structure calculations relatively easy and precise for larger molecules like
PAHSs. As an example, the highest occupied molecular orbitals (HOMO) of naphthalene (C1oHs)
calculated by density functional theory (DFT)* is shown in figure 1.3. This calculation was
performed at B3LYP/6-31G(d) basis using the Gaussian09 suite'? of programs.

¢ i 8

HOMO HOMO-1 HOMO-2

Naphthalene

Figure 1-3: Three outermost occupied molecular orbitals of naphthalene.

1.2 Collective excitation in PAHs

The C-C backbone facilitates substantial delocalization of electrons in PAHs which in
turn makes electron-electron correlation a very important factor in determining the quantum
structure of the molecules. This gives rise to a very important and interesting phenomenon where,
a molecule can have a manifold of multiparticle electronic excited states built on the ground
electronic configuration. Such excitations are generally called as collective excitations. It can be
understood as a phenomenon involving the simultaneous coherent motions of the loosely or less
tightly bound electrons in an absorber at a frequency far above the spectrum of the single particle
excitation®®. Collective excitation is known to be associated with systems starting from nuclei to
fullerene (Ceo), metal clusters etc.!*. Collective excited states were first discovered in nuclei®®

(proton-neutron oscillation) and were called giant dipole plasmon resonances (GDPR). The



energy of giant resonance varies from ~ 2 eV in metal clusters to =20 MeV in nuclei. PAHS
predominantly show two types of collective excitations, a 7-7* resonance at about 7 eV and a 17
eV pi-o* resonance, often called as plasmon resonance. Since most PAHs have their ionization
potential of about 8 eV, the plasmon states are situated in the continuum and in the absence of a
strong radiative decay channel, often cause autoionization in the molecule. We focus on such

autoionising plasmon resonances here.

Graphite spectra are dominated by o and m electron bulk plasmon at about 25eV?°.
Macromolecule, fullerenes (Ceo) are basically closed hollow graphite shells, they should support
plasmons nearby graphite plasmon. Using linear-response theory, Bertsch et al'” have predicted
the existence of giant plasmon resonance at 20eV in case of Ceo. It is confirmed in fullerene
molecules by photoionization experiments®®!°. This is due to the fact that autoionization is the
main relaxation channel of plasmon excitation. Interestingly, a double plasmon excitation is
observed for fullerenes at about 40eV due to the excessive production of doubly charged fullerene
parent ion in multiphoton ionization experiments'®. The single and multiplasmon resonance in
Ceo have also been observed in fast ion collisions and it is confirmed by plasmon model
calculations?®?!, In case of several PAHSs, Ling. Y et al®? have observed, first order plasmon
resonance at about 17eV in the photoionization efficiency (PIE) curve as shown in figure 1.4,
which is a similar phenomenon to the one observed for Ceo. But the potential of higher order

plasmon resonance is not investigated in case of PAHS.

Mishra et al® have observed that plasmon excitation in PAHSs is strongly coupled to inner
valence electrons, resulting in the emission of an electron with negligible kinetic energy. This
process produces PAH" in excited electronic states, which will rearrange to ground electronic
state on an ultrafast timescale by transferring energy from electronic degrees of freedom to
nuclear ones. The ionization potential of PAHSs is about 7-8eV, Therefore, PAH" are produced at
higher and a localised internal energy (say 8-9 eV) as result of plasmon excitation. Internally
excited PAH" can either undergo statistical thermal rearrangement or dissociation processes in
extended time scales depending on the dissociation and isomerization barrier energies. It is now
believed that ionized and dehydrogenated PAHs are responsible for various spectroscopic
astrophysical observations. Therefore, it is of great interest to study ionization, fragmentation and

isomerization processes in PAHs following plasmon excitation. One of the major objectives of



this work is to study statistical dissociation of PAH™ produced by potential collective resonances

excited upon collisional interaction with energetic radiations.
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Figure 1-4: PIEs of (1) Phenanthrene, (2) Anthracene, (3) Fluoranthene, (4) Pyrene and (5) triphenylene
without mass selection, in the photon energy range 7.0-21.2 eV range (showing plasmon resonance at

about 17eV), as observed by Ling. Y et al??. Y axis is offset for individual molecules for clarity.

1.3 Unimolecular dissociations in PAHs

The dissociation of molecules is one of the fundamental processes in nature. The Kinetics
and dynamics of unimolecular dissociations are therefore of considerable interest in different
fields like molecular science, biology, astronomy and environmental studies etc. Unimolecular
dissociation can be broadly divided into two types, namely, statistical dissociation and non-
statistical dissociation. Statistical dissociation is normally observed for large molecules
particularly for aromatic hydrocarbons. They prefer an ultrafast electronic relaxation to long lived
low lying electronic states after electronic excitations. This process is called internal conversion
(1C). IC is followed by rapid equilibration of the excess internal energy among various vibrational

modes of the molecule. This process is known as intravibrational energy redistribution (IVR). If



the available internal energy is higher than dissociation thresholds, molecule can open statistical
dissociation channels. The rate of statistical dissociation is proportional to the number of
microstates accessible to the molecule and it changes rapidly for a small shift in internal energy.

Smaller molecules prefer non-statistical dissociation. Their low lying electronic states
are not usually bound states. Hence, there can be no vibrational coupling between low lying and
high lying electronic states. Therefore, after electronic excitations, the evolution of electronic
states cannot be expected for smaller molecules. So the only way to eliminate the electronic
energy, which is absorbed by simple molecules is to undergo ultrafast dissociations from excited
electronic state. This is known as non-statistical dissociations. Many heterocyclic ring molecules
often follow non-statistical dissociation channels, because some of their low lying intermediate
electronic states are dissociative in nature. Hence, they are less coupled to bound electronic states.
Therefore, statistical and non-statistical dissociations are equally possible for such molecules.

Several biomolecules belong to this category.
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Figure 1-5: Schematic view of internal energy balance in a PAH molecule.



As mentioned earlier, PAHs mainly disintegrate by statistical dissociations. A theoretical
description of dissociation of isolated PAH/PAH ions have already been given by many authors?*-
28, The unimolecular dissociation of PAHs includes four steps: 1) electronic excitation by
interacting with high energy radiations like UV or fast ions, 2) IC, the absorbed energy being
transferred from the electronic degrees of freedom to the nuclear ones, while the system recovers,
at constant energy, in its low lying or ground electronic states, 3) IVR of the available energy
among all vibrational states and either 4a) energy dissipation by IR emissions or 4b)
isomerization/dissociation if available energy is above their thresholds. The eventual
dissociations of PAHS/PAH ions have become an important topic in many investigations.
PAHS/PAH ions disintegrate by eliminating H, H2/2H or C:H. particles. These steps are
illustrated in the figure 1.5. In the first step, the energy is absorbed in the electronic degrees of
freedom. The absorbed energy is transferred and redistributed to various vibrational modes of
low lying electronic states in picosecond (ps) timescales in the subsequent two steps. If the energy
is sufficiently large, the molecule will either evaporate atoms or molecules, or rearrange to

different conformers in microsecond timescales.
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Figure 1-6: Rate constants of H loss and C2H. loss of naphthalene™ for a wide range of internal energies

as calculated by Gotkis et al*’.



A complete simulation of each of the four steps described above is usually avoided by
taking advantage of ultrafast 1C to ground electronic states. Finally, it can be safely assumed that
molecule explores the ground-state potential energy surface with an increase in internal energy,
and may reach dissociative or isomerization channels. Therefore, dissociation rate-energy curve
of PAHSs is of considerable value in fundamental molecular science and astrophysics. A typical
H loss and C>H: loss rate-energy curve of naphthalene cation is given in figure 1.6. In this graph
there is a specific energy window in which the dissociation process becomes too slow compared
to IR emission. This allows one to establish the critical point energy of PAHSs, which plays a
crucial role in ascertaining the PAH size distribution for a particular astrophysical conditions.
Moreover, the quantification of reaction kinetics of PAH dissociations helps to comprehend the
molecular dynamics and progression of organic molecules in the universe. One of the few obvious
methods to perform such measurements is with cations of PAHSs, whereby the target molecule
can be easily manipulated and detected experimentally. Several theoretical attempts have already
been made to calculate the statistical dissociation parameters of simpler PAHs such as
naphthalene® from the ab initio simulations?’~%°. These efforts cannot be applied to larger PAHSs,
because the computations become cumbersome due to complicated potential energy
hypersurfaces. In this context, experimental measurements are of particular interest with which
dissociation Kinetics of larger PAHs can be targeted. A brief review on presently available

experimental methodologies are given the next section.

1.4 Experimental methodologies to measure unimolecular dissociation

Handling neutral molecules, experimentally, is obviously a challenging endeavor.
Physicist often prefer using ions instead. Particularly for the molecules like PAHSs the structural
changes from neutral to mono cation or mono anion can safely be ignored. Thus, the cationic
form of PAHSs brings in convenience of manipulations using electromagnetic fields and detection
using standard single particle radiation detectors like channel electron multipliers (CEM) or
micro channel plate detectors (MCP). Study of unimolecular dissociation requires one additional
step in which the ions needed to be produced with specific internal energy. Molecular ions can
be prepared by a number of well-established conventional techniques, and then heating can be
achieved by collision activation or photoexcitations with a tunable laser. Experimentally, the

ionization process itself brings out complications like the determination of residual internal



energy after ionization, formation of multiple conformations of the parent ion etc. Therefore, it
is always desirable to produce the parent ion with negligible internal energy before subjecting it
to a heating process®®3l. A single VUV photoionization in combination with photoelectron
spectroscopy is a commonly employed and physically adequate technique to investigate the
dissociation process of PAH ions as a function of internal energy?. But it requires access to large
synchrotron radiation source facilities and demands prohibitively low event rate to counteract
false coincidences in the data. The time dependent evolution of molecular ion on longer time
scales cannot be targeted with such weak signals. Therefore, a more comprehensive and efficient
method needs to be developed to produce an ensemble of PAH ions at known and narrow internal
energy distributions. One such method is demonstrated in this work.
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Figure 1-7: The time window accessible for (a) typical linear ToF spectrometer and (b) ion storage ring is

demonstrated for H loss process of naphthalene”

The second stage of the experiment is the measurement of dissociation timescale of
molecular ions in appropriate timescales. For this, molecular ions with known internal energy
needs to be probed using standard facilities like time of flight (ToF) technique, ion storage rings

or ion traps. In the former case, the available time window for detectable decay is usually limited
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to first few microsecond (us) and in later cases the decay mechanism can only be probed after
tens of ps due to extraction uncertainties or orbit time period and moreover, the identity of the
decay channel will be ambiguous in this techniques. The dissociation rate of H loss or C2H> loss
channels of PAHSs varies in several orders of magnitude for a small shift in internal energy?’28,
Therefore, a complete evolution of dissociation rates of PAHs for a wide range of internal
energies cannot be measured using a single technique as shown in the case of the H loss
dissociation channel of naphthalene™ (see figure 1.7). Thus, a spectrometer covering a wide and
continuous range of time scales, typically from few nanosecond (ns) to hundreds of ps will be
most suitable to track dissociation process of PAHs. The high-resolution energy-ToF
spectrometer technique, developed as part of this research can serve this purpose.

In summary, the timescale of statistical dissociation of molecular ion is strongly related
to internal energy. Considering the fact that PAHs have a strong tendency for nonradiative
settlement in the long lived lower electronic state via rapid I1C after interacting with energetic
radiations, a hot ensemble of PAH ions can easily be produced in the harsh conditions of ISM.
This hot ensemble is a very interesting quantum system and needed to be observed in a suitable
time window to be able to assess the quantum behavior of the system. This necessitates an
investigation of dissociations on tens of ys and this has to be supplemented by a quantified energy
transfer to the molecule. This thesis work is mainly exploring some unconventional aspects of
internal energy quantification and measurements of statistical dissociation of PAHs on extended

timescales.
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CHAPTER 2. EXPERIMENTAL SET UP AND INSTRUMENTATION

The investigations of ion-molecule or photon-molecule interactions are usually carried
out using various mass analysers such as quadrupole or ToF mass analyzers. The main purpose
of mass analyzers is the identification of fragment or intact ions and their relative contribution to
the overall decay of the molecular ion in radiation interactions. When it comes to fundamental
information like ionization or fragmentation states, we have to use recoil ion momentum
spectroscopy so that complete kinematics of the fragmentation processes will be obtained®?32,
These types of measurements are only effective for smaller molecules like N> and O, as they
show larger momentum spreads due to fragmentation as compared to thermal momentum
distributions. On the other hand, momentum distributions due to fragmentation of large molecules
are comparable to the thermal effect, so it is difficult to assess the electronic states of reactant ion
by recoil ion momentum spectroscopy. Moreover, large molecules often prefer statistical decays,
spread over ns or longer timescales. It can be explored using electrostatic spectrometer
configurations which employs timing analysis. ToF mass spectrometer is one such technique,
which does mass analysis on the basis of ToF measurement. ToF spectrum is sensitive to the
dissociation process happening in the extraction or acceleration regions of the spectrometer.
Therefore, molecular dissociation occurring in the first few ps can be measured using standard

ToF technique.

Time correlated mass spectroscopy is at the heart of all investigations carried out in this
work. We have utilized and modified various features of ToF mass spectrometer in order to
perform an extensive investigation on statistical dissociation of PAH ions produced by fast proton

beam and ns second UV lasers. Proton induced dissociation of PAHSs is investigated using a
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standard two field ToF mass spectrometer. The details of the experimental setup is described in
this chapter. As part of this thesis work, an energy correlated ToF mass spectrometer has also
been developed with which molecular dissociations as slow as few millisecond (ms) timescales

can be targeted. Details of the instrument are elaborated in this chapter.

2.1 Linear ToF mass spectrometer

A linear ToF mass spectrometer is one of the simpler mass analyzers in use. Its geometry
usually consists of two electric field regions. The ions are usually produced in the first electric
field region called the extraction region (ER) and they are extracted to the acceleration region
(AR) wherein they are accelerated to a maximum energy towards the field free drift tube (FD).
The ions with same mass to charge ratio (m/q) will drift inside FD region at a constant velocity
to a distant detector kept at the drift tube exit. Hence, ions with similar m/q will reach the detector
at the same time. If the ion beam is pulsed, the time zero can be taken from the master clock for
the pulsing system. A continuous beam can also be employed if an alternate start signal is
obtained, for example, from the detection of associated outgoing electrons which takes very short
time to reach their detector. The recoil ion detector is commonly CEM or MCP, and is capable
of sub-nanosecond timing accuracy. Schematics of a two field linear ToF spectrometer and a
typical ToF spectrum of Ar gas measured under proton impact are shown in figure 2.1 and figure
2.2, respectively. The overall time and hence, mass resolution is governed by various factors
including, the timing inaccuracies due to electronics, thermal velocity spread of the target
molecules, the relative volume of interaction vis-a-vis length of the ER, etc. A well-known two
field configuration proposed by Wiley and McLaren® is commonly used to improve the mass
resolution. This arrangement employs first order velocity and time focusing to compensate for
the thermal spread and finite interaction volume. Often this is supplemented by either cooling the
target using pulsed valve and supersonic jet expansion or by introducing the target in the reaction
volume using a very large length to diameter nozzle/needle. The radiation beam size is also

regulated to smallest possible diameter in order to reduce the size of the interaction volume.
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Figure 2-2: ToF spectrum of Ar gas measured under proton impact

In addition to mass analysis, ToF techniques have been intensely utilized in the past to

study dynamics and kinetics of molecular dissociation. The study of dissociation dynamics is of
considerable interest for small molecules. It is accomplished by combining the time information

with the relative position of the recoil ions at the end of the drift tube. It helps to explore potential
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energy curves/surfaces of higher electronic state from which dissociation would have occurred.
Whereas, dissociation kinetics are very important to understand molecular dynamics of large
molecules, especially for PAHSs, because they often dissociate from ground or low lying bound
electronic states by the advent of rapid I1C (details are given in sec 1.3 of chapter 1). Therefore,
the internal energy dependence of molecular dissociation is very useful to explore potential
energy surface of ground electronic state of PAHSs. It is noteworthy that fragments produced at
the instant of ionization, for example: fragmentation by non-statistical channels, will be
accelerated to maximum energies and appear as a clear and distinct peak at their right mass in
ToF spectrum. Therefore, such fragment peaks are known as prompt fragment peaks. Whereas
certain fragment peak in the ToF spectrum shows a tail extending from the prompt position (as
illustrated in the ToF spectrum of figure 2.1). This is due to delayed dissociation in ER and AR
of the spectrometer and the corresponding fragment ion is accelerated to lower kinetic energies
and hence, lower velocities compared to prompt fragments. Such fragments arrive at the detector
late and develop a tail to the prompt peak. This tail is useful to evaluate rate constants of such
dissociations. It will be typically of the order of 10°-10°s™. Whereas the fraction of fragment
signals detected by a standard ToF technique from slow dissociations (with decay rate 10°-10%s"
1 is usually very weak. Ample fragment signal from slow dissociations (10°-10%?) can be
targeted using reflectron ToF®. This technique is usually employed to increase resolution in a
ToF mass spectrometer in which a reflecting electrostatic field is employed at the end of the drift
region to achieve second order energy correction. Measurements of slow dissociations can be
performed with a reflectron ToF apparatus operating with partial correction, rather than for
complete or no correction for the kinetic energy shifts of the daughter ions. In this work, we have
developed a high resolution energy-ToF spectrometer, with much more refined electric field
provided by a parallel plate analyzer, kept at 45° to the drift tube end. This technique offers a
high resolution energy analysis of incoming fragment ion in addition to its ToF measurement.
Therefore, it helps to expand the observability of a standard ToF spectrometer from higher
dissociations (10s™) to lower dissociations (10%s™?). The basic design of this instrument is
adopted from the ion-neutral coincidence spectrometer, established at laboratory of Atomic and

Molecular Collisions, University Paris-Sud X13¢37,
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2.2 Parallel plate energy analyser (PPA)

Parallel plate energy analyzer is a simpler electrostatic energy analyzer used to perform
energy analysis of an incoming ion beam. It is designed based on fields in which particles are
first retarded and then re-accelerated. A uniform field is created in PPA by applying a potential
difference across a pair of plane parallel plates, as shown in figure 2.3. The particles enter the
analyzer at an angle 6 with respect to the entrance electrode and follow a parabolic trajectory
inside the analyzer due to the electric field. The pass energy of PPA, E/q is determined by the
voltage difference between the electrodes divided by the geometrical constant c of the analyzer

_ (2.1)

< |

: 3
Where, ¢ = 8d sin Glgcos 0) 2.2)

When the entrance angle of entering particles is 45°, first order focusing can be obtained in the
plane of deflection as shown in figure 2.3(a)®°. In that case, di1=0 (as defined in eq. 2.3), i.e.
entrance and exit slits are located in the single entrance plate. A second order focusing in the
dispersion plane can be obtained for 8 = 30° *. In that case, d; # 0 and the entrance and exit
slits are placed in a field free region as shown in figure 2.3(b), where both the bottom plates,
entrance and exit slits are held at same potential. One drawback of a PPA is that the angular
focusing only occurs in the plane of deflection (x-z plane of figure 2.2) and not in the

perpendicular (y) direction. A point at the entrance slit is imaged as a line along the y-direction.

L (20) sin(0
Where d; = ZCOS(T:;() (2.3)

The energy spread of PPA is given by equation (2.4). The energy resolution is maximum for 8 =
45°. The entrance angle optimized for our PPA design is 45°, which gives better energy resolution

and reasonably good focusing conditions. The details of the PPA design are given in sec 2.5.1.3.
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Figure 2-3: Diagrams of parallel plate analyzers ata) & = 45° or b) 8 = 30°

dE o cos(260) d6 (2.4)

The maximum distance, xm that the beam enters the analyzer (in the x-direction) is given by the
following equation,

L sin(0 + a)
1t 8(cos(0 + a))3

Xm =

(2.5)

Xm is calculated to make sure that the beam does not hit the outer electrode. For 8 = 45°, x,,, =

|

Therefore, a plate separation of d > % should be adequate.
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2.3 Electron and ion detectors:

Detection of single particle has been important since the beginning of nuclear and atomic
physics. Rutherford’s alpha scattering experiment, cloud chamber, etc. are just a few examples.
With the advancement of material science, it has become possible to enhance or amplify a single
ion or an electron signal by a large gain of 10° and hence convert it into an electrical signal which
can then be processed by suitable electronics. Photomultipliers, CEM and MCP are few examples
of such detectors. CEM or MCP are commonly used as electron or ion detectors of ToF mass
spectrometers. Their basic working principle is explained in this section.

231 CEM

The CEM can be used to detect incoming ions or electrons and sometimes photons. As
the particle strikes on the conical surface of the channeltron, it produces few secondary electrons
as shown in figure 2.4. These electrons are accelerated toward the tail and strike the channel wall
to produce few more electrons. It continues until it reaches the tail of the detector with a pulse of
~108 electrons. The potential difference between the cone and the tail of CEM is usually kept
around 2kV, the cone voltage polarity is decided by the charge of incoming particle and the tail
polarity is always kept positive with respect to the cone in order to drive the electron through. In
this work, the CEM signals were employed to perform multicoincidence measurement in proton

impact experiments.
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Figure 2-4: Schematics of a channel electron multiplier

2.3.2  MCP detector with Delay line anode (DLA)

The MCP is also commonly used to detect ions or electrons. It can handle higher count
rate and has better timing resolution compared to CEM. MCP detector is a disk shaped with
several numbers of micrometer sized diameter holes arranged like an array with individual hole
is an electron multiplier. When a particle hits on the detector, each channel gives rise to an
avalanche of electrons leading to an electron cloud at the back. Moreover, with the help of a
Phosphor screen and CCD camera, a Wedge and strip anode or with DLA, one can measure the
position of the ion impact on the MCP. This forms the basis of technique of Recoil ion Momentum
Spectroscopy. MCP with DLA are used for position and time measurement of recoil ions
produced in proton and photon impact experiments performed in this work. MCP with DLA
(ROENTDEK model DLD 40) is a high resolution 2D-imaging and timing device for charged
particle or photon detection at high rates with multi-hit capability. The linear active diameter is
at least 40 mm. It consists of a pair of resistance matched (within 10 %) rimless MCPs in chevron
(two MCPs mounted one top of each other) configuration, supported by a pair of partially
metallized ceramic rings (1.5 mm thick, 65 mm outer diameter.) and a 2D-position sensitive DLA
(helical wire pair). The detector operation requires two DC voltages for MCP front and back
contacts and three voltages for anode body (“holder”) and the helical wires. The details of the

structure are shown in figure 2.5.
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Figure 2-5: Schematics of MCP with DLA, figure adapted from Roentdeck DLD40 manual****

Operation of DLA to perform position encoding: Electron cloud from the MCP induces a
differential signal on each delay line pair that propagates to the delay line ends where it is picked
up by a fast differential preamplifier. By measuring the difference between the signal arrival times
on both ends of the delay line, one can determine the position of ion impact in both x and y

directions. Signal propagation time on the delay line is about 0.71 ns/mm. The sum of these
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arrival times is constant for each event. Hence it can be used as an additional check for cleaning
the data.
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Figure 2-6: Schematics of DLA, adapted from Roentdek DLD40 manual*®*.,

2.3.3 Pulse processing and data acquisition system (DAQ)

A typical detector signal is shown in figure 2.7 (a). It is a very weak and fast pulse with
an average pulse height of 2-10 mV and pulse width about 10ns. It cannot be transferred with a
standard connectors and cables, has to be treated like an RF pulse. Therefore, very specialized
cables are used in this experiments (RG 58 or RG 188 cables, both have 50 ohm resistance
independent of its length*?). This signal has to be checked with an oscilloscope, which should
have a band width of at least about 200MHz and an input impedance of 50 ohm. The detector
pulse is amplified with a timing amplifier which has a band width of a few GHz. Output signal

of the amplifier will be typically about 100mV.
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Figure 2-7: (a) A typical analogue signal from the detector, (b) Amplified signal, (c) NIM signal from
CFD.

The detector signal is an analogue pulse, which can have variable amplitude depending
on the impact position and nature of the source particle. Since our demand for time resolution is
very high, we cannot use this pulse for time reference unless maxima or minima of the pulse is
found. Therefore, all the detector signals are fed to independent constant fraction discriminator
(CFD). This device electronically takes derivative of the pulse and finds zero, that will be maxima
or minima of the analogue pulse and delivers negative logic pulse (NIM pulse) for time reference.
The problem with CFD is that it will produce NIM signal for noise pulse also. So we must set a
threshold in the CFD so that it will not generate a faithful time reference for noise pulses. Pulse

width of the NIM signal is usually few tens of ns otherwise it may miss other delay line signals.

This NIM pulses can be set to trigger on rising edge or falling edge.

Time difference between detector signal and reference signal is measured by time to
digital converter (TDC). In some experiments signal and reference pulses are issued by two
separate detectors. If reference pulse starts (stops) data acquisition, which is termed as common

start (stop) mode. Depending on the mismatch between count rates of start and stop signal we
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can choose mode of data acquisition. In proton beam experiment, the data is acquired in common
stop mode due to very high count rate (>1kHz) of electron trigger. But, in laser experiment (in
which master trigger of pulsed laser was the timing reference to TDC), we have chosen common
start mode for data acquisition due to very low repetition rate (100Hz) of laser pulse. These TDC
can count signal for indefinite time once it is triggered, there will be a time window of interest
for every measurement. We can set a veto window, which can suitably be adjusted to cover useful
time window of interest. This way it helps to keep useful information in first hit itself. For
example, if we are using high voltage pulsing, then first few ps of the data will be high voltage
noise pick up, which cannot be separated. In this case, first and second hit will only contain noise.
In these circumstances setting a veto window to exclude noise pick up becomes very important.
Veto is also used to avoid unwanted mass peaks to be recorded, reducing the data size to only
useful data. The minimum time difference a TDC can measure with respect to a reference is the
resolution of TDC, which is typically few tens of ps. TDC also needs minimum time to resolve
two consecutive signals on the same channel, which is termed as pulse pair resolution. It is
normally of the order of 10ns. Pulse pair resolution of TDC is decided by how rapidly timing
pulses are generated and how fast it can be recorded by TDC. If more than one detector pulse is
recorded on the same channel in the same event, then it is termed as multihit event. Finally the

data is recorded in compressed format which is called as list mode.

2.4 Experimental arrangements for proton-PAH interactions

The proton collision experiment were carried out at the Low Energy lon Beam Facility,
Inter University Accelerator Centre, New Delhi, using an electron cyclotron resonance (ECR)
ion source mounted on a high voltage deck. Proton beam (50, 75, 100, 125, 150 and 200 keV)
were made to collide with PAH and nitrogen containing PAH (PANHS) isomer targets (azulene
(C1oHg), naphthalene (CioHs), quinoline (CoH7N) and isoquinoline (CoH7N). Target molecules
were effusing from a needle placed perpendicular to the projectile beam path in the collision
chamber. The base pressure of this chamber is maintained at 2 x 10® Torr and was allowed to
increase to a maximum of 2.6 x 107 Torr with the gas load to achieve the single-collision
condition. Target samples were obtained from Sigma Aldrich with 98 % purity. Since the vapor
pressure of these targets are very high at room temperature, no heating was required for

evaporation.
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2.4.1  Experimental set up

A double field ToF mass spectrometer with a position sensitive MCP detector was
employed for the detection of the recoil ion**#4, The ToF spectrometer, proton beam and a needle
(effusing gas) were mutually perpendicular to each other. To avoid cross-contamination between
the two isomeric target PAHs, a third molecule was introduced in the
chamber between the study of two targets and its interaction with the proton beam is investigated.
The schematics of the experimental setup is shown in figure 2.8. The ejected electrons from the
interaction of the target with the proton beam were detected using a CEM that was kept below
the interaction region. The neutralized projectile was detected by an alternate CEM, kept along
the projectile path. Projectile ions were deflected away from this detector using an electrostatic
deflector. The CEM for detecting the projectile is mounted in a small, well shielded box which
has a rectangular slit of 1 mm opening. This box is attached up on a translational feedthrough
which, makes the detector move in and out, i.e., towards or away from the beam path.
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v
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Figure 2-8: Schematics of experimental setup.
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2.4.1.1  Electron Cyclotron Resonance (ECR) ion source

Kiloelectron volt proton beam used in this experiment was produced from a Nanogan
type ECR ion source, which is based on a fully permanent magnet design for radial and axial
confinement of the plasma. ECR ion source can be described as a plasma reservoir for electrons,
neutral atoms and ions, and the production of highly charged ions in it essentially occurs in a
sequence of ionization steps caused by electron impact. The power from a 10 GHz ultra high
frequency (UHF) travelling wave tube (TWT) amplifier is transmitted to the source through a
rectangular wave guide and coupled to the plasma using co-axial coupling. The principle of ECR
ion source operation has been described in great detail in the book by Geller®®. Tuning the ion
source parameters like gas pressure, microwave power, magnetic field strength, etc. vary the
charge state distribution within the plasma. In the present case magnetic field can not be varied
due to the permanent magnet design. When electrons leave the plasma through the loss cone of
the magnetic mirror, ions can follow and were extracted by applying a maximum voltage of +30
kV between the ECR ion source and the extraction electrode. The ECR ion source, along with all
its peripheral electronics, UHF transmitter and vacuum components placed on a 200 kV high
voltage (HV) platform, can provide multiply charged positive ions with energies ranging from a
few keV to a few MeV.

2.4.1.2  Electronics for data acquisition

As the proton beam interacts with a target molecule, it can cause ionization by electron
emission or by electron capture from the molecule. The ejected electron and neutralized projectile
signals are used as timing reference in OR mode for ToF measurement of recoil ions. Data is
acquired in common stop mode. Figure.2.9 explains the electronic setup of the position-sensitive
multihit detector system. The timing signals from each of the two ends of both the delay lines are
taken to a differential amplifier. MCP front signal and projectile/electron CEM signal are taken
to a fast timing amplifier. The amplified signals are then fed to CFD to discriminate the true
signals from noise. The CFD gives fast NIM signals which are then fed to NIM to ECL convertor.
This was necessary because the TDC used here could only take ECL inputs. The fast ECL outputs
are taken to a TDC to start the data acquisition. A copy of projectile/electron NIM pulses from

CFD are delayed (typically for 10us) and taken to logical OR gate and its output is fed to TDC,
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as a stop trigger. The TDC has a minimum timing resolution of 25 ps, with multihit pulse pair
resolution of 10 ns. If ToF and position of recoil ions are measured with respect to electron signal,
it is termed as electron emission mode. If ToF and position of recoil ions are measured with
respect to neutralized projectile signal, it is called electron capture mode. Selective delays are
added in the stop signals to give priority to the neutralized projectile for common stop. Electron
signal detected along with neutralized projectile stop was used to study capture ionization mode.
Data from the TDC is collected in list mode through a CAMAC crate controller and PCl-based
I/O card to a computer. The data acquisition program is written in C language on Linux operating
system. The data acquired is converted directly into ROOT specific format which could be used
for calibration and preliminary analyses. Thus, we can check the events as they arrive.

cem “2 —| PA | —{CFD|—|D
CEM
electron projectile
ion ?
MCP | ] PA
DD
|1
DA/TA l
I 7 T 1 1 D
CFD
x v v 3 + 3
NEC OR

multihit Jli

Common stop CAMAC TDC |=’ I_!_-

position time trigger DAC

Figure 2-9 : Electronic setup of the position-sensitive detector system. The different short forms mean the
following. DA: differential amplifier, CFD: constant fraction discriminator, TA: timing amplifier, PA:
preamplifier, D: delay, NEC: NIM—-ECL converter.
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2.5  Development of high resolution Energy-ToF spectrometer technique

A high resolution energy - ToF spectrometer is developed to probe the dissociation time
scales of PAHSs in Atomic and Molecular Physics Laboratory, Indian Institute of Space Science
and Technology. PAH cations are produced by allowing gas phase molecules to interact with low
energy ns UV laser pulses. Various stages of the developmental work, full performance and
unique capability of this new technique is explained in the following sections.

2.5.1  Experimental set up

3D schematics of the spectrometer is shown in figure 2.10. It consists of ER, AR, FD,
PPA and position sensitive MCP detectors. The details of each section are described below.

PPA
Position sensitive

michrochannel
plate detector

Acceleration region

Neutral beam

i Drift tube

Position sensitive michrochannel
plate detector

Figure 2-10: 3D schematics of high resolution energy-ToF spectrometer
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2.5.1.1  Extraction region (ER) and acceleration region (AR)

Two electric field sections are employed to extract and accelerate ions. It is built using
three metal plates of 3 mm thickness separated by 7 mm each. The first plate is biased to +3 kV,
followed by +2.45 kV on the second plate and the last plate is at ground potential. Initially, the
alignment between metallic plates was not precisely parallel and hole size was more than 1mm.
It badly affected energy and ToF resolution. Hence a better hardware is built by precise
machining. A hole of size, 0.7 mm is made on each of the plates and carefully aligned to get
uniform field, precise alignment and narrow extraction from the interaction point. This way we
could achieve very high ToF and energy resolution. Neutral PAH target vapor is allowed to effuse
into the extraction region through a small nozzle (with the length to diameter ratio >50) at room
temperature. The base pressure of the interaction chamber is maintained at 5 x 108 mbar and is
allowed to increase to a maximum of 9 x 108 mbar with the gas load in order to minimize the
interaction of multiple particle with a single laser pulse. A nanosecond pulsed laser is focused
near to the first plate, which is at +3 kV (2 mm away from the plate), using a lens of focal length
30 cm. The focal point was very accurately aligned with the line of sight defined by the hole on
the extraction and acceleration plates. Actual photograph of extraction and acceleration section

is shown in figure 2.11.
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Figure 2-11: Photograph of extraction and acceleration region
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2.5.1.2  Field free drift region (FD)

A metallic mesh tube is extended from the grounded plate of acceleration electrode up
to the entrance plate of PPA. It serves as field free drift to the accelerated ion (see figure 2.11).
Length of this tube is 780mm. Initial testing was done without this shielding tube, Therefore, the
ion trajectory inside the FD was seemed to be disturbed by the acceleration field. It was one of
the reasons of poor ToF resolution at the beginning.

2.5.1.3 Parallel plate analyzer PPA

The PPA is kept at 45° to the FD tube. The whole PPA assembly is enclosed in a
cylindrical chamber, which is extended along the ToF axis as a drift tube for the passage of
undeflected neutral particles (see figure 2.10 & figure 2.12). A position sensitive detector (PSD)
with MCP and delay line anode is mounted on the end flange of this tube for detecting neutral
particles. This detector is called a neutral detector. This chamber is maintained at 4 x 10 mbar.
The PPA assembly includes two metallic parallel plates of length 640 mm and breadth 200 mm,
kept 138 mm apart. The first plate of PPA has an entrance hole of size 20mm. The second plate
is biased to high voltage and has an exit hole of size 50 mm that allows the neutral fragment to
cross the PPA and reach the neutral detector in line. The hole is covered with a fine nickel mesh
for a uniform field. This arrangement is done to perform correlated measurement of ion and
neutral fragments of a dissociation event. The ions entering into the energy analyzer are deflected
to a parabolic trajectory, and the horizontal length traversed by the particle is proportional to its
kinetic energy for a given biasing voltage. The energy dispersed ions cross the entrance plate as
they complete their parabolic trajectory with a mean range of 500 mm through an exit hole of
diameter 50 mm. After the exit, they are detected by a second PSD (ion detector) which is kept
at about 20 mm away from the exit hole. Dimensions of the parallel plates are optimized to have
field uniformity and energy resolution while limiting the size to practical dimensions. The field
uniformity is achieved with the help of 13 uniformly spaced metallic frames, which are biased
linearly with distances. The effective size of the detector (46 mm) helps in measuring ions with

closely spaced energies while covering over 9% of the mean energy.
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Initially, the full ion beam (beam size was typically 4 mm) was allowed to enter inside the
analyzer through the entrance hole of PPA. It was aligned to the center of neutral detector by
adjusting the position of interaction chamber and it was also taken care that beam could be easily
deflected to center of ion detector. The large entrance hole of PPA is reduced to a tiny slit with
width 1mm and length 1cm. This greatly improved energy resolution of the spectrometer to 1 in
430. The 2D schematics of the setup showing trajectory of ion and neutral beam as well as data
acquisition system is shown in figure 2.12.
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g | Sx10= mbar

Nd: YAG [s %
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, T ? Veto pulse
Start Trigger
TDC

Figure 2-12: 2D schematics of the setup showing ion and neutral beam as well as data acquisition system.
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2.5.1.4  Nanosecond tunable laser system

The laser used here is an OPO (Nd: YAG pumped OPO laser) based tunable one with
wavelength regime UV to IR (225 to 2600 nm), Model: EKSPLA NT242P series. The laser has
10 mJ pulse energy, 100Hz pulse repetition rate, 5 cm™ line width, 3-6 ns pulse duration and a

beam diameter 4mm.
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Figure 2-13: Nanosecond tunable laser system used in this experiment (left) and typical output pulse

energy (right). Figures adapted from laser datasheet™.

2.5.1.5  Timing sequence and data acquisition system

The output trigger pulse from the laser was used as the reference for the rest of the timing
sequence as shown in figure 2.12. This pulse was multiplexed with the help of a function
generator and its multiple outputs were used to trigger the laser power meter as well as the data
acquisition system. The synchronization of the laser optical pulse with the logic pulse was
ascertained using a fast photodiode and was found to have an overall jitter of 148 ps. Each PSD
signals were fed to fast amplifiers and CFDs (ATR19 by Roentdek GmBH) to produce NIM
pulses. These were used as stop pulses to measure ToF and position on five separate TDC
channels. A fast TDC (model: Agilent Acquiris TC890) was used to convert these pulses into

time duration with respect to the start trigger from the laser.
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2.5.2  Functional testing of high resolution energy-ToF spectrometer:

The spectrometer can be operated in three possible modes, namely standard ToF mode
(using neutral detector), high resolution energy-ToF mode (using ion detecor) and ion-neutral
coincidence mode (using both detectors). Functionalities of all the modes are tested and verified

as described in the following sections.

2.5.2.1  ToF spectrum recorded on neutral detector (standard ToF mode)

The spectrometer is tested using high power of 3rd harmonics (355 nm) of Nd: YAG laser. The
typical pulse energy of 3 harmonics was about 23mJ. It helped to produce high ion count rate
very easily. This was used for the preliminary testing of the spectrometer. A typical ToF spectrum

measured for naphthalene using neutral detector is shown in figure 2.14.
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Figure 2-14: ToF spectrum recorded on neutral detector for 3rd harmonics of laser (355nm) with laser

pulse energy is 23mJ.

The carbon clusters such as CmHn" ions (where 1<m<6 and 0<n<6) and H* were detected
due to very high laser intensity. It was typically about 102 W/cm? for third harmonics. At these

higher intensities, the electric field of laser is commensurable to the molecular electric field. It
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produces a deformed molecular electrostatic potential, which can reduce the electrostatic barrier
of the electrons partially. It is indeed enough to reduce the binding energy of electrons. In this
limit, electrons are ejected freely and atomic and molecular ions can be detected very easily. But
our interest was to produce internally excited intact molecular cations of PAH. It was
accomplished by using low UV laser intensities from OPO system. Therefore, further testing and
investigation was performed using low energy (10uJ) UV (225-293nm) pulses.

2.5.2.2  Improvement of ToF resolution

A typical ToF spectrum recorded at the beginning for improper ER and AR regions are
shown in figure 2.16 (a). Nonuniformity in the electric fields of ER and AR could have caused

poor time resolution. The possible origin of such nonuniform field is discussed below.

(c)
(a) (b}

Figure 2-15: Schematics of extraction -acceleration region (not to scale) (a) Electrode plates are not

parallel, (b) holes are not aligned each other and (c) Perfect alignment

If the electrode plates are not parallel, a nonuniform field can setup across the gaps. Such
a field can never guide ions along or parallel to ToF axis. The double field requirement adds to
the complexities. This can severely affect the ToF resolution. Moreover, if the holes are
misaligned, it can perhaps stop the ion beam from exiting the field regions. The initial testing was
done with very poor ER and AR and it was very necessary to extract the ion beam from a
particular interaction point. Such an arrangement is not favorable to perform high resolution
measurements. The field uniformity was improved by aligning electrode plates parallelly and a
narrow extraction of ions was ensured by reducing the aperture size (0.7mm) on the plates.

Moreover, the entrance of FD tube was shielded from ER and AR fields using a grounded mesh
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tube. This greatly improved mass resolution. The present value of mass resolution is 1 in 3000.

One example of highly resolved ToF spectrum is shown in figure 2.16 (b).
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Figure 2-16: (a) Low resolution ToF measured on ion detector, with poor ER and AR (b) High resolution
ToF measured on ion detector, after improving ER and AR of the spectrometer.

2.5.2.3  Energy selective ToF using PPA (High resolution energy-ToF mode)

A typical ToF spectrum recorded for fluorene by ion detector of PPA at 263nm is shown in figure 2.17.
The relative yield of lighter fragments is observed to be very low compared to the intact parent ion and
H-loss daughter ions. The smaller fragments are produced with very low yield because certain laser pulses
can have very high energy and produce a catastrophic fragmentation of the molecular structure followed
by the fragment absorbing one or two UV photons and getting ionized. However, the main focus of our
study is on high mass region, where the dominant parent (CisHio") peak is followed by the isotope peak
and preceded by H, 2H, and 3H loss channels. The mass resolution is about 1 in 3000 so as to clearly
separate various H, 2H loss as well as isotopic peaks. In the ToF spectrum, the peak corresponding to the
H loss channel is slightly broader than its parent ion. Moreover, the valley between the parent and H loss

peak is filled with data points despite having good resolution (see H loss region of figure 2.17). It will be

useful to check the 2D image of ion beam on the ion detector.
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Figure 2-17: Energy selected ToF spectrum of fluorene

2.5.2.4  Image of ion beam on the ion detector

26.6

2D image of ion beam on ion detector was very interesting. It consists of a very strong

peak having maximum horizontal range, always preceded by a distinct and weak peak along

horizontal coordinate of the detector as shown in figure 2.18.
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Figure 2-18: 2D image of ion beam on ion detector
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The peak at maximum horizontal range will contain ions with maximum Kinetic energy. It will
be mostly parent ions and fragment ions produced just after the laser interaction. We suspected
that low energy weak peak on the 2D image can from H loss dissociation after full acceleration.
For more clarity, we plotted 2D image of parent and H loss fragment ion peak separately as shown
in figure 2.18. (H loss fragment is identified from ToF spectrum). The complete procedure of
energy correlated ToF analysis are given in the next chapter.
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Figure 2-19: Mass selected 2D image of parent peak (a) and H loss fragment (b) ion peak.

2525 lon-neutral coincidence mode

During the preliminary testing we could record ion and neutral fragments in coincidence
for H loss and C2H: loss channels. This is illustrated for anthracene cations in figure 2.20. This
mode of detection was not continued in this work, because, ion beam is directly shooted towards
the neutral detector for the present configuration of the spectrometer. Therefore, the chances of
false coincidences can be very high. We require low count rate to counteract the false
coincidences. This can be achieved in future by carefully shifting the line of sight of the main

beam away from the neutral detector.
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Figure 2-20: Neutral versus ion ToF coincidence map recorded for (a) C2H- loss and (b) H loss channel of

anthracene®

2.6 Summary

The investigation of unimolecular dissociation requires complex mass spectrometric
techniques. Sophisticated ToF mass spectrometers have been used in this work to measure time
dependent dissociation processes of PAH cations. It is achieved with the help of complex
arrangement of multiple detectors and fast signal processing. The signal processing and timing
logic is embedded in the hardware, the timing information is retrieved after the post processing
by putting conditions on coincidences in a suitable manner. This requires very careful preparation
and planning. Those details which influence our information are mainly mass resolution and
position resolution in case of a PSD. In the case of energy correlated ToF mass spectrometer,
position resolution is directly related to energy resolution. A very good quality mass spectrometer
with mass resolution 1 in 3000 and energy resolution 1 in 430 is realised. The spectrometer has
helped to quantify H loss emission rate of PAH ions at lower internal energy. The complexity of
such an instrument is highlighted here. The details of the timing algorithm are of vital importance

when the data is post processed. It will be described in the next chapter.
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CHAPTER 3. DATA PROCESSING AND ANALYSIS

Modern day pulse processing and data acquisition (DAQ) are very fast and can acquire
a large quantity of data in short time. The time correlated measurements in ToF technique take
advantages of that and acquire timing data in a multitude of ways. Typical ToF needs a reference
signal and detection signal. The reference signal can either be taken from another detector or from
a random or periodic pulse generator. A standard ToF measurement often acquires data with
picosecond bin size. Moreover, a single trigger or a reference signal can produce multiple
detections using multihit DAQ with data size ranges from hundreds of megabytes to several
gigabits. In addition to the quantity of the data, the cross correlations in multihit signals and

hence, multidimensional data makes the data processing very challenging.

The data analysis can be done using many different types of platforms. Some of them
are specific to analysis like ROOT, Origin, Octave, lIgor, etc and some of them are general
purpose like Matlab, C++, and python etc. Careful planning and comprehensive understanding
of the experimental scheme are needed to design a specific data analysis algorithm and a good
computational programing skill are essential for the implementation of the same. In some special
cases the data analysis itself is not adequate and it may require various types of simulations to
assist in the analysis process. The data reduction, analysis and simulation carried out in this thesis

work using Root, origin and C++ etc are described in this chapter.

3.1 Proton-PAH collision experiment

The high energy proton collision experiments with PAHs and PANHs was studied using

a simple standard ToF mass spectrometer. Simpler PAH isomers namely, azulene (C1oHs) and
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naphthalene were used as the main targets of this study. Quinoline and isoquinoline were used as
the targets to perform fast proton-PANH collision experiments. The recoil ion signals were
detected using PSD (MCP with DLA) combined with secondary electron detection and
neutralized projectile detection. They were used to generate various timing signals. These signals
were recorded using a fast multihit TDC in common stop mode and the resulting data were stored
in the list mode. Considering the high volume of the data (each file about 100 Mb), a customized
ROOT program was used for the single and multihit analysis. The details of analysis and

evaluation of various parameters are described in this section.

3.1.1  ToF of recoil ions under different target excitations
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Figure 3-1: Time marker of (a) electrons, (b) neutralized projectiles and ToF of recoil ions produced in
(c) EE (d) EC and (f) CI mode.
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The intact or fragment ions from fast proton-PAH interaction were detected in
coincidence with emitted electron, neutralized projectile or both. The ToF of recoil ions were
measured using time markers of electron or neutralized projectile. The electron time marker is
shown in figure 3.1(a). There are two timings in which electrons are detected and it is marked as
1 and 2 in figure 3.1(a). The electron timing 1, marks pure secondary electron production in
proton-PAH collision. The ions detected in this event belong to electron emission (EE) mode and
a naphthalene ToF spectrum recorded in this mode is shown in figure 3.1 (c). Whereas, the
correlated detection of electron and neutralized projectile is marked by the 2" electron timing as
shown in the figure 3.1(a). This corresponds to capture ionization (CI) process. An example of
ToF spectrum of naphthalene produced in CI event is shown in figure 3.1(f). Since, the target
loses two electrons in CI events, no singly charged naphthalene ions were expected in this
spectrum. The low intensity intact peak observed in this mode is due to chance coincidence. A
typical neutralized projectile time marker is shown in figure 3.1(b). It can be used to separate
electron capture (EC) events. An EC mode ToF spectrum of naphthalene is shown in figure 3.1

(d).

Different modes of target excitations, particularly EE and EC modes are of considerable
interest in this work. A large fraction of internally excited singly charged naphthalene ions were
expected to be produced in EE and EC modes by the advent of high cross section plasmon
excitation and resonance electron transfer processes*’*8. One of the important objectives of this
work was to compare electronic relaxations of azulene and naphthalene in EE and EC processes.
For this, excitations itself needed to be compared in these molecules before studying their
dissociation or relaxation channels. The cross sections of EE and EC modes can be measured by
normalizing the parent ion yield with respect to target and projectile densities and correcting for
their detection efficiencies. But, the absolute values of target and projectile densities were not
known to us to determine the absolute cross sections, though they were same in EE and EC
processes. Therefore, we planned to measure the ratio between EE and EC cross sections for two
molecules for the studied proton impact energies with the help of electron and neutralized
projectile detection efficiencies. The procedures to estimate detection efficiencies of electron,
neutralized projectile and recoil ion are explained in the following sections. The areas of intact
and fragment ions from one dimensional mass spectra were often extracted and used for different

analysis.
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Electron detection efficiency: We have used double ionization yield produced in EC mode to
deduce electron detection efficiency. Double ionization events are possible to be produced in EC
mode along with the emission of an electron. The probability of double electron capture by the
proton is expected to be negligible. Double ionization events are integrated for EC mode with
and without electron detection. The area of double ionization peak with electron detection, Ae™™"

is given by,
A" = 0. N Np. g €p. € (3.1)
Where ¢** is double ionization cross section, N is target density and N, is projectile density and

&i, &p, enare detection efficiencies of recoil ion, projectile and electron. Similarly, area of double
ionization peak without electron detection, A:..™* is given by,

A" = 0" NNy g g, (1 — &) (3.2)

We can calculate electron detection efficiency from equations (3.1) & (3.2),

++

€c = %,Where k = AAe — (3.3)

k 1-e

We have calculated detection efficiency, ¢ for all projectile energies using equation (3.3). The

mean value e measured is 0.102.

Detection efficiency of neutralized projectile: The projectile detection efficiency depends on
the energy of the projectile and other external experimental parameters. We have
deduced it with the help of background water peak obtained in EE and EC modes under the
constraint of the target experimental condition and electron detection efficiency. The area of

water peak, A* determined from the EE mode recoil ion spectrum is given by,
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A% = g% (NOw .Np. (g)W . &, (3.4)

Where ¢ is the ionization cross section of water for a given projectile velocity. Similarly, the
area of water peak measured from EC mode data, A*° is given by,

A%¢ = o®. (Ngw .Np. (g))w . g, (3.5

Where ¢* is the electron capture cross section of water for a given projectile velocity. Therefore,
the detection efficiency of neutralized proton for a particular proton energy is given by,

AeC O.ee

p = Aee. gec €e

£ (3.6)

The values of ¢° and ¢° are taken from previously published ionization and electron capture
cross sections measured for water at different proton energies®. The detection efficiencies of
neutralized projectile for different proton energies are listed in table 3.1. To avoid contamination
from unneutralised main beam a fine slit is arranged in front of the neutral detector which has

considerably reduced the detection efficiency.

Table 3.1: Proton projectile detection efficiency for different energy.

Proton energy | Detection
(keV) efficiency
50 0.01933
75 0.02514
100 0.04616
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125 0.03031

150 0.05511

Detection efficiency of ion: The ion detection efficiency of MCP detector is obtained using an
empirical model reported in literature®. The detection efficiency is characterized by the following

polynomial

log[n] =A + By + Cx2 + Dys + Fya (3.7)
Where, A =-0.257; B = 0:161; C = -0:239; D = -0:0184; F = -0:3; y = log [E/M®®], where E is
energy of impact ion in keV, M is mass of ion ina.m.u. and 7 is detection efficiency. The detection

efficiency of singly and doubly charged naphthalene ion for the MCP detector is estimated to be
0.25 and 0.57.

Ratio between EE to EC cross sections: Let A® be the total single ionization events produced in

EE mode and ¢° be the EE cross section

A® = 0% Ni.Np. €. € (3.8)

Let A® be the total single ionization events produced in EC mode and ¢* be the EC cross section

A% = 0°“.N..Np.g;. €, (3.9

Ratio between EE and EC cross section can be deduced for every proton energies using the

following expression

(3.10)

0 AeC.g,
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3.1.2  Normalisation procedure to compare first hit data of azulene and naphthalene

The first hit proton impact data of azulene and naphthalene were extracted and normalized
to the sum of singly charged parent ion, neutral H loss and neutral CoHz loss yield. This was done
partly because the neutral H loss contribution, though very small, was difficult to separate from
the parent peak. Moreover, the H loss and CzH: losses were statistical processes and their
proportions can vary considerably due to the process of isomerization in the parent ions. All the
one dimensional (1D) spectra shown henceforth are normalized by this procedure and multiplied
by a factor of 1000 (arbitrary factor). In spite of totally separate normalization, the first hit yield
of azulene and naphthalene were in very good agreement with each other as shown in figure 3.2.
Moreover, some peaks overlapped exactly. The normalized first hit yield of azulene is subtracted
from that of naphthalene as shown in figure 3.2 to elucidate this point further.
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Figure 3-2: (a) Normalized first hit mass spectrum of azulene and naphthalene, (b) Differential yield of

azulene measured by subtracting normalized first hit yield of azulene from that of naphthalene.

3.1.3  Normalization procedure for neutral loss channels
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In the absence of an absolute normalization, the relative yield of neutral loss channels of
azulene and naphthalene is estimated with respect to a standard peak appearing in the mass
spectrum. The single ionization peak was chosen as the standard peak in case of EE and EC
modes. We have measured the relative yields of H, CoH, and H. loss channels of singly and
doubly charged azulene and naphthalene ions with respect to their respective parent ion peaks for
every projectile energy. Relative cross section of double ionization is measured by normalizing
double ionization events with respect to single ionization peak. It is repeated for all projectile

energies.

3.1.4  Double hit analysis

The use of a multihit time digitizer enabled measurement of as many as eight fragments
from a given event in the TOF spectrometer, provided that their flight times differed from each
other by more than 10 ns. Entire data was sorted for two hit events and then a 2D plot is made
with first hit on the horizontal axis and second hit on the vertical axis. The second hit mass spectra
of certain first hit channels namely, H*, C*and CH3* were plotted separately both for naphthalene

and azulene (one example of C* channel is shown in figure 3.3).
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Figure 3-3: (a) Second hit ion yield produced for C* channel, (b) Differential yield of azulene measured

with respect to naphthalene.

3.1.5 2D coincidence map for fragmentation channels

Multihit data can be used to carry out multidimensional analysis of fragmentation process.
This gives us useful information about momentum distribution of fragmentation channels along
ToF axis as shown below. The momentum component along the ToF axis, p; can be deduced
from the measured ToF, t of the fragment ion. A reference time, to for each possible fragment ion
was identified from the single hit ToF spectrum. The time difference between the measured and
the reference values was used along with the ToF mass spectrometer parameters (ToFMS) i.e.,

geometry and fields to determine p;, It is given by

pz; = mv, = qE (t - tO) (311)
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where q is charge and m is mass of fragment ion and v; is the velocity component of fragment ion
along ToF axis. E is the extraction field of ToFMS. The momentum correlation of the
fragmentation channels can be investigated using 2D coincidence map (first hit ToF versus
second hit ToF). A typical 2D coincidence map plotted for the multihit proton impact data is

shown in figure 3.4.
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Figure 3-4: 2D coincidence map obtained for naphthalene, the binary fission channels are shown as 1.
Cg++C+, 2. C8++C2+, 3. C7++C3+, 4, C5++C4+, 5. C5++C5+.

The islands with different slopes can be seen in the 2D map. Details of slope analysis for binary
fragmentation channels are given below. We have identified important binary fragmentation
channels of PAH dications and measured their Kkinetic energy release (KER). The detailed

description of KER analysis is given in the next section.

Slope analysis of two body fragmentation: A multiply charged molecular ion AB with charge
g:+q2 fragmenting into A and B with charges g and g2 respectively, where Als the first fragment
and B is the second fragment detected. In this two-body fragmentation process, the momentum
along ToF axis of first fragment (p,1) would be equal to momentum along ToF axis of second

fragment (pz2). Therefore, we can write
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Pz1 = Q1E (t; — to) (3.12)

Pz2 = q2E (t; — to) (3.13)

Where t; and t2 are the fragment ToFs. We can deduce an expression for ratio between charges
of fragment ions using expression (3.12) & (3.13).

- Mzslope of fragmentation channel (3.14)
az (t1—to)

Few 2-body fragmentation reactions and their slope in 2D correlation diagram is given below.

AB?T >A* + B, slope = —1 (3.15)
ABC3T >AB*" + C*, slope = —2 (3.16)
ABC3t >A* + BC?**,slope = —0.5 (3.17)

3.1.6  Measurement of KER release for binary fragmentation channels

We have done an event-by-event analysis of the 2-hit coincidence data to determine the
three velocity components and hence Kinetic energy of each fragment ion individually. The KER
distribution was then obtained from the contributions of correlated fragment ion pairs. The
velocity component parallel to the ToOFMS axis, v; is deduced from the measured ToF, t of the
fragment ion (see equation 3.11). The other two components of the velocity, v« and vy were
determined from the position of impact, x and y of the fragment ion on the MCP. The reference

points Xo and yo were determined for each event by taking the center of mass of the x and y position
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of each pair of fragments detected in coincidence. The x and y components of the velocity is given
by equations (3.18) and (3.19).

Uy . (3.18)
v, = y_ty" (3.19)

A typical example of KER distribution measured for one of binary fragmentation channels

detected in case of naphthalene and azulene proton impacts is shown in figure 3.5.
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Figure 3-5: Kinetic energy release spectra of the CsHg"- C,H," fragmentation channel detected in proton

impact data of naphthalene and azulene.

3.1.7 Multihit analysis to compare multifragmentation channels of azulene and naphthalene

The multihit data of azulene and naphthalene was first filtered and cleaned for EE mode
and for various sum conditions on the PSD. The event record was obtained upto eight multihits.
The fragmentation up to only third hit was processed, beyond which the positive counts were
negligibly small. Typically for a projectile energy of 50 keV, about 76% events were pure single
hit, about 19 % of pure double hit and less than 4% were triple hit. The exact percentage is

strongly dependent on the detection efficiency which varied from about 45% for single carbon
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fragment ion to about 20% for intact molecular ion. The data from all the five projectile energies
were added together to improve the statistics of multi hit analysis. The branching ratios of
multifragmentation channels was not estimated, because the detection efficiency is expected to
vary considerably over the recoil ion mass and velocity.

3.2 High resolution energy-ToF spectrometer: data processing and analysis

The proton impact study of PAHs is carried out using an established experimental set up
with very well understood and well characterized analysis algorithm. But as we combine the
standard ToF technique with energy analyzer in order to develop a new experimental facility, the
required data processing and coincidence logic had to be evolved in a unique manner. This section
is dedicated to explain the data analysis methods used for the new experimental technique. The
recoil ion ToF is produced with reference to the master trigger from nanosecond laser in common
start mode. The laser pulse energy is recorded using a power meter, which is synchronized with
respect to the master trigger of the laser. The repetition rate of laser system is 100Hz. Therefore,
time duration for a single event is 1ms. We have enabled first the 100us as the active time window
of DAQ using of veto pulse of same frequency. The ToF spectrum measured for fluorene (at
263nm) and azulene (at 235nm) using ion detector with their mass calibration graph is shown in
figure 3.6. The mass resolution is well beyond 1 in 3000 so as to clearly separate various H, H>
loss as well as isotopic peaks. The heavy fragment loss channels, for example C2H> loss channel
(see figure 3.6 (2)), has an assymetric peak shape due to a large spread in the kinetic energy of

fragment ions.

3.2.1  Laser intensity dependence on ionization and fragmentation channels

A well-known technique based on dependence of laser intensity on ionization and
fragmentation yield was employed to check the corresponding n-photon processes. The laser
pulse energy recorded in event by event mode was used for this analysis. Although, the average
pulse energy was about 10 pJ, energy of laser pulse fluctuated between 1uJ and 30 pJ. The ion
signals were sorted for a window of 1 pJ and the ion signals of interest within one energy window

was integrated and normalized with total number of laser pulses recorded in the same window.
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Slope of log-log plot of the ion yield against the laser intensity will be the number of photons
involved in the process of ionization or fragmentation. Here we have shown a laser intensity
dependence on ionization channel as well as H loss fragmentation channels of azulene and
fluorene at 235nm and 263nm respectively. Though we have got a clear photon number in these
examples, similar approach was failed to identify a clear n-photon process for certain other

wavelengths.

The log-log plot of the ion yield against the laser intensity, individually for fluorene ion
and its H loss channel at 263nm, is shown in figure 3.7 (a). The slope of the Ci3H1o" data was
found correspond to a 2-photon excitation, whereas the Ci3Hg™ yield clearly follows a 3-photon
process. The nonlinear region of figure 3.7 is excluded from the analysis, because in this region,
photoabsorption cross section can be drastically modified due to higher laser intensities. Similar
2 and 3-photon excitation process is identified for ionization and H loss fragmentation channels
of azulene at 235nm as shown in figure 3.7 (b).
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Figure 3-6: ToF spectrum of (a) azulene at 235nm and (b) fluorene at 263nm for an average pulse energy

of 10uJ, (c) calibration plot.
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3.2.2

2D coincidence map between ToF and horizontal position of ions

The 2D image of ion signal on the ion detector is shown in figure 3.8. The deflection

voltage of PPA analyser is set to 1.6kV for this measurement. The ion signal is dispersed along

horizontal coordinate of the detector. The full energy ions hit the detector at maximum horizontal

coordinate and the low energy ions arrive the detector at shorter horizontal coordinates.
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A typical 2D correlation diagram plotted between ToF and horizontal position of important
fragment ions are shown in case of azulene and fluorene in figure 3.9.
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Figure 3-9: 2D spectrum of ToF versus Horizontal range recorded for (a) azulene (at 235nm) and (b)

fluorene (at 263nm) for an average pulse energy of about 10uJ.

In two cases, parent ion peak is only having a single energy distribution. The 2D correlation
diagram was rich in information particularly for dehydrogenation and C2H. loss channels. They
have very special features like tail (bands) connecting adjacent masses and spread towards lower
Kinetic energies. An intricate Monte Carlo (MC) simulation was carried out to understand the
implications of various 2D features observed for different fragment masses. In the simulation, the
complete trajectory of parent ion was reproduced for the electric and geometric configurations of
the spectrometer by randomizing the dissociation for a particular decay rate. Initially, we
eliminated the possibilities of energy spread by assigning zero spread in initial position and

thermal velocity in such a way that possible energy or ToF spread can come in 2D due to the
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dissociation occurring at various stages of the flight. The details of the MC simulation is
explained for H loss fragmentation channel of fluorene™ in the section 3.2.3.

3.2.3 Details of the MC simulation

The transit time and trajectory of parent ion inside extraction, acceleration fields, FD tube
and PPA is simulated by solving differential equations of motions numerically for a time step of
10 ps for the full geometric configuration of the spectrometer. The time step is decided by the
computational limits of the numerical calculations and the smallest random number that can be
generated. Decay is handled by doing MC simulation for assigned decay rate in each time step.
Once decay of parent ion is established, rest of the trajectory and flight time calculation is carried
out analytically for daughter ion. Decay inside linear part (extraction, acceleration and drift tube
regions) of the spectrometer can be easily handled. But decay in the 2D plane of PPA has to be
done carefully, because flying daughter ions will be deflected to a new parabolic trajectory
depending on its mass, location and velocity component of parent ion at the time of
fragmentation. Therefore, if fragmentation occurs inside PPA, the fragment ion will fly along a
new parabolic trajectory. We have estimated the range of horizontal deflection of each particles
inside PPA using analytical equations and numerical methods, or both whichever is suitable for

the context of fragmentation.

3.2.4  Results of MC simulation with zero spread in initial parameters

The simulation results of H loss of fluorene* with multiple decay constants (10*-107 s?)
are combined and plotted in figure 3.10. H loss fragment ions are seen to occupy different regions
of the 2D spectrum depending on the region where the dissociation would have occurred during
the flight.

Since the spreads in initial parameters are zero, we expected parent and fragment peaks
will come with no spread in 2D correlation plot. As expected, undissociated parent peak appeared
as a peak with no spread. But H loss fragment ions recorded in the simulation were occupying
different region of the 2D plot depending on the location where they have formed. For the present
experimental conditions, ToF of fluorene™ is about 26.35 xs. It spends about 400-500 ns in the

extraction region. Thus, if the decay constant lies between 108 and 107 s, it will form a H-loss
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peak with almost full energy as shown in the region “a” of figure 3.10. This decay is very close
to prompt fragmentation. The substructure seen in region “a” pertains to finer decay dynamics in

the ER. The second gap is the acceleration region and any decay in this zone will be seen as the

Figure 3-10: 3D colour map of ToF-Range diagram simulated by assigning zero spread for initial position
and velocity of parent ion. This spectrum is simulated for multiple k values (10°-10" s). (a) high energy
H loss fragment ion formed in the extraction region, (b) low energy H loss fragment ion produced in the
acceleration phase, (c) low energy H loss fragment produced in the field free drift tube, (d) H loss decay

inside parallel plate, and (e) unfragmented parent ion.

region “b.” This is visualized in the 3D map as a bridge connecting prompt fragmentation and the peak in
region “c”. Region “c” is the peak corresponding to decay inside the field free drift tube, which demands
that the decay constant should be of the order of 10*~10° s™. A line connecting low energy fragment and
parent ion represents decay inside the parallel plate, which is shown in the region “d”. Inside the parallel
plate, the particle is continuously decelerating due to the strong repelling field. All the parent ions have a
common trajectory. If a parent ion loses neutral fragment inside PPA, it deviates from the original path
and follows a new and short trajectory depending on its current position and velocity conditions. The
unfragmented parent ion (region “e”) completes the original path, which covers a maximum horizontal

distance and hence, the longest range. Therefore, the range of parent ion is the maximum limit any ion
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can have. Those ions that dissociate inside the FD enter into the analyzer with the lowest KE and are
deflected to the shortest trajectory. In ToF-KE spectrum, the ions fragmenting inside the parallel plate
connects the low energy fragment ion and full energy parent ion with a straight line in the 2D diagram.

3.25  The MC simulation with finite spread in initial parameters

For a realistic comparison of experimental data, we must include all experimental
artefacts and spreads in the MC simulations. Hence, the initial position and velocity of the ions
are sampled from a Gaussian distribution generated by standard Box—Muller transform. This
helps to generate initial values of position and velocity of ions from a Gaussian distribution with
mean value x and variance ¢2. The width of position distribution is assigned to be 50um, to match
with the estimated laser beam size along the direction of the extraction field, whereas the velocity
spread is modelled using a directional thermal distribution with a width of 300m/s . This is because
the geometric restrictions of the setup make the effects of other velocity components negligible.
The MC code used to simulate the trajectory of parent ion implementing distributions of initial
parameters is given in appendix A. The spectrum of the ToF and the horizontal range simulated
for parent and fragment ions are in good agreement with the experimental measurements. The
width of the parent ion peak observed in the ToF data of fluorene was 10 ns, which was

reproduced in the simulation as well.

The ToF-range spectra simulated for various decay constants (k) along with a typical
experimental 2D spectrum are shown in figure 3.11. The simulated ToF-range spectra are given
in figure 3.11(a)—(f). The spectrum simulated for k = 100 s is given in figure 3.11(a). In this
case, only the fluorene parent ion is present since the inverse of the decay constant is very long
compared to the ToF of parent ion. The 2D plot shown in figure 3.11(b) is simulated for k = 1000
s, with an average decay time of 1ms. This decay is slightly faster than the earlier one implying
the finite probability of detecting fragment ions produced during the flight. Still the average decay
time is 1 ms, which is far away from the ToF of parent ion. Therefore, the parent ion is dominating

in the 2D plot though there are small number of events with decay inside FD and PPA.

57



For k = 10*s? (see figure. 3.11(c)), the population of H loss regions is seen to be increased
and the fragmentation is mainly located at the FD tube and PPA sections. As explained earlier, a
thick belt is formed connecting low energy H loss fragment and parent ion, representing
substantial fraction of decay inside PPA. Even the fast decays (decay inside extraction or
acceleration regions) starts contributing to this particular decay rate. At k = 10° s, with a mean
decay time of 10 us, which is about half of the parental ToF, the fragmentation is mainly located
in the FD exit and the PPA sections. Therefore, the low energy H loss peak corresponding to FD
decay and the belt region corresponding to PPA decay is densely populated (see figure 3.11(d)).
In this decay time scale, there is a considerable possibility of fast decay. The H loss decay inside
AR and even in the ER is observed, as shown in figure 3.11(d). Hence, for k >10° s, a large

fraction of H loss decay occurs within the time window available to the spectrometer.

500 2 ' 500 g 500 41
k=100s 1 C[}H]g) k=]035 : . k=10"s g2 (C)
€ 496 496 4%
S E £
s ) =
8 492 = 492 | T 492
- = o
< 5 g
488 488 : ‘ ' ® 468 .
] : ] ; ] 2 -
@l (b) Coll H loss in PPA
2643 2646 2649  26.52 2643 2646 2649  26.52 2643 2646 2649 2652
ToF(us) ToF(us) ToF(us)
F i Al
0T k=10%" . 01k=10%" | k=10"s
_ ‘ High energy C H, -
€ 49 —496 5 E 496
g = (e) 3 > High energy C H,
24921 492 | D492 .
@ = ©
© i e ©
488 488 N } 488
(d) Low energy C H, ()
2643 2646 2649 2652 2643 2646 2649 2652 2643 2646 2649 2652
ToF(us) ToF(us) ToF(us)
5 |Experimental ey
€ 400
©
=
& 300
=
o
< 200
S
2 _
g 100 £
25 S

2628 2631 2634 2637
ToF(us)

Figure 3-11: The ToF-range spectrum simulated for (a) k = 100 s™, (b) k = 1000 s, (c) k = 10* s, (d) k
=10°%s?, (e) k = 10° s, (f) k = 107 s for the experimental conditions, and (g) typical experimental 2D
spectrum recorded for H loss channel of parent ion.
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Faster decays are simulated with k = 10® s and 107 s, which are shown in figure 3.11(e)
and 3.11(f), respectively. All the particles recorded in these two cases are H loss fragment ions,
which is obvious due to short decay time assignments. For the former case, parent ion could be
fragmenting just inside the drift tube, because as per electric field and mechanical configurations,
fluorene ion takes about 700 ns to leave the AR. The decay in the ER and AR can also contribute
to an average decay time of 1 ps. For this decay time period, the parent
ion reaches the junction between acceleration and drift tube sections in which decays could be
equipartitioned between the two regions. Therefore, top and bottom peaks in the ToF-range
spectrum, representing fast and slow H loss decays, are almost equally populated
for a k value of 10° s, as shown in figure 3.11(e). On the other hand, for the decay corresponding
to k = 107 s* (see figure. 3.11(f)), only fast decay products (top peak) are visible. A typical 2D
spectrum plotted using experimental data recorded for fluorene at 263 nm, with an average pulse

energy of 10pJ is shown in figure 3.11(g).

3.26  Comparison of MC simulation results with experimental data

The 2D coincidence map for H loss channel of fluorene at 263nm is featured by full or
high energy “fast H loss peak™, low energy “slow H loss peak” and very weakly populated tail
region connecting slow H loss peak and parent peak (see figure 3.12 (a)). The 2D coincidence
pattern of the H loss channel measured in the experiment is reproduced in the simulation by

combining two data generated at k=10° s* and k=10%s. This is shown in figure 3.12 (b).

It is very clear that two types of decay are involved in the experiment. Slow fragmentation
populates parent peak and tail part. And, fast or microsecond range fragmentation populates two
of the H loss fragment peaks. From the laser intensity dependence (see sec. 3.2), it has already
been established that the 2-photon process produces the parent fluorene ion yield and 3-photon
absorption produces H loss fragment ion yield. The lonization energy of fluorene is 7.56 eV*°.
Therefore, ionization and very slow H loss can happen from 2-photon absorption at 263nm. The
appearance energy of H-loss fragment ion in a single VUV photon ionization experiment of
fluorene is about 12 eV, Therefore, fast or microsecond H loss decay can definitely be expected

from 3-photon absorption at 263nm.
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Figure 3-12: (a) 2D coincidence plot of fluorene measured at 263nm for an average pulse energy of 10 uJ,

(b) 2D coincidence spectrum simulated for fluorene for two rate constants k=10%s™ and k=10%"

3.2.7  Range spectrum of H loss decay for a range of wavelength

Every populated region in the 2D graph points to a narrow or wide range of decay
constants. If there is a large spread in decay constant, 2D landscape would be very complex. If
only a selected region is populated, it directly implies a relatively narrow range of decay constants
and hence, very narrow range of internal energy distribution (IED). It also appears that H loss
populated area is eventually shifting for a change in excitation wavelength. It is demonstrated
with the help of the horizontal range distribution of H loss fragment ion with respect to excitation

wavelength (see figure 3.13).

It should be noted that the range of decay constant has to be really narrow to cause such
an apparent and systematic shift in the H loss population as a function of wavelength. This implies
that molecular ions are produced with a very narrow IED in the 3-photon excitation processes. It

will be discussed in detail in the following chapters.
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Figure 3-13: Distribution of H loss fragment ion along horizontal axis of PPA for 253-273nm.

3.2.8 Evaluation of H loss rate constants

The relative yield between fast H loss peak and slow H loss peak or tail and slow H loss
peak (whichever is highly populated) can be reproduced in the simulation by assigning an
appropriate decay constant in the MC simulation. For example, in case of the fluorene data at
263nm, the tail region is very sparsely populated as shown in figure 3.12(a). Therefore, we
reproduced the relative yield between slow and fast H loss peaks along the horizontal range in

the simulation for a decay rate of 7.5x10°s (See figure 3.14).

The 2D coincidence map of the H loss channel of fluorene™ measured at 293nm is shown
in figure 3.15(b). The main features of the H loss coincidence pattern of fluorene at 293 nm are
a very strong fast H loss peak followed by a very weak slow H loss peak and tail band. It was

clearly identified that in case of fluorene at 263nm, the H loss process is driven by 3-photon
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absorption. Such a clear n-photon process is not identified for the H loss channel of fluorene at

293 nm. This implies that a
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Figure 3-14: The distribution of H loss fragment ions along horizontal range is measured in the experiment

for fluorene at 263nm. It is reproduced in the simulation for a decay constant of k = 7.5 x 10° s™.

significant fraction of the H loss fragment ions could be produced from a higher order photon
process at 293 nm (more than 3-photon). This can strongly populate fast H loss peak as observed
in the 2D coincidence pattern (see figure 3.15(b)). The H loss fragment ion produced from 3-
photon absorption can become very slow at 293 nm and can weakly populate the slow H loss
peak and tail band. A very broad internal energy ensemble has to be expected if we consider H
loss from multiple excitation process in terms of photon number. Therefore, we consider H loss
from a single, 3-photon excitation process. In case of slow H loss dissociation from a 3-photon
process, the decay rate is identified from the relative population of tail region in comparison to
the slow H loss yield. The measured relative yield of tail with respect to slow H loss yield is
reproduced in the simulation for a decay rate of 10* s, It may be noted that tail region can also
be contaminated from collision induced dissociation at the used level of background pressure. It

can influence the relative yield of tail and hence, the decay rate measurement.
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Figure 3-15: 2D coincidence pattern of the H loss channel measured for fluorene at (a) 263 nm and (b)
293 nm.

3.2.9 2D coincidence pattern: C2H> loss channel

The 2D coincidence pattern of CoH> loss of azulene® measured at 235 nm with an average
pulse energy of 10 nJ is shown in figure 3.16 (a). There is a long tail starting from the full energy
C2H2 loss peak and extending in the direction of decreasing kinetic energy. The 2D data is
simulated with multiple decay constants in order to obtain all the possible decay features of C2H>
loss from azulene™ as shown in the figure 3.16 (b). Since the acetylene is a heavy fragment, it can
carry maximum Kinetic energy (KE) proportional to its mass. A residual fragment ion loses a
large fraction of the KE if it is fragmented just before or after full acceleration. Such fragment
ions are deflected into a shorter parabolic trajectories and miss the detection by the position
sensitive detector. Hence, our present 2D measurement may lose the information about slow
acetylene loss happening just before or after full acceleration. But the fast decay, i.e decay during
extraction and acceleration can be studied from the 2D coincidence pattern measured in the

present experiment. It is shown in the figure 3.16 (b).
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Figure 3-16: (a) 2D coincidence map measured for acetylene loss channel of azulene for 235nm, (b) 2D
map simulated with multiple decay constants to obtain all the possible decay features of C,H; loss from

azulene™,

3.2.10 2D coincidence pattern: H2/2H loss channel

A unique capability of this coincidence technique is that it can distinguish between
sequential hydrogen loss (2H loss) and molecular H> loss. It can be recognized from the 2D
pattern of the 2H and H> loss channels. The possible coinicidence patterns of sequential H loss
were reproduced in the simulation by randomizing H loss decay twice in the MC code. The details

are given in the following section

3.2.10.1 MC simulation for sequential H loss

The sequential H loss decay is handled in the present MC programm by repeating the
simulation for second H loss with a newer rate constant after the first H loss decay. If two
successive decays are completed, the rest of the trajectory and flight time calculation is carried
out for the daughter ion analytically. The 2D coincidence maps were simulated for different
sequential H loss processes to see all the possible decay features. This is demonstrated in case of

azulene as shown in the figure 3.17 & 3.18 .
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loss decay rate and k; as the second H loss decay rate
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3.2.10.2 2D coincidence pattern: H2/2H loss channel of azulene at 280 nm

The coincidence pattern of single and double H loss measured for azulene at 280 nm is
shown in figure 3.19. The laser intensity dependence of fragmentation yield at m/q=127 and
m/q=126 were showed that these were 4-photon processes. It was discernable from the 2D
coincidence pattern that two types of decays were involved in the fragmentation peak at m/q=126.
The sequential H loss decay (with ki= 107-10® s and k,=10%-10° s, suggested by possible
coincidence patterns simulated for 2H loss) and very fast H- loss decay (with k=107-108 s?).
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Figure 3-19: 2D coincidence pattern of Ha/2H loss channels of azulene measured at 280nm

3.2.10.3 2D coincidence pattern: H2/2H loss channel of naphthalene at 225 nm

The 2D coincidence map measured for dehydrogenation channels of naphthalene at
225nm is shown in figure 3.20. The laser dependency of fragmentation yield at m/q=127 and 126
showed that, these were 3-photon processes. The possible 2D pattern of sequential H loss was
completely missing in the 3-photon process at 225nm. Therefore, the fragmentation at m/q=126
is a single type, Hz loss, with rate constant of k=10%s*. It was clear from the primary analysis that
H> loss was the favorable channel at 3-photon excitations and sequential H loss can dominate at

high energy excitations due to higher order photon processes.
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Figure 3-20: 2D coincidence pattern of H, loss channels measured for naphthalene at 225nm.

3.3 Summary

The data acquired using a non-conventional ToFMS is usually multidimensional. When we
perform data analysis, the quality of data can be improved by putting specific conditions in terms
of coincidence, matching and timing etc. Here the entire experimental work is done based on
timing of nanosecond order pulses with picosecond accuracy, finally the information is converted
into mass, change in kinetic energy, decay time details etc. The recorded raw data is converted to
physically useful information with the help of a complex data reduction and analysis procedure.

For example, here we have used coincidence as the data reduction logic for proton-PAH collision.

This analyzed data is separately checked with collisional theories. But in case of energy
correlated ToF technique, the data analysis itself is done with the help of a simulation. Very
advanced platforms and tools like ROOT, C++ were used for data reduction and analysis. Thus,
the analysis described here ends up in giving a lot of useful details or predictions like detection
efficiencies, relative cross section/intensities of reaction/fragmentation channels, structures of
intermediate and product ions and decay time details of dissociation process etc. These results
are then converted into useful physics information about the molecules with the help of physics

models or comparison with theory. This is elaborated in the coming chapters.
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CHAPTER 4. PLASMON MEDIATIED ISOMERIZATION IN PAHS

4.1 Introduction

The ion-molecule collision process is well understood and well-studied for various
molecules. In such collisions, two aspects dominate the energy loss mechanism, namely, the cross
section of energy loss and the amount of energy loss by the projectile. Considering the Coulombic
nature of the interaction, the energy deposition is very strongly dependent on the projectile
velocity and impact parameter. Thus, the ionic particle deposits a very broad distribution of
energies and this distribution changes very rapidly as a function of projectile velocity®>>°. PAHs
are also expected to experience the same energy deposition as other molecules*®252 but ion-PAH
collisions are known to be dominated by the collective excitations*’. It offers a unique mechanism
which leads to a constant but broad energy deposition (typically width of plasmon resonance for
PAHs is about 7-8 eV) to the target irrespective of the projectile velocity?>#"°®. The average
energy of this excitation can often be much larger than the first ionization potential of the target
molecule®. Like any conventional energy loss mechanism in ion-molecule collisions, the cross
section of plasmon excitation is influenced by the projectile velocity*’. The main feature of this
excitation is the constant energy loss, weakly dependent on projectile velocity. This behavior in
conjunction with large excitation cross sections (due to generalized oscillator strength much
greater than one)!’ implies that collective excitation in ion-PAH collisions can be made used to

assess various excited state dynamics of PAH cations.

The average energy loss of plasmon excitation in PAHs is 16-17eV?2, It has already been

demonstrated that the plasmon excitation involves the coupling of the deposited energy to the
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inner valence electron and the electron can be ejected with very minimal kinetic energy®.
Therefore, the PAH cations are produced in an excited electronic state and the excess electronic
energy is converted to internal energy by an ultrafast IC. It will result in a fast IVR and statistical
dissociation. This dissociation process can proceed over tens of microseconds for the available
internal energy expected from plasmon excitation. The main purpose of this work was to
investigate plasmon mediated dissociation in azulene (CioHg) and naphthalene (CioHs) while
interacting with a fast proton beam (50keV-150keV). The details of experimental setup are given
in sec 2.4 of chapter 2 and data reduction and analysis procedures are explained in sec 3.1 of
chapter 3.

The work reported in this chapters is twofold. First, to understand how the plasmon
excitation affects the two isomers and second, to look for evidences of higher order plasmon
excitation process. Since the amount of energy deposited is known, the interpretation of the
possible effect is expected to be simple.

4.2 Analysis and discussions

A typical mass spectrum obtained for azulene and naphthalene in EC mode under 75keV
proton impact is shown in figure. 4.1. Each spectrum exhibits singly and multiply charged parent
ions CioHs™ (g=1, 2, 3), their evaporation products (H/H2 or 2H/C;H, loss) and energetic
fragment ions of lower masses. Some of the impurity peaks like H,O* from the background, Ar*
at m/q=40 and Ar?* at m/q=20 are also present (Ar gas was used for calibration) in all the mass
spectra. Single ionization is the prominent channel which is followed by double ionization.
Ci1oHg** peak is observed with negligible yield as compared to single and double ionization peaks.
The evaporation channels, being gentle fragmentation pathways (as the associated momentum
release is negligible) manifest as narrow peaks. CioH7" (H loss), CioHe" (2H/H: loss) and CgHe"
(C2H2 loss) are the main evaporation products of CioHg*, which appears at m/q=127,126,102
respectively. These represent low energy fragmentation channels of PAHSs. In the dication region
(m/g=64) large intensity narrow peaks are blended with broader peaks. The former represents
dication species while the broad peaks are singly charged mass fragments. The dominant dication
dissociation products are CioHe?* (2H/H: loss), CsHg?* (C2H2 loss) at m/q = 63 and 51,

respectively. In contrast to the monocation decay, we discern that the 2H/H; loss is dominant
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unlike the H loss that is quiescent. This cannot be explained by any conventional energy loss
mechanism associated with the ion-molecule collision. We attempt to explain this by invoking
the plasmon model. This is discussed later in Sec 4.8. Various broad peaks of fragment ions
CmHn" (0 < m < 9, n is uncertain) are visible in the mass spectrum. They can be produced by
energetic fragmentation of multiply charged parent species. The excess kinetic energy released
in the process broadens the mass spectrum. For estimating the area associated with each high
intensity narrow peak the contribution from the broader background peaks is carefully subtracted.
The mass spectral resolution in the EC mode is superior to that in the electron emission (EE)
mode. This is because there is a jitter in the start trigger of the EE mode due a spread in energy
and direction of the emitted electrons.
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Figure 4-1: Mass spectrum for 75-keV proton energy in EC mode showing monocation and dication
evaporative products and energetic fragment ions for azulene (dashed line) and naphthalene (continuous
line). Axis breaks should be noted.

The similarity between the mass spectra of azulene and naphthalene is noteworthy.
Considering the structural difference in the two molecules, one can expect very different yields
of the fragments even if identical internal energy is deposited. Almost identical fragment yields
are obtained except at the CoH» loss peak. There is an apparent non-similarity with the intact
dication and associated 2H/H> and C>H: loss peaks which as shown later, also happens to have

some underlining quantitative similarity. Most significantly the masses between 95 to 100 a.m.u
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are exactly overlapping in the two targets but the peak at m/q=102 is drastically different. These
very primitive observations directed us to look for possible role of isomerization provided one
can explain the origin of specific points like excess acetylene loss of azulene® in comparison to
naphthalene.

4.3 Electron emission and electron transfer cross sections in intermediate proton-PAH

collisions

It was important to understand the excitation mechanisms of the two molecules, before
comparing their specific dissociation channels. Therefore, we tried to check whether the relative
cross sections of electron emission and electron capture processes are the same in the two
molecules. If they are the same, then the relative enhancement of any dissociation channels would
suggest internal dynamics of the molecule. On the other hand, if the relative cross sections of the

two isomers are distinct, further comparison of fragmentation channels becomes laborious.

In the absence of absolute normalization, only the relative cross sections in EE and EC
modes could be estimated using measured monocation intensities. Since EE and EC mode data
were collected in OR mode, target and projectile densities were the same for the EE and EC
processes. Hence, using the detection efficiencies of the emitted electron and neutralized
projectile, the ratio of absolute cross sections could be obtained. Figure 4.2 shows ratios of EE
to EC cross sections for azulene and naphthalene as a function of proton energies. The figure
demonstrates that these ratios vary in a manner that is identical for both the molecules within
error bars. Major sources of error are the uncertainties in the electron and projectile detection

efficiencies. 150 keV data had lower reliability due to very low capture cross sections.

The collective excitation is the dominant energy loss mechanism governing electron
emission in PAHSs for the investigated projectile velocity regime. It can be identical for both
molecules. On the other hand, the electron capture cross section depends on several factors like
velocity and binding energy matching conditions. In naphthalene, it is observed that ionization
and capture cross sections are changing differently in different directions in the studied proton
energy region*’. The change in the EE cross section is gradual in contrast to the case of the EC

cross section that decreases rapidly as a function of proton energy. This implies that EE and EC
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cross sections will evolve independently. Hence, it is highly unlikely that two different molecules
have the same ratios of absolute cross sections unless their respective absolute values are equal.
The two target molecules considered here are planar with identical bond nature and same
hybridization, and they are likely to have very similar electron density distribution. Thus, it
follows that the electronic energy loss mechanisms, which are solely a function of the electron
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Figure 4-2: Ratio of EE to EC cross sections as a function of proton energy for azulene™ (az*) (solid circles)

and naphthalene® (nph*) (solid rectangle).

density distribution, are identical in the two molecules under consideration. Hence, the structural
difference in azulene and naphthalene is a minor aspect as far as the electronic energy loss mechanism is

concerned, however, later dynamics heavily depend on individual structures.

4.4 Low energy dissociation channels of azulene™ and naphthalene® in EE and EC modes

The characteristic feature of fast proton- PAH collision is the production of large single
ionization yield in ps timescales. H loss, H2/2H loss and C;H> loss channels are the major
statistical dissociation processes of the parent ion. Therefore, their relative yields measured using
a ToF spectrometer will only be dependent on the total energy content of the parent ion. In the
case of EE mode data, the relative yield of CoH> loss channel of azulene™ and naphthalene® shows
no dependence on impact energy, thereby implying a very similar excitation (see figure 4.3 (a)).

It is an evidence of plasmon mediated ionization and dissociation of the molecules*’. Conversely,
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the relative yield of the C>H: loss channel of azulene as well as naphthalene slowly decreases for
an increase in proton velocity in EC mode. Although resonant or quasiresonant electron transfer
is known to dominate in the EC mode, it is accompanied by small amount of localized electronic
energy loss*"*®. Energy transfer via localized electronic energy loss has been known to decrease
for an increase in projectile velocity. This is corroborated with the behavior of the C2H> loss
channel being observed for an increase in impact energy. In EE as well as EC modes, the relative
yield of acetylene loss is higher for azulene compared to naphthalene (See Fig. 4.3 (a), 4. 3(b)).
Ostensibly, this indicates that the dissociation from azulene® is to a larger extent compared to
naphthalene®. The same approach was tried to expand to H and 2H/H loss channels of isomeric
monocations. But a quantitative collation of H/2H or H; loss channels was not possible for the
target molecules as the fitted peaks had large uncertainties.
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Figure 4-3: Proportion of C,H; loss with respect to azulene™ (solid square)/ naphthalene® (solid circle) in

EE mode, (b) Proportion of C,H, loss with respect to azulene™ (solid square)/ naphthalene™ (solid circle)
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in EC mode, (c) Azulene® (dashed and dotted line)/naphthalene™ (continuous line) peak showing better
resolved (less resolved) H loss peak for azulene®™ (naphthalene™).

A comparison of the relative yields of H, Hz, C2H2 loss species in EE and EC modes with
the photodissociation break-down curves of naphthalene* by West et al °, establishes that the
internal energy of parent ion is needed to be around 8-11 eV in order to have a detectable
dissociation yield at the microsecond time scale. Further, Gotkis et al.?’ have estimated the
dissociation rate constants of naphthalene* for the H and C2H> loss channels in this internal energy
range. As the acetylene elimination is faster than H loss in the present internal energy regime, we
anticipate that the loss of C2H. occurs considerably within the acceleration region of the ToF
spectrometer. Hence, the product ion is accelerated to maximum energy and appear as a clear
peak in the mass spectrum. On the other hand, the dissociation time scale of H loss would be
comparable to the time spent in the acceleration region leading to the respective product ion
getting accelerated to lower energies and filling the valley between m/q = 127 and 128. Had this
been due to poor resolution of the spectrometer, it would have affected the 2H/H> loss peak as
well. On the contrary, we were able to fit the 2H/H: loss peak in spite of lower statistics. In case
of the H loss peak in azulene, we find that it is resolved better in EE and EC modes as shown in
figure. 4. 3(c). This could be attributed to higher decay constant of H loss in azulene* compared
to naphthalene®. All the aspects reinforce the fact that azulene®™ in general has higher decay
constant compared to naphthalene™. This can be explained by excess internal energy available to

azulene™ or the difference in the Arrhenius parameters or in combination of both.

4.5 Azulene® to naphthalene® rearrangement in EE mode

Collective excitation is the major energy transfer mechanism in PAHs in the studied proton
impacts and a low energy electron is emitted as a result of autoionization?®*’. The average energy
retained in the molecular ion after autoionization is about 8-10eV which is converted to internal
energy of the PAH ion by ultrafast IC. The molecular cation rapidly follows various reaction
pathways at such high internal energies to be able to influence the microsecond time scale of ToF
spectrum. In case of azulene™ for the above mentioned internal energies, cationic rearrangement

to naphthalene* is already reported?®318,
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To this end, Jochims et al®® have applied thermal rearrangement schemes (Scott
mechanism® and Dewar-Becker mechanism®?) for neutral azulene and naphthalene to their ionic
equivalents. Dewar and co-worker®! have proposed that the Scott mechanism is a rather high
energy pathway for neutral isomers. Hence, among the two schemes in a which neutral molecule
isomerizes, Lifshitz et al.® have concentrated on the Dewar-Becker mechanisms for ionic
systems and carried out DFT and coupled cluster calculations to figure out the potential energy
profile of the ionic isomerization. They have suggested two interconversion pathways between
azulene®™ and naphthalene™ in which norcaradiene radical cation played a central role. Dykov et
al.?8 have demonstrated the significance of norcaradiene-vinalydiene mechanisms (please refer
section 3 of reference 28) among the six cationic rearrangement pathways between azulene* and
naphthalene®. The same authors have calculated the isomerization barrier energy to be ~3.1 eV
for azulene® as it transforms to the stable isomeric ion naphthalene® through the norcaradiene-
vinalydiene mechanism. In addition, they have proposed the isomerization energy to be around
0.8eV. Lifshitz et al.’® have concluded that the isomerization barriers of the two alternate
pathways lies below the dissociation limit of CoH. loss (4.44ev) of azulene®. Dykov et al.® have
carried out an extensive calculations to determine isomerization and dissociation rate constants

of azulene® and naphthalene* for a range of available internal energies (5-13eV).

The energetics of the present experiment compels to invoke isomerization processes.
But the quantitative information can only be obtained from more energetically complete
photodissociation studies. Lifshitz et al®! have carried out a photodissociation experiment with
Ci0Hs" isomers and evidenced isomerization between them. They regulated the photon energies
given to azulene™ and naphthalene™ in such a way that both the isomeric ions dissociate at the
same rate. The difference in the photon energy given to the two isomeric ions was found to be
equal to the predicted isomerization energy. A schematic diagram representing their energy
scheme of isomerization is shown in figure.4.4. Unlike their experiment where the deposited
energy was varied in order to keep the decay constant the same, we have no control over the
deposited energy. In our experiment, the average energy loss associated with the plasmon
excitation is 16-18eV. The ionization energy of azulene is about 0.8eV less than that of
naphthalene®?. Hence, it is possible for azulene* to have an available internal energy in the range
of 8.6-9.6eV. But naphthalene®™ can have available energy in the range of 7.8-8.8eV. As per

Dykov’s RRKM calculations isomerization rate constants of azulene® to become naphthalene®
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would be 10° to 108 s* and the reverse isomerization rate constants are of the order of one or two
magnitude less for the available internal energies. The dissociation rate constants of azulene* and
naphthalene® are calculated to be 10°-10” s by the same group for the same available internal
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energies, which is rather slow compared to the rapid isomerization of parent ions?.

Figure 4-4: Energetics of photodissociation studies carried out by Lifshitz et al.*! for azulene® and

naphthalene®.

The slow dissociation of azulene™ is appeared to be influenced by its fast isomerization dynamics.
It is highly deductive that the isomerization process can invest excess internal energy to the
azulene parent ion, which can speed up the later evaporation processes. Thus, the faster H/C.H>
loss of azulene® resulted in an excess yield of CgHes* or resolved C1oH7* peak in the mass spectrum
of azulene in comparison to that of naphthalene. We proposed complete energetics of ionization
and isomerization following the plasmon decay of CioHs isomers as shown in figure.4.5. The
similar isomerization is likely to occur in other PAHSs as well. In the photodissociation study of
CiaH1o* isomers, Lifshitz et al.®® have observed that the dissociation competes with the
isomerization. Therefore, a clear effect of isomerization on dissociation process cannot be

accessed in these isomeric PAH ions.
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Figure 4-5: Schematic diagram showing energetics of plasmon excitation in naphthalene and azulene and
deexcitation via ionization and various statistical processes. It is demonstrated that internal energy
available for azulene™ is about 1.6eV larger than that for naphthalene®

4.6 Double ionization of CioHs isomers for EE mode

The intact dication and its neutral loss channels are observed to be superimposed on broad
monocation fragments. The relative yield of intact dication and its neutral evaporation channels
are measured by carefully subtracting monocation fragments from narrow dication peaks. This
analysis was limited to EE mode since the statistics on dication products was insufficient in EC
mode. The acetylene and 2H or H. eliminations are the relevant evaporation channels for C1oHs?".
The relative yields of dication and dication fragments were normalized with monocation yield
are plotted separately for two targets as a function of proton energy as shown in figure. 4.6 (a)
and 4.6 (b). Although the trend of fragment yield is similar in both the targets, their magnitudes
are different. The relative yields of the dication species exhibit a decrease with increasing proton

velocity for both the targets. Unlike theO020monocation, a doubly charged ion is produced when
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a projectile encounter a target at lower impact parameters. Thus, double ionization cross section
and energy loss can be very sensitive to proton velocities. However, when the intact dication and
its fragment yields were added together, we find that the total yield is identical for both the targets
at every energy, as can be seen from figure 4.6 (c). This signifies that the mechanisms by which
the original dications are being generated in naphthalene and azulene are similar in terms of
energy loss as well as cross sections. This demonstrates that the original excitation mechanism is
equivalent in both the molecules.
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Figure 4-6: Proportion of (a) azulene*/CgHes*"/CioHs®* with respect to azulene®, (b)
naphthalene?/CsHs*"'C1oHs>* with respect to naphthalene® in EE mode, (c) Proportion of total dication
yield (including those which had decomposed in the acceleration region) with respect to respective
monocation yield for azulene (solid square) and naphthalene (solid circle) in EE mode and double to single
plasmon cross section is calculated using multiplasmon resonance model and shown as line plot, (d)
Proportion of C2H loss of azulene®* (solid square)/naphthaalene?* (solid circle) with respect to their parent

cation

It is discerned that the relative yield of C2H2 loss in comparison to total dication yield is
constant over the studied projectile velocity regime as displayed in figure 4.6 (d). The similar

trend is observed for 2H/H> loss channel as well. This demonstrates that original dications are
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produced in a similar excitation mechanism for all the projectile velocities studied here. Plasmon
assisted constant energy transfer mechanism has already been established for PAHs while
interacting with fast protons. But it is very unlikely that single plasmon excitation causes double
ionization in naphthalene, as it would require at least 21eV energy®?. It is therefore, imperative
to propose double plasmon model for double ionization of PAHs. This model is already been
successfully applied to explain large single as well as double ionization cross section observed in
fullerene in fast heavy ion collisions?®?%6, Here we have used double plasmon model to predict
the double ionization cross section of naphthalene and azulene for a range of proton energies.

4.7 Plasmon excitation model to predict double ionization cross sections in PAHs

Plasmon excitation is known to play an important role in target molecules having high
degree of electronic delocalization when interacting with fast ion beams. The plasmon excitation
model is essentially a perturbation theory and it is valid only for distant collisions accompanying
small momentum and energy transfer. For distant collisions, collision times will be large
compared to the period of the excitation and the interaction becomes adiabatic. In adiabatic
collisions, the target electrons can be treated as harmonically bound charges with a characteristic
frequency w. The energy transfer, AE from a projectile ion with charge Zie and velocity v to a
PAH target at an impact parameter b is calculated by the dipole approximation® using the

following expression.

222 4
AE = — 5 |§KEE) +- fZKo(f) (4.1)

Where, & = ]% and Ko and Kj are modified Bessel functions.The effective number of plasmon

excitations at an impact parameter b is given by

N(b) =

AE f(g)de
f SR (4.2)
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Where, € = hw, is the plasmon excitation energy. In order to evaluate Eq.(4.2) we can
approximate the oscillator-strength distribution f(¢) as a Gaussian function normalized to
reproduce the oscillator strength, the width, and other known parameters of the resonance. The
integrated oscillator strength is approximted to be the total number of inner valence electrons of
the target molecule, which is 40 for CioHg. The width of the plasmon resonance for PAHS is
considered to be 7eV, which is obtained from the broad ionization peak observed at the plasmon

resoncance using synchrotron radiation source®’.
The probability of excitation of plasmon to the n'" state is

[N(b)]"exp[—N(b)] (4.3)

Pn(b) = iy

And finally the cross section of plasmon excitation to the n"state is given by,

o, = 21 f bP,(b)db (4.4)

We have estimated double to single plasmon cross section for all proton velocities and it is
compared with the double to single ionization yield measured in the experiment. It is given in
figure 4.6(c). The calculated cross section of double plasmon excitation matches very well with
the relative cross section of double ionization observed in the experiment. Hence, the second
ionization of C1oHs due to the double plasmon resonance would be feasible and certain energy
(=13eV) could be left to the molecule for further dissociation. Though in the present work we
have no quantitative measure of energetics of plasmon excitation, we investigated if such a model
is invoked what all possible secondary effects the target molecule would have experienced. One

such effect is discussed in the next section.

4.8 Double plasmon energetics and dissociation channels of the dication

As mentioned earlier, H loss is completely suppressed in the decay of CioHs?* (See figure. 4.7).

Holm et al.®® have calculated dissociation energies for neutral losses as a function of charge state
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of the parent ion for five PAHSs including naphthalene. The dissociation energies for neutral losses
remain nearly constant with respect to the charge state of the parent ion. Applying their result to
the present work, the monocation and dication dissociation energies for neutral loss are expected
to be equivalent. In photoionization break down curves for naphthalene*, West et al.?® have
observed that H loss completely falls off at photon energy around 21eV, and here onwards 2H/H>
loss
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Figure 4-7: Mass spectra for naphthalene and azulene for the mass range 55-70 a.m.u, showing 2H/H2
loss is dominated over H loss in dications for (a) EE mode, (b) EE mode with finer position cut at the

centre of position sensitive detector to avoid energetic fragmentation channels, (c) EC mode.

peaks. In this context internal energy available for intact photoion is approximately 13eV.
Dyakov et al.? have calculated branching ratios of various decay pathways of C1oHs* for a range
of internal energies (5-13eV).They found that major H loss pathways peak at lower internal

energies, whereas 2H/H> loss peaks around 13eV. In view of these energetics, the present

81



observation of H loss suppression and 2H/H> loss dominance implies that the internal energy
available to CioHs?" is approximately 13eV. Now if we reconsider our previous deduction
regarding the possibility of double plasmon resonance, then the energy difference between double
plasmon excitation and double ionization matches strongly with the expected energy range where
2H/H:> loss peaks and H loss is suppressed. Thus, the two sets of observations viz. (i) dication
having uniform yields for statistical dissociation channels irrespective of proton velocity, and (ii)
complete suppression of H loss from the dication, and a strong agreement with double plasmon
exciatation model, highly suggests that a fixed energy loss mechanism such as the double
plasmon excitation is the likely origin of dication production.

4.9 Summary

It is hardly surprising that plasmon excitation play a major role in the single ionsiation of PAHSs.
Several studies in the past have demonstrated this aspect conclusively. What is of significance is
the utilization of the energy post excitation by PAHs. Here again the coupling of plasmon
excitation to inner valence electrons has been identified. Thus, a good amount of excess energy
post ionisation is left in the molecular cation in the form of heat leading to statistical dissociation.
We demonstrate an intriguing way the plasmon assist in isomerization of PAHSs. This is of value
due to the role of isomerization in the evolution of PAHs in the ISM and in flames. Further
investigation unraveled the role of double plasmon excitation in the formation of hot dications.
The scheme was quantified with the help of a plasmon excitation model and experimental
evidences like suppression of atomic H emission from the dications. Considering the abundance
of energetic protons in cosmic rays particularly in the shock waves of supernovae implies that
such single and double plasmon excitation must have significant bearing on the final population
of PAH species. In light of these new findings, it is essential to explore the phenomenon of

plasmon excitation in PAHSs in more details.
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CHAPTER 5. FORMATION OF CARBON CLUSTERS FROM
MULTIPLY CHARGED PAHS

51 Introduction

The multi coincidence data collected in the proton-PAH experiment is rich in information
regarding favored dissociation channels. Such details shed light on the intermediate structural
transformation/ isomerization of multiply charged PAH cations. Apart from being useful in
understanding the molecular dynamics, such details are valuable in understanding the role of
PAHSs in various radiation environment like the ISM. PAHSs in the ISM are expected to undergo
sequences of isomerisation and dissociation to produce complex molecules while interacting with
energetic ions in the stellar wind or absorbing UV photons from stars. Often the isomerisation
dynamics of neutral naphthalene/azulene is directly applied to monocations. But at higher charge
states the molecular dynamics becomes more complex and interesting®. But such effects are very

rarely studied in the past.

In this context a multi parameter- multi coincidence measurement of the fragmentation
products is quite informative. Such analysis is often used in the case of multiply charged di or tri
atomic molecules to understand their breakup mechanism and associated physics of the molecular
dynamics. Due to the small size of the molecular ions, the momentum information of the fragment
ions is very much discernible. In the case of larger molecules, such possibilities are less. Usually

the Kinetic energy release (KER) in the fragmentation process leaves its effect in the form of
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elongated islands in the first hit versus second hit ToF spectra. Using these islands, it is possible
to evaluate the KER release if the fragmentation is binary. The slope of the island gives the ratio
of the charge states of the separating fragments. Apart from the identification of the dissociation
patterns and the KER sometimes the island gives additional information in the case of statistical
dissociation processes. An elongated tailing feature appearing in the 2D correlation spectrum
connecting the fragment island to the parent ion mass is useful for measuring the dissociation
time scale of metastable decay®®. If there are more than two fragments involved, such multi hit
analysis is also useful to identify if the dissociation process is sequential or concerted.

In this chapter we try to look deeper into the multihit data and identify important
fragmentation channels. Interesting similarities are observed in the fragmentation cross sections.
Most commonly studied channels are not dealt with in detail here, to avoid repetition. Very
unique dissociation channels in single collision conditions are identified and demonstrated. We
mainly focus on the emission of H*, C* and CHs" as the first hit fragment. The former two
channels signify the violent multifragmentation while the later one is a statistical fragmentation
channel which is often ignored due to its relatively low yield compared to C,H>* emission. But,
in view of the recent proposition highlighting the role of methylenation as one of the PAH
expansion mechanism in ISM and flame chemistry®”8, we took a closer look for this channel,

which led to an interesting insight into the process.

5.2 Computational details:

Statistical decay of PAHSs tends to produce larger ionic fragments which can isomerize in
to their own stable structural configuration. Moreover, multiply charged ions are produced with
substantial amounts of internal energy to assist in crossing various transition state barriers of a
dissociation process in ion-PAH collision (please refer sec 4.7 & 4.8 of chapter 4). As the intact
ion of PAH eliminates a small neutral or ionic fragment like CHs* or C2H", smaller as well as
larger fragments can be formed at larger vibrational energy. For PAHSs in general and for
naphthalene and azulene in particular, many of their large fragments themselves have been of
interest separately. Hence, a great amount of literature on the spectroscopic studies of carbon
clusters with CnHm clusters (n < 10 and m <8) is available. We have used existing information on

carbon clusters and carried out quantum structure calculations to identify the possible conformers
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of Cg and C; fragments formed in the proton interaction. Various structural conformers were
computationally optimized using DFT. The B3LYP with 6-31G(d) basis, incorporated in the
GAUSSIAN 09 package, was used for the calculations of C1oHs ions*2. The basis set, cc-pVDZ
was used to predict the total energy of CoHs™ as well as CoHs"* structures. The ground state energy

was the only measure used to compare various conformations of a given ionic species.

5.3 Results and discussions

5.3.1  First hit analysis of low mass fragmentation channels:

The first hit yield of azulene and naphthalene are shown in figure 5.1. In spite of totally
separate normalization, a very good match between the mass spectrum of the two targets is
observed. In fact, some peaks can be seen to overlap exactly. The acetylene loss channel of
azulene™ (m/q=102) shows about 60% excess yield compared to naphthalene due to its fast
isomerization. This is discussed in detail in chapter 4. On the other hand, approximately 12%
excess yield in azulene is observed for all the rest of the fragments mainly originating from

multiply charged cations. The excess yield of azulene at C* to Cs™ peaks indicates that azulene
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Figure 5-1: The single hit mass spectra of naphthalene and azulene for 50 keV proton impact. Each mass

spectrum is normalized with respect to the area of the singly charged parent ion peak.
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stable under fast proton impacts. The isomerisation energy, even if it is available is not enough
to influence such violent multifragmentation of multiply charged parent ions. The peak at m/q=98
has exactly the same cross section for the two isomers. The same conclusion can be drawn for
the C7Hn" fragment ions. The excess yield of naphthalene at m/q=64 is due to the stability of
naphthalene?* compared to that of azulene?*. The triply charged azulene and naphthalene ion is
found at very little yield. The peak at m/q=45 in azulene spectrum is due to acetone impurity
since it was used for cleaning the system before loading azulene. Similarly, the sharp peaks at
m/q=20 and 40 are due to the Ar atoms in the background, which is used for calibration

5.3.2  Coincidence analysis for double hit data:

A 2D plot is made with first hit on the horizontal axis and second hit on the vertical axis
for azulene as shown in the figure 5.2. The correlation patterns are found to be identical for the
two of the isomer targets. The 2D correlation spectrum shows a rich structure with several islands,
some with practically no momentum correlation features and some with even signatures of
metastable decay in the extraction field of TOFMS. The featureless broad islands represent violent
multifragmentation of multiple ionization channels, with more than two fragment ions being
produced in a concerted manner. The islands with H* as the first hit are the most prominent

channels.
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Figure 5-2: 1st hit versus 2nd hit 2D spectrum of azulene.

We have focused only on a few first hit channels namely the H*, C* and CHs" regions
in the present study. Though the decay of highly charged parent ions of azulene and naphthalene

is of great interest, we start with simple binary fission channels of parent dications,

CioHg®* — CnpHmY* + Co-n)H(g-m) *W* (5.1)

The most prominent amongst these are when n=8, 7 and 6 for the reaction (1), n=5 may also be
present but it is difficult to separate from the effect of pulse pair resolution. There are a relatively
low number of events with n=9. Fragments with n=8 and n=7 are observed to be metastable
within the present extraction timescale whereas n=6 is a fast decaying process. A clear correlation
is observed between the carbon numbers of the two fragments for all the binary channels. As one
goes from n=9 to 6 the decay process shifts from hydrogen conserving channels to more

dehydrogenation channels (See figure 5.3.).
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Figure 5-3: 1st hit versus 2nd hit 2D spectrum of azulene showing carbon conserving binary fission

channels.

5.3.3  KER spectra for binary dissociation channels of C1oHs?* isomers

The diversity of the 2D fragmentation pattern suggests that the potential energy surface
is rather complex. Here, we have focused on a few simple two-body break-up channels of doubly
charged transient naphthalene and azulene ions. The time and position data obtained during the
proton impact experiment were analyzed on an event-by-event basis to determine the KER
spectra of a few binary fragmentation channels. The KER spectra of a few fragmentation channels

are displayed in figure 5.4.
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Figure 5-4: KER spectra of (a) CH3++C9H5Jr (b) C2H2++C3H5+ (C) C4H3++C6H2++3H (d) C3H3++C7H5+

fragmentation channels.

There are two type of fragmentation processes. In a type 1 process, the potential energy
is increasing continuously along the reaction coordinate until the dissociation limit is reached as
shown in figure 5.5. This type of reaction requires very little rearrangement in the transition state
and is characterized by a negligibly small reverse activation energy. A parent ion with excess
internal energy, fragmenting in type 1 surface, will partition the energy to all the degrees of
freedom. The probability of distributing a given energy into kinetic energy of a fragment is
determined by the density of states of the fragments. Since the density of vibrational states rises
dramatically with increasing ion internal energy, the probability of distributing energy into
kinetic energy of fragments will decrease rapidly with increasing kinetic energy release.
Therefore, the KER spectrum of type 1 will be centered close to zero and has an exponential tail

towards higher energies.

A type 2 fragmentation process is characterized by a substantial atomic rearrangement, a

tight transition state and a high reverse barrier. Therefore, the KER distribution is shifted to a
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nonzero value, which is equal to the reverse barrier height. It is noteworthy that the position and
shape of the KER distribution is determined not only by the shape of the potential energy surface
but also by the dynamic effects that occur as the products separate. All KER spectra listed here
for dication fragmentation channels are centred around 2-4 eV. These fragmentation channels
results in to charged fragments. It can be the Coulomb repulsion between the charged fragments
that gives rise to very large KERs in these reactions. It is substantiated by the fact that KER values
increase as one goes from CgHz*+CHs" channel to C7Hs"+C3H3* channel, because of the possible
reduction of the intercharge separation in transient ions for the later channels.

Typer: Type 11

v
v

Reaction Coordinate Reaction Coordinate

Figure 5-5: Schematic drawings of two potential energy profiles. Type I and Type Il potential energy

surfaces, as explained by Laskin and Lifshitz®°.

KER distributions of binary fragmentation channels are very similar for naphthalene and
azulene. It mainly shows that the potential energy profile of the precursor ion is common to both
isomers. It encourages to propose a fast isomerization of doubly charged azulene and naphthalene
to a common intermediate isomer before fragmentation. Leach et al’® have proposed an
isomerization pathway for azulene?* and naphthalene?* to a common intermediate isomer prior

to fragmentation as shown below.
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This involves rupture of the transannular bond in azulene (I) by loss of two electrons to form
structure 11, followed by 1,2-hydrogen shifts to structure 111 which is directly accessible from
naphthalene (1V) by breaking its transannular bond. Maximum separation of the two positive
charges would follow by further H shifts to a structure such as V. It can also be proposed that
further rearrangements like H migrations, bond breaking, and eventual recyclization will be
common for two of the isomers to achieve configurations leading to the observed dissociation
products with the same KER.

5.3.4  Binary dissociation of CoH7N?* isomers

We have unraveled the certain fragmentation channels of the nitrogen containing aromatic
isomers quinoline and isoquinoline in collision with an intermediate velocity proton beam. The
2D ToF correlation spectra are similar for the two isomers. Contrary to the expectation based on
past single ionisation experiments and prevailing understanding, we observed for the first time
that loss of HCNH" is by far the most preferred fragmentation channel of dications of quinoline
and isoquinoline (see figure 5.6). HCNH" is observed to be an important ion in the ionosphere of
Titan and was recently detected in the ISM. This encourages further investigation of HCNH" loss

channels of PANHSs in collision with fast heavy ion.
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Figure 5-6: Binary decay channels of (a) naphthalene and (b) iso-quinoline dications in collision
with 50 to 150 keV proton beam. Iso-quinoline shows very strong HCNH* emission compared to
other channels.

KER spectra of HCNH* loss and HCN* loss channels of quinoline?* and isoquinoline?* is
shown in figure 5.7. It is compared with the CoH>" loss channel of naphthalene and azulene
dications. The HCNH™ loss channel and the C>H." loss channel have similar KER distributions.
But the KER spectrum of the HCN* emission channel is shifted to lower values. It implies that
HCN* is formed from an extended intermediate structure which can have larger charge
separation. Therefore, the reverse barrier due to Coulomb repulsion can be reduced. The barrier
energy to produce such an extended isomer from compact structures like quinoline or
isoquinoline will generally be high. It results in lower intensity for the HCN* emission channel.
But HCNH™ is likely to be formed from compact structure so as to have higher Coulomb barrier.
It is instructive to investigate the energetics of HCNH" and HCN™ emission channels of doubly

charged CoH7N in a photodissociation experiment.
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The elimination of H* from the molecule is always observed with substantial amount of
multi fragmentation. Considering the relatively high detection efficiency of the H* ejected from
the target, we observe a very strong correlation with all other smaller mass fragments. Figure 5.8
shows the comparison of pure single hit mass spectrum with second hit mass spectrum obtained
in coincidence with H* in first hit. Two major observations can be made immediately, none of
the sharp peaks are present in the second hit mass spectrum of H* channel and the yields of low
carbon containing fragments is substantially more than the corresponding yield in the single hit
spectra. Particularly so for C* and Cs* and Cs*. The former effect is due to the fact that the ion
detected here is a result of fragmentation of multiply charged cation with H" as one of the
fragments and hence, will correspond to some spread in the initial energy leading to broader
peaks. The single hit spectra will contain mainly singly charged partner events like mono or
dication of parent and their neutral evaporation fragments appearing as sharp feature due to very
small KER. In addition, those multifragmentation events where only one of the product ions was
detected due to less than unity detection probability will also appear in the single hit spectra.
From later observation, it is clear that emission of H* in a multi fragmentation event favors the
formation of odd carbon number low mass fragment with much more probability than the heavy
carbon clusters. Such a behaviour is typical to carbon clusters due to their oscillating binding
energies’. This combined with the fact that there is no clear momentum correlation observed in
the H* and C,* mass fragments indicate that H* is predominantly produced from very highly
charged parent ions with charge state greater than three, undergoing a violent concerted multi

fragmentation.

A comparison of the second hit mass spectrum recorded along with H* ions for both
naphthalene and azulene is presented in figure 5.9. As far as n=6, 7 and 8 are concerned, there is
no difference between azulene and naphthalene. All other C," channels of azulene shows more
yield by about 12 % than naphthalene. We attribute this to come from the inherent high energy
structure of azulene in comparison to naphthalene. Another very interesting observation is the
presence of super dehydrogenated azulene or naphthalene monocations as shown in figure 5.10.
For the first time, we report here the possibility of losing all the 8 hydrogen atoms from
azulene/naphthalene in a single interaction. The system prefers to lose 2, 6, 7 or 8 hydrogens with
at least one of them emitted as proton. Such super-dehydrogenation and the fact that 3,4 and 5 H

loss is not favored requires detailed investigation of molecular dynamics and will be of great
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significance to astronomical understanding of atomic and molecular Hydrogen population in the
ISM.
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Figure 5-9: second hit mass spectra of azulene and naphthalene in H* coincidence.
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Figure 5-10: Signature of super-dehydrogenation of azulene and naphthalene. Total dehydrogenation can
also be noted.
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5.3.5.2 C* CH*, CH." coincidence:

Apart from the absence of a Cg* ion peak, the second hit mass spectrum of H* and C*
coincidences are identical (see figure 5.11). The C*, CH" and CH," emissions show similar
second hit mass spectra. The C* loss channel is clearly a multifragmentation channel because n=8
or 9 are practically absent in the second hit mass spectrum of C*/ CH*/ CH;" channels. As in the
case of H" channel, the Cs* fragment region is the most dominant one for the C* channel. The C*
(and CH* and CH") coincidences are essentially the same multifragmentation events as for H*
emission but in these events H™ is not detected and hence the C* fragment is observed as first hit
event instead.
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Figure 5-11: second hit mass spectra of azulene and naphthalene for C* coincidence.

The second and third hit coincidence spectra with H*, C*, CH* and CH." as first hit, are typical
violent multi fragmentation channels of multiply charged intact parent ions. Such fragmentations
are insensitive to the original structure and the propensity of a certain carbon cluster is decided

by its binding energy and the ionization potential*.

On the other hand, any channel which progresses through formation of a metastable
intermediate is of interest in terms of the molecular dynamics. Prominent statistical neutral loss
channels from mono and dications of PAHSs in general and from naphthalene and azulene in
particular have been centre of several investigations. The formation of H; and CoH, from PAHs
is of significance in several astronomical models. Especially, to reproduce the observed diffuse
and unidentified interstellar bands emissions in the ISM. Moreover, the ring opening mechanisms

in smaller PAHs are considered key to understanding the formation of larger PAHs as well as
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heterocyclic aromatic organic molecules and ultimately the formation of biomolecules in the
ISM. To this end the hydrogen abstraction acetylene addition (HACA) process has been in
discussion for quite some time and considered as an important mechanism leading to growth of
PAHSs. But recent experimental results have demonstrated that such an abstraction is inefficient
and slow in interstellar conditions, Hence, it fails to account for the formation timescale of PAHs
predicted in astronomical models®’. Along the same line, very recently, a new ring expansion and
PAH growth process is found to be more plausible in the ISM®. This process involves the
addition of a methyl group to a five membered ring of a PAH for converting it to a six membered
ring PAH. Hence, we look at the second hit mass spectrum of CHs" emission and compare it with
C* coincidence.

5.3.5.3 CHs" Coincidence:

A plot of second hit mass spectra in coincidence with the CHs* channel is shown in figure
5.12. There is a clear difference between the second hit mass spectra of the C*and CHs" channels.
C7Hs", CoHs* and CoHs?* are seen to be major second hit fragments of CHs* loss. Though the
mass spectra lack the required resolution to identify the exact number of H atoms contained in a
given C7 or Cy fragment, the 2D diagram was helpful in finding the exact number of H atoms in
these fragments. The mass spectrum below m/q=46 is heavily affected by acetone contamination.
This was confirmed due to a correlated binary fragmentation pattern of acetone present in the 2D
diagram. The difference between the second hit mass spectrum of azulene and naphthalene is
plotted in figure 5.12. The differential yields of the C,*, Cs*, C4*, Cs*, Cs* and Cs* fragments are
negligible for CHs emission. It is discernible that CHs* loss is primarily a statistical process,
because major CHs" loss channels were showing signatures of metastable decays. We also
observe that the CHs"* loss channel is almost exclusive to loss of H*. This can be seen in figure
5.13, wherein C*, CH" and CH_" are clearly visible but a few counts at m/q=15 is purely due to

chance coincidence with H*.
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Figure 5-12: second hit mass spectra of azulene and naphthalene in coincidence with CH3" is shown in

the top and the differential fragment yield between the two targets for the same channel is shown in
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Figure 5-13: H" coincidence with m/q = 12 to 17 regions. It is noteworthy that m/q =15 region is filled
with only chance coincidence.

The elimination of CHs" from multiply charged naphthalene or azulene is indeed very
intriguing, considering the parent ion structure. In this respect, a possible parent dication
conformer was proposed by Kingston et al.”?. as the originator of the CHs" fragment. The

corresponding structure is shown in table 5.1 (structure A). This was further investigated by
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Leach et al.” to explain the CHs* elimination from the naphthalene dication on the basis of the
kinetic energy release measurements®. The experimental KER release reported by them was
approximately 1 eV whereas the structure A would correspond to about 2 eV KER. Therefore,
Leach et al. considered a linear geometry as a more probable intermediate structure over structure
A. Our KER measurement for both naphthalene and azulene target for CHs" - CoHs" channel was
found to be 2.9 eV. This number matches very well with the value measured by Reitsma et al.
more recently’®. It suggests that the isomer independent conformer from which CHs* elimination

can occur, is possibly structure A as originally suggested by Kingston et al. But, when we

Table 5.1: Energy values (4E) of CioHs isomers in doubly and triply charge state w. r. t. the lowest-energy

structure of naphthalene. Calculations are done in DFT method at 631G (d) basis.

AE for dication (eV) | AE for trication (eV)
‘o ; 9 9 o’ O O
SR RGR,
Naphthalene
e 3 0.408 0.2992
s Py >
9 <
Azulene
| o 3.0736 2.2032
J 4
A J
e , | 1.9584 1.1424
9 29909
>
B 4 4

performed DFT calculations for other possible isomeric structures, it is observed that the dication

structure A was about 3 eV higher in energy with respect to naphthalene?* while the structure B
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shown in table 5.1 is found to be more favorable with a total energy of 2.0 eV more than
naphthalene?*. Hence, we propose that the elimination of CH3* ion occurs via a common
intermediate dication conformer B. The same structure is proposed as the possible intermediate
trication species due to its low binding energy.

The radical difference between the C* and CHs" coincidence data prompted us to
investigate further dissociation of the residual fragment ion. The coincidence data between 2"
and 3" hit of C* and CHs* channels are shown in figure 5.14. The C* coincidence shows no
specific correlations between 2™ and 3™ hit fragments. But, in the case of the CHs* channel, a
clear momentum correlation can be seen in the dissociation pattern of the CoHs?* channels. The
other dissociation channels as well as concerted decays were not seen for CHs* emission. Three
binary fission channels of CoHs?* with metastable decay features are observed in similar
intensities in the 2" to 3" hit correlation diagram of CH3z* channel. These binary channels can be

summarized as follow.
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Figure 5-14: 2nd versus 3rd hit plots for C* coincidence (left) and CH3s" coincidence (right).

Structural conformation of partially hydrogenated C7 and Co neutrals as well as ions are
being investigated as possible carriers of diffuse infrared bands (DIB) in ISM’4. Their formation

and participation in expansion of PAHSs by fusion reactions are of recent interests. For example,
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Steglich et al.” have observed emission band of the CoHs neutral radical and used quantum
structure calculations to identify the most probable conformers of the same. Moreover, they were
successful in obtaining a good match between the observed emission bands with the emissions
recorded from two astronomical sources. In addition, several investigations have been conducted
recently to understand the exact structure of these species. There are seven possible structures
which are proposed for the CgHs radical (neutral)’®. We consider the same set of structures for
mono and di cations. The 3" hit mass spectra in coincidence with CH3* as first hit was very useful
to identify the most probable structure. The relative ground state energy of seven CgHs"™ and
CoHs?* fragments is calculated using DFT as implemented in Gaussian09 and is also listed in
table 5.2. As per these calculations, the most stable isomer of CoHs?* will be structure A. It is
supported by the third hit spectrum recorded in coincidence with CHs*. The conformers A and G
can produce C,-C7, C3-Cs and Cs-Cs fragments in almost identical intensities as observed in the
third hit mass spectrum of CHs* emission. But energetically, the most adequate isomers of CoHs?*
will be structure A. Similarly, we have optimized these seven structures to identify stable isomer

of CoHs". As per this calculation energetically stable isomer of CoHs* will be structure D.
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Table 5.2: Energy values (4E) of CoHs™ and CoHs** isomers w. r. t. lowest energy structure. Calculations
are done in DFT method at 631G (d) basis.

Structure AE for monocation | AE for dication
A R 0.90003 0
@0
PR 1 :
5 1.11034 0.45396
e
,‘C 1.3286 0.52081
a‘,_j
0
i
0 0.49014
D =]
2P J:/:/::
e 3 0.26752 0.01836
roo ‘2‘ “ 9
9
L)
F ’;-3' 0.21943 1.16927
+9 J"};{“ ,
4
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} o B B R R B Jj
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5.4 Summary

Swift charged particle induced single and double ionisation of naphthalene as well as
azulene is found to be plasmon dominated. Such ionisation processes deposits high amounts of
excess energy in the resultant cations, which can then be used to have considerable probability of
high energy isomer formation. One such mechanism of CHs" elimination is found to progress via
a common isomer of naphthalene and azulene. The methyl ion elimination process, is observed
to produce astronomically important clusters like CoHs", CoHs™™ and CsHs™ by cascade of
statistical dissociations. A new parent dication as well as trication isomer of naphthalene and
azulene is proposed here with the help of DFT calculations which can eliminate CH3*. The CoHs*
formed in dication decay of both the molecules was found to further eliminate C,H> to form C7Hs"
whereas CgHs?* is found to undergo a binary fragmentation process with clear momentum
correlation. The presence of C4* fragment indicated possible CoHs?* structure with a long carbon
chain. Various DFT optimized structural conformers were compared and the lowest energy
dication structure of CoHs?* was indeed found to have a pentagon and long linear chain structure.
This observation compares favorably with the experimental 3™ hit spectra in coincidence with
CHs" as first hit.

In addition to the decay cascade of CHs" loss channel, a few other observations are also
important to note. Firstly, we report observation of super-dehydrogenation of naphthalene as well
as azulene molecules in a single collision with evidences of all the way up to complete
dehydrogenation. Secondly, the H* elimination process was found to be totally exclusive of the

CHs* loss channel.
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CHAPTER 6. INTERNAL ENERGY CONTROLLED IONISATION OF
AZULENE, NAPHTHALENE AND FLUORENE

6.1 Introduction

Any systematic measurement of statistical molecular dissociation demands a good control
over the molecular internal energy. One of the possible methods to perform such measurements
is to produce cations of PAHs by conventional techniques and then heat them by photo excitation
using a tunable laser3>7®, Experimentally, the ionization process itself brings out complications
like determination of residual internal energy after ionization or cooling the molecular ion to a
very low temperature in ion traps, formation of multiple conformers of the parent ion etc. In some
rare cases explicit measurement of the internal energy distribution is carried out and this
information is then used in modelling the decay curve”™"". Techniques like PEPICO, iPEPICO,
tPEPICO etc. are often used in conjunction with the synchrotron radiation sources to identify
dependence of internal energy (Ein) on a particular decay channel®>™, Since most PAHs have
their ionization energy in the range of 7-8 eV and the appearance energy of low energy
fragmentation channels is typically around 15 eV®’, these experiments are usually done with
VUV photons. But such measurements require complex instrumentation, large facilities and are
often very time consuming because of low operating count rate to avoid false coincidences. In
VUV mass spectrometry, the internal energy distribution IED is too broad to account for, without
tracking the energy of the photo electron. The charged particle excitation process is too broad to

quantify the same way as photon excitation, though some attempts are made to track the energy
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of the outgoing projectile as well as emitted electron, but again, the requirement of triple

coincidence makes the measurements very difficult”,

All the methods of highly excited cation production described above finally use an ion
storage ring or ToF technique. In the former case, the identity of the decay channel is ambiguous
and in the later technique the available time window for detectable decay is usually limited to the
first few microseconds. A ToF mass spectrometer combined with an ion-trap can target a longer
time scales compared to standard linear ToF arrangement, but observations at shorter time scales
are disturbed by extraction time uncertainties?’. For PAHs, the decay rate of H loss or C,H loss
channels vary by several orders of magnitude for few eVs of shift in internal energy?”?. Thus, a
spectrometer covering a continuous range of time scales from hundreds of nanoseconds (ns) to

few millisecond will be most suitable to study isomerization effects upon dissociation channels.

As discussed in section 2.5 and section 3.2, wherein a very special experimental
arrangement is prepared and validated to produce a narrow internal energy ensemble of fluorene
cations. The surprising simplicity of the observed internal energy control in fluorene warranted a
proper explanation and possible extension to other PAHs. The same methodology is further
applied to two of the isomers, naphthalene and azulene to look for possible similarity in the
excitation and internal heating mechanism. In this context, azulene was considered as one of the
best targets, since its excited state dynamics has been investigated very thoroughly in the past®:-
87 It possesses very peculiar excited state dynamics which has been of interest for the last few
decades®. It is a well-known example for non-conformation to Kasha’s rule®! because an
excitation of azulene to any of it’s high Sy state settles in to the S; state due to rapid IC unlike the
condition stated by Kasha’s rule of relaxation to the S; state. The ionization potential of azulene
is fairly low, about 7.44 eV, so that a photon tuned to excite S, (where n>1), will be able to ionize
the molecule from any electronic state higher than and including S,. Combined with the ultrafast
IC of azulene from Sy to Sz and the electronic rigidity of PAHS, a possibility of producing PAH
ions at higher and well-defined internal energies is opened. In this chapter, we demonstrate that
if excited state dynamics of a molecule is known in detail, a single color nanosecond tunable laser

may be sufficient to measure the dependence of internal energy on its dissociation channels.
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6.2 Experimental measurements and analysis

The experiment was performed with an azulene target in an identical manner as discussed
in section 2.5.2, but at several wavelengths in the UV region. One typical ToF spectrum measured
using high resolution energy-ToF spectrometer at 235nm and 10° W/cm? is shown in figure 6.1.
C2H> loss has a distorted ToF distributions as shown in figure 6.1. This arises from the fact that
fragment ions after CoH> loss, are produced within the extraction or acceleration region of the
ToF spectrometer. The decay rate of the C2H loss channel can be estimated by simulating the
observed ToF distribution in exponential decay in the extraction or acceleration field. The peak
width of the H loss fragment ion produced in ER and AR is within the time resolution (10ns) of
the spectrometer. Therefore, the H loss peak has a normal narrow distribution. The information
about the H loss channel of azulene is only used in the present chapter, since the main focus here
is to understand the role of excited state dynamics in determining the internal energy of the cation
produced. In this context it is most suitable to consider loss of an atomic fragment rather than a
molecular fragment which might bring up its own complexity. The fraction of parent and
fragment yields with respect to total number of laser pulses (mass spectrum recorded for azulene
at 235nm and 10° W/cm? has 1.2% of fragment ions and 5.6% of parent ion) show that the lower

laser intensity restrains the absorption to two to three photons.

In the present experimental set up, the intact azulene® spends about 400 ns in the extraction
region and 200 ns in the acceleration region. The field free drift region is extended to about 780
mm length, corresponding to a drift time of about 13 ps. A daughter ion produced in the ER or
AR will have kinetic energy (KE) between maximum possible KE (KE of fragment ion produced
in the first few nanoseconds after laser pulse) and the fraction of KE proportional to its mass. A
fragment ion produced in FD region will have the lowest KE among all the H loss product ions
and the KE carried by such fragment ions will be proportional to its mass. Thus, the data obtained
with time as well as KE spread would enable us the prediction of the decay time scale. One
example of a ToF versus KE correlation plot is shown in figure 6.2. Population of H loss
fragments is distributed as per their respective decay location. Qualitatively we can identify three
possibilities for an internally hot parent ion which is about to lose H. If the H loss occurs in ER

or AR region the resulting m/q=127 will be located at the full ToF of m/q=127 (channel no:
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458400) and about full KE imparted by the extraction and acceleration voltages with channel no:
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Figure 6-1: ToF spectrum of azulene recorded at 235nm and 10° W/cm? The inset figure corresponds to
the distribution of the H loss channel on the ion PSD. It separates low and high energy H loss peaks along

the horizontal coordinate with a typical resolution of 7eV over 3keV.

shown in figure 6.2. This we call as “fast H loss” or “fast peak”. If the decay occurs in the FD
region, the decay population is concentrated about the same ToF as m/q=127 (channel no:
458502) but at =0.8% less KE compared to the fast peak (channel no: 350). This island is labelled
as “slow H loss” or “slow peak” in the 2D graph. If the decay occurs in the PPA region, we will
observe a belt connecting full energy parent peak to the slow H loss peak. There is some micro
structure to the fast peak and the region connecting fast to slow peaks due to the decay dynamics
in the ER and AR, but considering the small change in KE for single H loss, it is hard to

quantitatively analyze this gap between fast and slow peak.

The rate constant of H loss decay is extracted from the 2D correlation diagram with the
help of a Monte Carlo simulation. The details of this simulation and method of rate constant

deduction from the experimental 2D data is given in sec 3.2 of chapter 3. A brief description is
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added here. The dissociation rate constant is the only adjustable parameter in the simulation
which fits the relative population on different peaks appearing in the 2D plot. If the fast H loss
peak is only present in the 2D diagram, rate constants must be k >107 s, If H loss population is

dominated on
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Figure 6-2: 2D diagram for ToF versus horizontal position (horizontal position linearly scale to the kinetic
energy of the ion) of parent and H loss fragment ion measured at 235nm and 10° W/cm?. Various features

in the 2D diagram are marked according to their corresponding decay locations

the fast and slow peaks, the corresponding decay rates will be between 107s? and 5x10°s™. The
belt corresponding to the decay inside PPA will be populated for decay rates between 5x10°s
and 10%s™[See figure 3.11 in chapter 3]. In our experiment the H loss distribution is characterized
by both fast and slow H loss peaks with negligible population in the belt for the wavelength range
235nm to 256nm. The ratio of slow to fast H loss yield measured in the experiment is reproduced
in the simulation by assigning an appropriate decay rate. The ratio between slow and fast H loss
yields obtained for each wavelength is discussed in the next section in the context of 3 or 4 photon

absorption.
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6.3 H loss decay of azulene via 3 or 4- photon absorption mechanism at 235-290nm

Since both naphthalene and azulene in cationic form are very well studied systems in terms
of their internal energy dynamics, it is possible to obtain internal energy values for the observed
H loss decays. The details of this estimation are evident in the later sections. These internal energy
values plus the required ionization energy at 235 to 256 nm are such that the observed decay rates
at these wavelengths are energetically possible via a 3-photon process. Indeed, the appearance
energy of the H-loss fragment in a single VUV photon ionization experiment of azulene is around
14 eV, which corresponds to 3-photon absorption at 265 nm°’. As we cross 256 nm to longer
wavelengths the 3-photon induced H loss decay starts to slow down in such a way that the decay
will not be completed within the time window available to the spectrometer. To illustrate this,
the ratio of slow to fast H loss yield is plotted in figure 6.3(a). The ratio is systematically
increasing in the wavelength region, 235-256nm as expected from 3-photon absorption with a
decreasing internal energy of the cation. The 3-photon process in this wavelength range is
separately confirmed by the laser intensity dependence of H loss fragment ion signal as shown in
figure 6.3(b). The relative contribution of the 4-photon dominated H loss process is negligible at

this wavelength region 235-256nm. But after 256 nm the ratio decreases very rapidly indicating
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Figure 6-3: (a) Ratio of slow to fast H loss yield measured at a range of wavelength 235nm-284nm,
intensity dependence of single ionization of CioHs and H loss fragmentation yield (both slow and fast
contribution) at (b) 235nm and (c) 284nm Solid lines are fits of the C1oHs" and CioH7" data according to

indicated power law.
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an increase in the fast H-loss fraction. To explain this wavelength dependency, we invoke the contribution
of the 4-photon absorption process for the decay observed beyond 256 nm. The extra energy added in the
4-photon process (about 4eV) produces a strong fast peak. The transition from 3 to 4-photon driven H loss
yield is shown in figure 6.3 (b) & 6.3 (¢). From 284nm onwards only fast H loss peak was observed in
the mass spectrum as the 3-photon dominated decay was too slow to be observed in the available time

window.

Kinetic energy distribution (in the horizontal position coordinates) of the H loss
fragments, illustrating the evolution of slow and fast H loss peaks as we increase the wavelength
(from 235nm to 290nm) is shown in figure 6.4. In fig 6.4 (c), the slow H loss peak has completely
vanished at 290nm, indicating the disappearance of 3-photon dominated H loss decay in the time
scale available to the spectrometer at longer wavelengths.
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Figure 6-4: KE distribution of H loss fragments showing evolution of slow and fast H loss peak as a

function of wavelength.
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6.4 Production of narrow IED of azulene* via S ionization and excitation mechanism

Let us now examine the 3-photon ionisation and excitation of azulene at 235-256nm. One
colour 2-photon ionisation mechanism of the azulene molecule has already been investigated in
detail using ps and femtosecond (fs) lasers by pump-probe techniques®*®’. These experiments
have identified electronic excited states of azulene and characterized their relaxation mechanism
by time dependent probe photon ionization. P.M Weber et al® measured the photoelectron
spectra of azulene obtained upon ionizing the molecule via the Sz and Sy states with a transform
limited ps pulse. In this work, S, ionisation was identified for both the cases from the
photoelectron energy spectra of both the cases. It was demonstrated in those experiments that
vibrationally hot molecular ions were produced due to fast internal conversion from S, to Sz (S
denotes singlet electronic states of neutrals) and subsequent second photon ionization to Do (D
denotes doublet states of the cations) while satisfying the propensity rule, Av =0 (where v is the
vibrational quantum number). V. Blanchet et al®®®" have performed 1+1 photoionization
experiments via Ss states using a fs pulse with a wavelength centered at 266nm and 258nm and
identified a significant contribution of the photoelectron signal arising from S4 to D1 ionization.
In their experiment photoionization takes place on a time scale commensurate with internal
conversion. It helped them to set an upper limit (=120fs) to the lifetime of S4 and thus, the

timescale of IC.

Thus, it is understood from the past results that the 1C time scales from the Sy to S; states
are <120fs. In our experiment, with a ns pulse duration, we can safely assume that the Sy to S
relaxation competes very efficiently with a direct ionisation from the S, state (see path (a) in
figure 6.5) and is totally completed before ionisation from a vibrationally excited S state takes
place (path 6.5 (b) in figure 6.5). Further, S; to Do ionization satisfies the Av=0 rule (see path (b)
in figure 6.5). Azulene™ can be further excited by third photon and can relax back to ground
electronic state Do by rapid IC. These extremely hot azulene™ undergo IVR and relax by various

statistical processes such as isomerisation and dissociation.

The Av=0 propensity rule of ionisation, allows to estimate the internal energy of azulene®
after ionization and 3" photon absorption. This internal energy is in the range of 6.98 to 6.12 eV

for 235-256 nm. The H loss rate constants of azulene* measured by the present set-up for internal
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energies proposed by the Sz ionization scheme (path b) is given in table 6.1. It can be compared
to the extensive calculations of isomerisation and dissociation rate constants of azulene® for a
range of internal energies 5-12.5eV carried out by Dyakov et al?®.

T E,,=6.986V

235nm
Eg=1.71eV

Av=0 §235nm

Eg=1.71eV

(a) Ssto D, scheme
(b) S;to Dy scheme

3.56eV

Sy
So

Figure 6-5: Schematics of S, to Dy ionization at 235nm, in azulene the dotted black arrows show direct
two photon ionsaition (path a) and the three set of continuous red arrows show the multipstep 3 photon

ionaition-exacitation path (path b).

Table 6.1: (a) H loss rate constants measured in the present experiment for internal energies proposed by
the Sz ionization scheme is compared with (b) calculations of isomerization and H loss rate constants of

azulene” by Dyakov et al for the relevant internal energies?®,

Present experiment (a) Calculation Dyakov et al. (b)

Wavelength | Eine  (eV) | Diss. Eint (eV) | Direct H | Isomer. | Reverse

(nm) of Constant of | of loss rate | rate (s!) | isomer.rate
azulene® | Hloss (s?) |azulenet | (s%) (st
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235 6.98 1.5x10° 7.99 2.0x10° 8.7x10" | 1.3x10’

256 6.12 2.3x10° 6.42 2.8x10° 2.8x10° | 2.3x10°

As per the calculation carried out by Dyakov et al,?® it is clear that azulene™ to naphthalene*
isomerisation is the dominant process for the expected internal energies. The most recent
computations and experiments show that the transition barrier of isomerization of azulene* to
naphthalene™ lies below the low energy dissociation limits of the azulene ion?"?, W. Cui et al*!
have performed a time resolved photo dissociation experiment for the azulene™ and naphthalene®
ions and observed that the acetylene loss channels (which is another low energy parallel
dissociation channel) of these isomeric ions are measured to have similar decay rates at a deficit
of internal energy by about 0.8eV for azulene™ (In this experiment Ein(azulene® )=6.2eV and Ein
(naphthalene® )=7eV). This is explained on the basis of fast conversion of azulene™ to the lowest
energy isomer naphthalene™ prior to dissociation at the relevant internal energies. In a couple of
experiments and high level computations the isomerization energy of azulene* to naphthalene® is
independently predicted to be about 0.8eV?®%°, As per calculations by Dyakov et al. [Ref 28,
Table.3], isomerisation of cationic azulene is at least two orders of magnitude faster than its direct
H loss for the internal energies expected from the 3-photon absorption scheme [See table 6.1]. In
conclusion, for our experimental timescales (about tens of us) isomerization is dominating so that
it produces naphthalene cations at elevated internal energies by about 0.8eV compared to
azulene®. Therefore, it can safely be assumed that whatever H loss process observed for the first
few tens of ps is mainly coming from the naphthalene® isomer. Hence, hereafter we consider the

dissociation curve of cationic naphthalene for further discussions.

6.5 Comparison of internal energy with Sy ionization scheme

Gotkis et al?® have modelled the time resolved break down curve of the H loss fragment
ion of naphthalene™ using rate-energy constants obtained via RRKM/QET calculations for a range
of internal energies 4-12eV. The H loss dissociation curve of naphthalene™ proposed by Gotkis et
al is studied along with other advanced calculations carried out by Dyakov et al and Solano and
Mayor®. The present experiment only measures rate constants of H loss decay at 235-256nm.

The rate-energy calculations carried out for naphthalene™ by Dyakov et al. were used to convert
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this information into corresponding internal energy with the help of necessary interpolation.
Dissociation rate k(E) and corresponding internal energy (Eint) identified from previous
calculations is listed in table 6.2. As discussed before, we extend S to Do ionization scheme as
suggested by P.M Weber et al® to all the measured wavelengths as shown below to predict the
internal energy of azulene™ after successive absorption of 3-photons.

Es2-po (azulene®)=[E(photon) - S2(v=0) (3.56eV)]+E(photon) (6.1)

Where, Av=0 is allowed and S is the second electronic excited state energy. Therefore, internal
energy of the isomerized ion, naphthalene®™ will be

Es2-po (naphthalene™) = Esz-po (azulene®)+ Eiso (0.8eV) (6.2)

Where, Eiso is the isomerisation energy.

Table 6.2: Dissociation rate constants measured in the present experiment are listed along with the
corresponding internal energy, Einidentified from the H loss dissociation curve of naphthalene®. Internal

energy predicted as per S, to Do ionization scheme is shown.

Wavelength Dissociation rate Estimated Internal energy | Estimated Internal
(nm) experimentally (Eint) of naphthalene?, energy via
measured (eV) Es2-po
k(E), (s (naphthalene™)
(eV)
235.0 1.50x10° 7.97 7.80
236.0 1.46x10° 7.96 7.74
237.0 1.45x10° 7.96 7.70
238.0 1.20x10° 7.89 7.66
239.0 1.00x10° 7.82 7.62
240.0 9.00x10° 7.78 7.58
241.0 8.80x10° 7.78 7.52
242.0 8.00x10° 7.74 7.48
243.0 6.50x10° 7.67 7.44
243.5 6.50x10° 7.66 7.42
245.0 5.60x10° 7.61 7.36
246.0 5.00x10° 7.58 7.32
248.0 4.00x10° 7.50 7.24
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250.0 3.30x10° 7.43 7.16
252.0 3.00x10° 7.40 7.08
254.0 2.72 x10° 7.37 7.00
256.0 2.30 x10° 7.32 6.92

Eint identified in the experiment by comparing the measured rate constants with the calculations
done by Dyakov et al is compared with the value predicted by Sz to Do ionization schemes for
235-256nm as shown in figure 6.6. The average internal energy deduced from the present
experiment is in qualitative agreement with the S, to Do ionization scheme for 235-256nm, though
the estimates are systematically higher by about 0.25 eV compared to the values predicted by the
Sz to Do ionisation model.

The experimental Eint values identified from earlier rate- energy results lie above the Eint
curve modelled via the S, to Do ionization scheme. If the rate-energy calculation is not precise
enough, it can introduce a systematic error in the experimental Ein: values. At this juncture, a few
other possible reasons can also be proposed for such higher internal energies. It is possible that
various vibrational levels in the S, manifold are involved in the ionization scheme, Moreover, the
higher the vibrational energy in the S state, the more difficult it is to fulfill the Av =0 transition.
Hence, other energetically allowed ionization transitions can gain significant intensity through a
vibronic coupling between nearby electronic states. Similar ionization via the S; band is observed
for naphthalene®. It may also be noted that for wavelength shorter than 250 nm the D; ionisation
also becomes energetically feasible. Though, the Av =0 transition between S, and D1 have never
been experimentally observed, it is still offered as a possible contributing mechanism here only
on the basis of energetics. If such propensity is assumed for the S; to D; transition then the
resulting internal energy will be consistently higher by about 1.1 eV and cause much faster decay
[electronic energy level of excited azulene™ is taken from Table. 1, Ref. 86]. Estimates of Eint
under this assumption are plotted in figure 6.6 for reference. After all, it may be noted that the
experiment was done using azulene vapour at room temperature and considering the total degrees

of freedom, about 0.3 eV internal energy can already be there in the molecular gas.
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Figure 6-6 Internal energy of naphthalene® deduced from the experiment (black circles) for 235-260nm
and predicted via S, to Do (red line) and S, to D; (blue line) ionization of azulene™ is plotted. Szionization
schemes serve as limits to the internal energies. Experimentally estimated internal energy follows the S,
ionization scheme for wavelength<256nm. For wavelength>256nm, the experimentally deduced internal
energy values are overestimated by the fact that in this region H loss decay is mainly driven by 4-photon

process, it is an accordance with figure 6.3 (a).

6.6 Extension of data analysis and discussions

With the experience form the previous sections a further augmentation of the analysis was
attempted. This was doen by including the tail region of the 2D correlation. Moreover this
procedure was extended to tow more targets namely naphthalene and fluorene. ToF spectra of
fluorene and azulene is shown in figure 6.7. The mass resolution is well beyond 1 in 3000 so as
to clearly separate the various H, 2H/H: loss as well as isotopic peaks. The high energy resolution
of the instrument makes sure that a 0.24% shift in the KE produces a clearly separated feature on
the PSD. The ToF information is very limited and pertains to the dynamics in ER and AR only.
A KE correlated ToF spectrum is a two dimensional correlation between the measured KE and

ToF is much more illustrative for the decay at later times. A typical 2D spectrum of ToF versus
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horizontal position of the naphthalene target is shown in figure 6.8. As explained in previous
chapters, the horizontal position of an ion on the PSD is proportional to its kinetic energy. The
parent peak is seen as a single island (region 1) with horizontal position corresponding to full
kinetic energy. The possible origin of multiple H loss peaks are already discussed in the context
of delayed dissociations in detail in sec 3.2.5 of chapter 3. For the purpose of clarity, it is restated
briefly here. The H loss decay constant (k) of the parent ion must be at least 1000 s to show any
discernible signal of H loss decay in our instrument leading to a feeble tail in the region 5 and a
low intensity slow H loss peak (peak 3) in the 2D spectrum. H loss decay rates lies between
k=10%" and 10°s* strongly populates slow H loss peak and tail region. The “fast H loss peak”
(peak 2) becomes more visible for k>10°s™. The tail region 5 completely disappears for k>3x10°
s, Slow and fast H loss peaks become comparable for k=10°s?. Beyond this H loss decay rate,
the fast peak will dominate over the slow peak. Thus, every populated region in the 2D graph
points to a narrow range of decay constants. The 2D landscape can become very complex if
multiple or broad internal energy ensembles are prone to decay, because the decay rate varies
very rapidly with a small change in the internal energy. Hence, if only selected regions are

populated, it directly implies a relatively narrow range of decay constant and hence very narrow

range of IED.
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Figure 6-7: ToF spectrum of (a) azulene and (b) fluorene recorded at 263nm and
235nm with an intensity of 9x10°W/cm?.
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Figure 6-8 : 2D diagram for ToF vs horizontal position (horizontal position on y-axis, scale to the Kinetic
energy of the ion) of parent and H loss fragment ion of naphthalene measured at 225nm and 10° W/cm?,
Naphthalene parent ion is marked as “1”, Peak “2” corresponds to H loss decay in the ER, Peak “3” is

decay inside drift tube, Region “4” is the decay in AR and decay inside PPA is marked as “5”.

Here we have used two methods to estimate the H loss decay rate depending on the
locations where the H loss fragment is populated in the 2D diagram and the UV excitation
wavelength. Usually the ratio between the fast and slow H loss peak yields is reproduced in the
simulation by assigning suitable rate constants of the decay. This type of analysis (“peak
analysis”) is employed for shorter wavelengths, because at such wavelengths the fast and slow H
loss peaks will be normally populated because of the availability of high internal energy. If the
H loss fragment population is shifted to the tail region, which usually occurs for longer
wavelengths (due to the low internal energies), “tail analysis” becomes more useful. In this case,
the relative yield of the tail region with respect to the slow H loss peak is reproduced in the
simulation in order to identify the corresponding rate constant. The decay rate which gives best
fit to the relative population of H loss fragments at the different regions of 2D diagram is
compared to the previously published rate-energy curves of the H loss decay in order to identify
the corresponding internal energies. Thus, internal energies of naphthalene, azulene and fluorene
are obtained over a broad range of UV wavelengths. The minimum value of decay rate that can

be measured using this technique is about k=103 s*. Therefore, those UV wavelengths were used
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in this experiment which can produce 3-photon assisted measurable H loss decay features in the
2D coincidence diagram.

6.7 Results and discussions

The three photon assisted H loss decay channel is measured for fluorene™ for an excitation
wavelength ranging from 253-293nm. Similar H loss decay is observed for naphthalene® and
azulene® for a range of excitation wavelength 235-273nm and 225-238nm respectively. Inasingle
VUV photo-ionisation experiment, the appearance energy of the H-loss fragment ion for a typical
neutral PAH is around 15 eV>’, which corresponds to 3-photon absorption at 250 nm. The three
photon process is separately verified by laser power dependence of the H loss ion signal for three
of the PAH targets. At the longer wavelength region the H loss signal is still detectable in the fast
H loss decay peak, because of the contamination from higher order photon process. The present
electric field configuration of the spectrometer is not adequate to resolve such a rapid decay
caused by higher energy depositions. Therefore, we restrict our measurement to resolvable

microsecond decays, which is governed by three photon absorption.

The H loss channel is one of the lowest energy dissociation channels of PAHSs. Fluorene®
has the lowest H loss threshold of the systems reported here, with 2.6eV3°. H loss thresholds of
cationic azulene and its low energy isomer naphthalene is very high, about 5eV. Interestingly,
isomerization barrier of these cationic pair lies below H loss dissociation limit and hence, it is
expected that internally excited azulene™ undergoes isomerization prior to the dissociation and

increases its internal energy by about 0.8eV?%,

6.8 lonization and excitation scheme of PAHs by a single ns pulsed laser

It is rather clear from the measurements that for all three targets investigated, the decay
constant cannot be broader than about one order of magnitude, else the 2D correlation graph
would take a much different form. This in turn indicates that the parent ions are produced with
an internal energy spread much less than 1eV. A direct 3-photon absorption is possible but it will
lead to a very broad internal energy distribution. Moreover, the present experiment is performed
at very low intensities, hence, we invoke more appropriate scheme analogous to ladder switching

mechanism, to explain the observed narrow IED. A multistep ionization and excitation scheme
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IS proposed, considering the excited state dynamics of PAHSs to explain the three photon driven
H-loss process for all the three targets during ns pulse duration. An excitation to the S, state by
the first photon will be followed by IC to the lowest excited electronic state Si (S2 in case of
azulene). In the case of PAHS, it is known that the ionisation from the S; state satisfying Av=0
rule (propensity rule) will be caused by second photon absorption®°9t, This will then be
followed by third photon absorption by the cation and add internal energy to the ground cationic
state of the molecule by the process of rapid 1C in PAH cations. The propensity rule ensures that
the photoelectron energy distribution can be very narrow®. Even if the ionisation process by the
second photon proceeds via non-adiabatic mechanism, the structural rigidity of PAHs makes sure

that the deviation from the propensity rule is minimal in nature (Av=0,+1)%%-°2,

For a given photon energy, the excited electronic states of the cations are accessible while
preserving the vibrational quantum number. The exact distribution of intensity among the various
cationic states is not only a function of photon energy but also structural similarity between the
excited electronic state and respective cationic state of the molecule. Here we consider only
energetics of the process in the absence of an actual measurement of such an influence of different
excited electronic states of the cation. Thus, if multiple cationic states are possible to be involved
in the ionization, then more than one group of IED will be produced. In case of fluorene two
electronically excited states (D1 and D>) of the cation are energetically accessible for the studied
wavelength range and the maximum spread of internal energy can be found to be at most 1.18
eV. This number can be brought further down if we can set the excitation wavelength
appropriately to cover fewer, preferably single cationic state. In the present case the time window
available to our setup limits the observation of such slow dissociations induced by longer
excitation wavelengths. But it can be studied easily by employing similar scheme with an ion
storage ring system. Incidentally we could exploit isomerization of internally excited azulene™ to
naphthalene® for the available energies, which helped to perform a common analysis to both of
them. The elaborate details of H loss decay of azulene® caused by nanosecond multistep

multiphoton absorption is given in chapter 6.

6.8.1  One colour multistep 1+1+1 absorption process: Naphthalene

120



In case of naphthalene, the 3-photon ionization and excitation scheme for the shortest
wavelength, 225nm is described as follows.

gp—225m ¢ S1 (v=0)+Eyis (1.55eV) Do (v=0)+ Eyiz (1.55eV)+1.33eV

225nm & IC

Dy {U=ﬂ}+ Evib {?.DEEV}

iﬁ:; ™ Dy (v=0)+ Eyip (1.55eV)+0.63eV

225nm & IC

Dg {U=ﬂ}+ Evib {?.?EEU}

The first photon leads to Sy excitation followed by rapid IC to the S: state at 3.96eV.
Thus, the residual energy of 1.55eV is left in the vibrational modes of Si. The second photon
causes ionisation from Sz to Do while preserving the vibration quantum number. Using adiabatic
ionisation potential of 8.14eV, we deduce the energy of the outgoing electron to be 1.33 eV. Thus,
the S; ionization leaves internal energy of 1.55eV in the parent ion. Some of these parent ions
can be further excited by a third photon and relax by IC and thereby produce a hot cation of
naphthalene at 7.06eV internal energy. The D state of naphthalene is situated at 0.7eV above
Do%making it also energetically accessible for Sy ionization over the whole range of wavelengths
(225-238nm) investigated here for naphthalene. Thus, there should be two closely spaced groups
of cations formed with IED centred at two internal energy values namely 7.06eV and 7.76eV in
case of 225nm. The initial thermal distribution as well as deviation from Av~0 rule might cause
some more broadening and mixing of the ensemble. The average internal energy deduced from
peak analysis and tail analysis lies between the internal energies proposed by S; to the Do and Dy
ionization scheme except the Eindeduced at 237nm from peak analysis. In case of naphthalene,
it is observed that 3-photon induced H loss decay efficiently populates the tail region rather than
the H loss peaks for wavelength>237nm. Therefore, the H loss rate constant is measured from

tail analysis at 238nm. As can be seen from figure 6.9, internal energy estimates carried out by
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Figure 6-9 : Experimentally deduced internal energy is compared with multistep 3-photon ionization and

excitation scheme for naphthalene for 225-238nm

peak and tail analysis are remarkably consistent with the S; to Do and D: ionization scheme for
225-238nm.

6.8.2  One colour multistep 1+1+1 absorption process: Azulene

Azulene® is a well-known counter example of Kasha’s rule. Hence, the first photon
excitation to the Sy state quickly proceeds via IC to the S; state instead of the lowest electronically
excited state, S1. This is followed by ionisation to the Do state maintaining Av=0. Unlike the other
two examples investigated here, azulene™ is a very well-studied system and the ionisation process
is characterized for the very narrow internal energy distribution employing time resolved pump-
probe photoelectron spectroscopic experiments®>8®% Though, the D; state of azulene is
energetically accessible at the range of UV wavelength used, such ionisation channel is not
observed experimentally®. In case of azulene, we have estimated internal energies for a wide
range of wavelength (235-273nm) as shown in figure 6.10. The method of peak analysis is
employed to deduce the internal energy for shorter wavelengths (235-256nm) and tail analysis is
used for longer wavelength region (256-273nm). Unlike in the case of naphthalene Ein estimates

of azulene lies very close to the S, to Do ionization scheme. It supports the production of very
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narrow internal energy distribution proposed by peculiar Sz to Do ionization scheme of azulene.
Internal energy expected from Sz to Do and D1 ionization scheme and further heating by third

photon absorption and subsequent isomerization to naphthalene™ at 235nm is shown in the
schematics for 235nm.

5o 22N b 5, 5, (v=0)+Eu (1. ?1e‘~f}—i~2353m Do (v=0)+ Evis (1.71eV)+1.44eV
[

235nm & IC

DD {UZD}‘F Eyib [5.988V+Ejsg}

ii:;m » Djp (v=0)+ Eyip (1.71eV)+0.33eV

l?ﬂﬁnn1&lc

Where Ei:;=0.8eV.

The peak analysis provides an excellent match with the Ein values predicted by the S; to Do
ionization scheme upto 256 nm wavelength. Beyond this wavelength, the internal energy values
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Figure 6-10: Experimentally deduced internal energy is compared with multistep 3-photon ionization and
excitation scheme for azulene for 235-273nm.

start being overestimated due to 4 photon contamination. At this stage the tail analysis become

more viable and provides usable information upto 273nm. It may be noted that tail analysis is
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also prone to contamination from collision induced dissociation at the used level of background
pressure which could explain the relatively small (< 0.3 eV) systematic underestimates as shown
in figure 6.10. Never the less, the dominance of S, to Do ionization in the multistep multiphoton
absorption of azulene is clearly established in these measurements.

6.8.3  One colour multistep 1+1+1 absorption process: Fluorene

Multistep 1+1+1 ionization and excitation scheme of fluorene is described for the shortest

wavelength, 253 nm as shown below,

5o 2530m_, o IC 51(v=0)tEviv (0.70eV)—2 . Do (v=0)+ Euip (0.7€V)+1.54eV
W

253nm & IC

Dg {U:ﬂ}+ Evib {E.EE‘V}

iﬁi;m D; (v=0)+ Eyip (0.7eV)+0.68eV
253nm & IC
Do (v=0}+ E.in (6.46eV)
iﬁi;m, D; (v=0)+ Eyip (0.7eV)+0.36eV

253nm & IC

Do {‘u":'[]}+ Evin I[E.?SEV}I

At 253nm, S:to Do ionization of fluorene leaves a residual of 0.7eV in the vibrational modes of
fluorene parent ion, further excitation by third photon results in an internal energy of 5.6eV in
fluorene*. The D; and D states of fluorene are situated at 0.86 and 1.18 eV above the Dy state®,
and hence, they are also energetically available for Si ionization in case of 253nm. Thus, we
expect three closely spaced groups of cations formed with IED centred at three internal energy
values namely 5.6eV, 6.46eV and & 6.78eV. For fluorene, we have proposed the S; to Do, D1 and
D2 ionization scheme for a range of wavelength 253-293nm, since gap between D1 and D is very

small. The Ein estimations carried out by peak analysis (for 253-273nm) suggests that the
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ionization can be dominated by the Si to D2 transition (see figure. 7.5). But internal energy
deduced from tail analysis lies below Ein curve proposed by the Do ionization scheme. Deviation
of experimentally deduced internal energies from proposed ionization and excitation mechanism
can be due to other effects like collision induced dissociation or internal excitation by 4" photon.
But, as demonstrated in the case of azulene, the contamination from four photon absorption would
cause a systematic deviation in the result obtained from peak analysis, compared to the scheme
prediction (see wavelength region between 251 and 256 nm in figure 6.10). In the case of
fluorene, the peak analysis follows predictions of D> ionization very closely (See figure 6.11).
On the other hand the tail analysis is affected by collision induced dissociation. This effect is
there for other examples as well. But in the case of fluorene we expect that it can be more severe
due to its low H loss barrier and relatively larger collision cross section.
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Figure 6-11: Experimentally deduced internal energy is compared with multistep 3-photon ionization and

excitation scheme for fluorene for 253-293nm.

In conclusion, the fluorene cation formation is observed to favour D1 or D; transition from the S;
state. Though the observed internal energy values are very close to the D, scheme, there may be

an effect of initial thermal energy in the vicinity of 0.3 eV and the energy difference between the
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D1 and D3 cationic state is also about 0.3eV. The fluorene transition probabilities between the S;
to Do, D1 and D2 needs to be investigated independently and verified.

6.9 Summary

Internal energy dynamics of molecules under energetic radiation excitation is a very
complex phenomenon in general. No study of this nature is complete, without correlated
measurement of photoelectron energy. Even for single photon excitation or ionisation the residual
internal energy depends on IC, IVR, fluorescence and photoelectron kinetic energy etc. Thus,
quantification of internal energy after electronic excitation is a very complex task. On the other
hand, understanding of the role of PAHs in astronomical and biological domain requires a
detailed measurement of the decay rate as a function of internal energy. We demonstrate here that
due to very specific excited state properties of PAHSs, it is possible to employ a very simple multi-
step multiphoton absorption scheme to obtain a relatively narrow IED. Three simple PAHs are
used as targets namely, naphthalene, azulene and fluorene for a very wide range of UV
wavelength (225-293nm).

The structural details and transition probabilities notwithstanding, we considered all
possible excited electronic states of the cation, in all the three cases studied. Fluorene covered the
greatest number of cationic states with Do, D1 and D- being energetically allowed to reach by the
second photon from S; state at the studied wavelength range. It appears that S; to D1 or D3
ionization transition is favored over S; to Do ionization in case of fluorene. In case of azulene Do
and D states are energetically accessible from S state for the studied wavelength range. Azulene
is a well-studied system and D; ionisation channel of azulene is not spectroscopically observed
before. Consistent with this, we also note that Sz to Do ionization is the dominant channel and a
minor excess energy could come from initial thermal energy in the target molecule. The final
evidence of the validity of this approach comes from naphthalene wherein, Do and D, states are
known to be accessed by second photon from S; state. The expected bimodal IED can be seen to
be present in our observations as well. Thus, not only the predicted internal energies are compared
with values deduced from experiment, the details like contribution from multiple cationic states
could also be identified to an extent. This method can be very easily employed to tune the internal

energy of PAH* down to hundreds of meV accuracies.
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CHAPTER 7. FUTURE SCOPES

The work presented here has highlighted the importance of various physical properties of
PAHSs, for example the role of plasmon excitation in isomerization process, the effects of
isomerization and internal energy to the population distribution of ISM. These aspects are not
systematically explored in the past, though they have been studied sporadically in different PAH
examples. A systematic effect of this onto various applications require further investigations.
Different techniques developed as part of this research can help in expediting such investigations
and hence generate database for a generalized survey of afore mentioned effects.

The selection rules and other complications due to photoionization processes prohibits us
to investigate multiplasmon excitation by conventional UV or VUV photoexcitations. But
charged particle excitation is a good way to study multiplasmon resonances in PAHs. If we can
do a triple coincidence experiment with charged particle excitation, we can target secondary
effects of multiplasmon resonances in PAHs. Moreover, the effects of electron capture are not
investigated in the context of statistical dissociations in PAHs. Therefore, multicoincidence
experiments are very relevant in such investigations. It is well known that PAHs undergo large
amount isomerization, this can strongly be coupled with charged particle interactions. This needs
to be interrogated in detail. The same study has to be expanded to heterocyclic ring and can finally

be reached to the response of biomolecules in charged particle excitations.

When it comes to understanding the behavior of molecules against high energy radiations,
we need to vary the excitation energy and look for possible molecular damages. It is
conventionally carried out by photon impact experiments. A standard pump probe experiment
has to be extended to many of these molecules for a good understanding of multiphoton
excitations and ionizations of PAHSs particularly about their propensity rules of ionizations.
Moreover, the techniques we have introduced here to produce cold molecular ions, needs to be
coupled with storage rings. For standard storage ring experiments, PAH cations at known and
narrow IEDs can be very easily produced by 2-photon multistep excitations without doing any

complicated ion trap cooling. We can directly inject them into an ion storage ring and excite them
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by IR photons. If it can be realized, PAH investigations become truly table top, because many of
the compact ion storage devices usually work with complicated ion sources and traps.

The energy correlated ToF technique developed as part of this work is not exploited to its
full potential. It is only applied to the H loss channel of PAHs. Though it is understood that
sequential and concerted H loss can be very easily differentiated with this technique, this needs
to be applied appropriately to study 2H or H. loss processes of PAHSs. It is foreseen that other
important statistical dissociation channels such as HCN loss, C2H: loss can also be studied with
this energy correlated ToF coincidence techniques. Deuterated PAHs are other potential
candidates, which can give more pronounced information about the molecular dynamics of
PAHSs. It can be targeted with this high resolution technique. Another core capability of this
instrument is the ion-neutral coincidence, which can be employed to understand conformations
of the molecule from which neutral elimination has happened. If kinetic energy distributions of
fragment ions in coincidence with position correlated detection of neutrals can be targeted, we
can explore ground or excited state potential energy surfaces of larger molecules. It will be a
powerful tool in the field of molecular physics. This information is very crucial to understand
PAH dynamics in the astronomical context. But the geometric and electric field configurations
of the setup need to be refined in future to target such sensitive measurements to extract vital

information regarding dynamics of larger species.
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APPENDIX A. MC SIMULATION FOR MOLECULAR DECAY INSIDE
SPECTROMETER

#include<iostream>

#include<cmath>

#include<ctime>

#include<cstdlib>

#include<fstream>

#include <iomanip>

int main(){

using namespace std;

ofstream filel;

filel.open("n™);

ofstream file2;

file2.open("t");

ofstream file3;

file3.open("r");

long double

aem2,T tof,s,m,fe e fa,E,ae,am2,te,u,aa,ta,v,tel,pr,er,te2,0,Rp,m2,b,v1,t1,t2,y,R,theta,vy,vxy,pp
a,ppaa,ze,za,zd,ue,ran,dd,volt1,volt2,vtemp;

int g.j,p;

g=3* pow (10,-3); // thickness of acceleration plate
m=128*1.67* pow(10,-27); // mass of parent ion
m2=102*1.67* pow(10,-27); // mass of fragment ion
e=1.60*pow(10,-19); //charge

volt1=3000; //voltage on the first plate of ER
volt2=2350; //voltage on the first plate of AR
fe=(volt1-volt2)/0.007; /lelectric field in ER
fa=volt2/0.007; //electric field in AR

int n=100000; //no. of particles

ae=e*fe/m;

aa=e*fa/m;

am2=e*fa/m2;

aem2=e*fe/m2;

dd=138* pow (10,-3); // width of PPA
ppa=e*1590/(m*dd); //acceleration of parent ion due to PPA field
ppaa=e*1590/(m2*dd); //acceleration of fragment ion due to PPA field
srand((unsigned)time(NULL));

for(int i=1;i<=n;i=i+1){

tof=0;

long double scale=RAND_MAX+1.0;

long double base=rand()/scale;
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long double fine=rand()/scale;

long double ul=base+fine/scale;
base=rand()/scale;

fine=rand()/scale;

long double u2=base+fine/scale;

long double x=5.3+0.025*sqrt(-2.0*log2(ul))*cos(2*M_PI*u2); // defined to assign position
uncertainty of laser interaction using Gaussian distribution
long double s=x*pow(10,-3);
base=rand()/scale;

fine=rand()/scale;

long double u3=base+fine/scale;
base=rand()/scale;

fine=rand()/scale;

long double u4=base+fine/scale;

long double u0=150*sqgrt(-2.0*log2(u3))*cos(2*M_PI1*ud); /I defined to assign directional
spread of velocity due to thermal effect
long double z=0;

long double u,t;

long double xpos=0;

long double y=2.0;

long double td=0;

long double tofl;

long double k=2.0e6; //decay rate

long double dt=1e-11; //time step

long double pr=k*dt;

q=0;

1=0;

p=0;

int w=1;

for(t=0;y>=-1e-10;t=t+dt){
base=rand()/scale;

fine=rand()/scale;

ran=base+fine/scale;

if (z<=s){

u=uO+ae*t;

z=u0*t+0.5*ae*t*t;

if (z>5)

ze=z;}

else if((z>5)&&(z<(s+9))){

q++;

Z=ze+u*g*dt;

if (z>s+g){

ze=z;

ue=u;}}

else if((z>=(s+g)) &&(z<=(s+10*pow(10,-3)N){ j*++;
u=ue+aa*j*dt;
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z=ze+ue*j*dt+0.5*%aa**j*dt*dt;}

else if((z>=(x+10)*pow(10,-3))&& (z<(790+x)*pow(10,-3))){

z=z+u*dt;}

else if (z>0.79+s){

td=w*dt;

y=0.707*u*td-0.5*ppa*td*td;

Xp0os=0.707*u*td;

R=xpos;

tof=t;

w++;}

if(ran<pr) // decay is checked {

if(z<=s) // find ToF & range analytically, if particle is dissociating inside ER{

long double b=z/s;

long double v1=sqrt((2.0/m2)*((0.5*m*u0*u0+b*e*fe*s)*(m2/m)+(1-b)*e*fe*s));
long double t2=(v1-u)/aem2;

long double t3=g/v1;

long double vm2=sqrt(v1*v1+2*am2*7*pow(10,-3));

long double t4=(vm2-v1)/am2;

R=(vm2*vm2)/ppaa;

tof=t+t2+t3+t4+(0.78+R*1.414)/vm2;

file2<<i<<" "<<t<<" "<<tof*pow(10,6)<<" "<<z*pow(10,3)<<" "<<R<<" "<<endl;
break;}

if((z>s)&&(z<(s+3*pow(10,-3)))) // find ToF & range analytically, if particle is dissociating in
the ER plate{

E=(0.5*m*u0*u0+e*fe*s)*(m2/m)+e*volt2;

t2=(s+g-2)/u;

te=t+t2;

long double vm2=sgrt(u*u+2*am2*0.007);;

long double t3=(vm2-u)/am2;

R=(vm2*vm2)/ppaa;

tof=te+t3+(0.78+R*1.414)/vm2;

file2<<i<<" "<<t<<" "<<tof*pow(10,6)<<" "<<z*pow(10,3)<<" "<<R<<" "<<endl;
break;}

if((z>=(s+g)) &&(z<=(s+10*pow(10,-3)))) //find ToF & range analytically, if particle is
dissociating inside AR{

b=(z-(s+g))*pow(10,3)/7.0;

long double v2=sqgrt((2.0/m2)*((0.5*m*u0*u0+e*fe*s+volt2*b*e)*(m2/m)+(1-b)*e*volt2));
long double ta2=(v2-u)/am2;

R=(v2*v2)/ppaa;

tof=t+ta2+(0.78+R*1.414)/v2;

E=(e*fe*s+volt2*b*e)*(m2/m)+(1-b)*e*volt2;

file2<<i<<" "<<t<<" "<<tof*pow(10,6)<<" "<<z*pow(10,3)<<" "<<R<<" "<<endl;
break;}

if((z>=(x+10)*pow(10,-3))&& (z<(790+x)*pow(10,-3))) // find ToF & range analytically, if
particle is dissociating inside FD tube{

E=(e*fe*s+e*volt2)*(m2/m);
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R=(u*u)/ppaa;

tof=t+(((790+x)*pow(10,-3)-z)+R*1.414)/u;

file2<<i<<" "<<t<<" "<<tof*pow(10,6)<<" "<<z*pow(10,3)<<" "<<R<<" "<<endl;
break;}

if (z>=(790+x)*pow(10,-3)) {// analytical calculation to find ToF & range analytically, if particle
is dissociating inside PPA

long double EO=m*u*u*0.5;

long double thalf=u/(1.414*ppa);

long double vxy2=2*(E0-m*ppa*y)/m;

long double vx=u/1.414;

long double vy2=vxy2-vx*vXx;

vy=sqrt(vy2);

VXy=sqrt(vy*vy+vx*vx);

if (td>thalf)

Vy=-Vy,

theta=atan(vy/vx); // angle of projection of the particle to PPA

long double dis=sqrt(vxy*vxy*sin(theta)*sin(theta)+2*ppaa*y);

long double I=vxy*sin(theta);

long double diff=(I-dis)/ppaa;

long double add=(I+dis)/ppaa;

long double Td=td+diff;

long double Rd=0.707*u*Td;

long double Ta=td+add,;

long double Ra=0.707*u*Ta,

if((Td>td)&&(Rd<0.523)&&(Rd>0)){

T=Td;

R=Rd;}

if((Ta>td) &&(Ra<0.523)&&(Ra>0)){

T=Tg;

R=Ra;}

tof=(t-td)+T; // final ToF of ion

file2<<i<<" "<<t<<" "<<tof*pow(10,6)<<" "<<z*pow(10,3)<<" "<<R<<" "<<endl,
break;}}}

base=rand()/scale;

fine=rand()/scale;

long double u5=base+fine/scale;

long double Range=R*1000-0.5+u5; // assigning uncertainty in range due to the finite size of
entrance slit of PPA

/llong double Range=R*1000;

filel<<i<<" "<<tof*pow(10,6)<<" "<<Range<<" "<<u0<<" "<<x<<endl;}
filel.close();

file3.close();

file2.close();

return 0;}
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