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Abstract

Strong-field physics aims to understand the ultrafast nuclear and electron dynamics

in atoms and molecules on their intrinsic timescale and eventually, control them. The

development in laser technology made it possible to produce ultrashort (durations

of few tens of fs or even shorter) bursts of light of intensities ranging from TW/cm2

to PW/cm2. Such intense fields are comparable to and sometimes stronger than the

Coulomb potential in the atoms/molecules. To understand the ultrafast nuclear dy-

namics in polyatomic molecules using femtosecond laser pulses, the molecules are

first ionized, thereby creating a molecular wavepacket in a ground or excited ionic

state. Next, as the wavepacket evolves on the electronic state, the ion undergoes

changes in its geometry leading to bond breakup, intramolecular migration of moi-

eties and bond formation before it dissociates into fragments. Obtaining the com-

plete kinematic information of the fragments in coincidence using a Recoil Ion Mo-

mentum Spectrometer (RIMS) reveals information about the excited-state dynamics

of the molecular ion. For instance, the kinetic energy, momentum distribution and

the angular distribution of the fragments provide information about the orbital from

which ionization took place, the nature of the electronic state from which dissocia-

tion took place, the timescale of dissociation, and so on. Further, by shaping the laser

pulses or tweaking the laser parameters, it is possible to manipulate these ultrafast

nuclear dynamics and hence, control the yield of the dissociative pathways.

Although the control of light-induced reactions and molecular fragmentation has

been studied extensively in the past decades, a complete understanding of H+
2 and

H+
3 formation by the bond breakup, intramolecular H migration, and bond forma-

tion has not been achieved yet. Furthermore, the control of the H+
2 , H+

3 yield by

controlling the excited-state dynamics of the parent ion is of particular interest, as

this will enable us to control bond breakup and bond formation in reactions.
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In this thesis, we have investigated the strong-field ionization and fragmentation

of polyatomic molecules (CH3OH, CD3OH, and CH3Cl) induced by intense fem-

tosecond laser pulses in our in-house developed RIMS and Velocity Map Imaging

(VMI) spectrometers. We focused on the formation of H+
2 and H+

3 , which involve

the bond breakup, intramolecular H migration, and bond formation processes, as

mentioned above. We first demonstrated the influence of laser parameters like in-

tensity, pulse duration, wavelength, and polarization on their yield. Next, a few

two-body fragmentation pathways (that produce H+
n and HCl+) of a molecular dica-

tion (CH3Cl2+) using photoion-photoion coincidence were identified. The complete

kinematic information of the fragments revealed the timescale of dissociation and

the nature of the excited electronic states from which dissociation occurred. Using

laser intensity and chirp, it was possible to control the excited-state dynamics of the

parent dication and hence, its dissociation along the four pathways. Finally, the com-

plex fragmentation dynamics of CH3Cl2+ along three-body breakup pathways were

investigated using Dalitz plots, Newton diagrams, and the native frame method.

The momentum sharing between the fragments and the fragmentation mechanism

for the pathways were investigated. The most dominant fragmentation pathways

were found to be concerted, along with some sequential processes. Chirped pulses

were found to influence the excited-state dynamics of the dication and hence, the

fragmentation mechanism. I have, therefore, investigated and demonstrated the

control of the ultrafast nuclear dynamics in polyatomic molecules and their disso-

ciation along two- and three-body breakup pathways by using different intensities

and pulse durations, which is a significant step in the control of reactions.
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Chapter 1

Introduction

1.1 Background and Motivation

Humans have always been interested in understanding the various physical, chem-

ical, and biological processes occurring around them. These phenomena are the

result of sub-Angstrom scale events on a timescale of attoseconds (10−18 s) to fem-

toseconds (10−15 s). The building blocks of matter are atoms and molecules which, in

turn, are comprised of electrons and nuclei in perpetual motion. In the semi-classical

picture of an atom, the electrons revolve around the nucleus in circular orbits called

stationary states. To get an idea about the timescale of electronic motion, we con-

sider the electron in the 1s (Bohr) orbit of the hydrogen atom. Then, the time taken

by the electron to complete one revolution around the nucleus is ∼ 152 as [1]. On

the other hand, the nuclei which are ∼ 1800 times heavier than the electrons, move

(translational, rotational and vibrational) on a much longer timescale (hundreds of

femtoseconds to picoseconds). This means that in response to a field, the electrons

move much more quickly compared to the nuclei. Due to their different timescales of

motions, the Born-Oppenheimer approximation assumes that the electronic and nu-

clear motions can be treated independently. Understanding the ultrafast motion of

electrons and nuclei on their natural timescale will deepen our understanding of the

various physical, chemical, and biological processes around us. A few instances of

light-induced processes in nature are the cis-trans isomerization of rhodopsin mark-

ing the first step in vision (∼ 200 fs) [2, 3], the absorption of sunlight by photoactive

pigments and the subsequent transfer of energy to the reaction center in photosyn-

thesis (few tens to hundreds of fs) [4], DNA damage [5] and repair [6] following
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interaction with UV radiation (few tens of fs). Capturing the ultrafast electron and

nuclear dynamics in real-time will enable us to make a molecular movie and under-

stand reactions.

The 20th century saw the development of numerous spectroscopic and diffrac-

tion techniques along with quantum mechanics, which deepened our understand-

ing of matter. The foundation of quantum mechanics laid by Planck and Einstein

in the early 1900s eventually explained the spectral lines of hydrogen atom. The

phenomena of absorption and emission of radiation by atoms and molecules was

now attributed to the transition of electrons from one energy level to another. This

was possible due to the development of various spectroscopic techniques, based on

light-matter interaction, which revealed the structure of atoms and even complex

molecules like DNA, proteins and enzymes.

The interaction of light and matter results in a portion of the spectrum (depend-

ing on the constituent atoms and molecules) being absorbed, while the rest is emit-

ted. Measuring the absorbed and emitted parts of the electromagnetic spectrum

is termed molecular spectroscopy and they contain information about the molecu-

lar structure. Some of the spectroscopic techniques used to understand molecular

structure are UV-visible spectroscopy, infrared spectroscopy, nuclear magnetic res-

onance, mass spectrometry, to name a few. Furthermore, various diffraction tech-

niques based on the scattering of x-rays, electrons, and neutrons from molecules

also reveal the molecular structures. However, during reactions the molecular struc-

ture changes continuously. Therefore, the next challenge was to capture the atoms

and molecules as they evolve with time (dynamics), that is, capture their motion

and understand the fragmentation dynamics. This was partially achieved by the ion

or electron collision of atoms [7–9] and molecules [10–13]. The multiple ionization

of molecules initiated by ion collisions, followed by the ultrafast excited-state dy-

namics of the parent ion leading to fragmentation were studied using 3D imaging

of the fragments in coincidence [14, 15]. In addition, the multiphoton ionization of

atoms and molecules was investigated using x-radiation that revealed the core-hole

dynamics [16]. However, time-resolved studies of electron and nuclear dynamics
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was possible only after the development in laser technology.

To capture the image of a moving object, we need a tool/event shorter than the

timescale of the event to be measured. Our eyes can resolve events as short as 13

ms. The pioneering works of the English photographer Eadward Muybridge on the

study of motion pictures (1878), and Harold Edgerton on flash photography, freez-

ing the moment when a bullet (timescale of ∼ millisecond) passes through an apple

(1900s), made it possible to see and capture events that our eyes cannot resolve.

To capture the ultrafast motion of electrons and nuclei, the fastest event known to

mankind was used – light. With the development in the laser technology in the

20th century, it was possible to produce short bursts of light (pulses) having du-

rations of the order of nanoseconds to picoseconds. Such lasers enabled the time-

resolved studies of the structure and dynamics of molecules, including biomolecules

like proteins and nucleic acids by absorption and vibration spectroscopy [17, 18].

With the advent of solid state lasers in the 1980s, it was possible to generate "in-

tense" (the laser field strength is strong enough to perturb the Coulomb potential

of the atom/molecule) ultrashort pulses, as short as a few tens of femtoseconds or

even shorter, thereby improving the resolution by 10 orders of magnitude. It is now

possible to study nuclear and coupled electron-nuclear dynamics on their natural

timescale. The field of femtochemistry pioneered by Zewail [19], for which he was

awarded the Nobel prize in Chemistry in 1999, opened up the possibility of observ-

ing the time-resolved changes in the geometry of molecules in the intermediates

and the transition states. For this purpose, a pulse pair was used, called the pump

and probe, with a delay between them. The energy imparted by the pump pulse

is redistributed among the various degrees of freedom. The subsequent nuclear dy-

namics in the excited state is probed by sending a delayed probe pulse, which probes

the time-resolved changes in the molecule induced by the pump pulse. With such

ultrashort bursts of light, it is now possible to take snapshots of processes like pho-

tosynthesis [20], binding of drugs with proteins [21], viral infections [22], and even

fundamental processes in technology [23]. Using intense ultrashort laser pulses to

study the rich physics in atoms and molecules is known as strong-field physics.
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1.1.1 Strong-field ionization

As mentioned above, the Ti:sapphire lasers emit intense, ultrashort pulses of dura-

tion ∼tens of fs in the near IR (central wavelength ∼ 800 nm). Mathematically, the

field is represented by E(t) = E0(t)cos(ω0t + ϕ) where E0(t), ω0 and ϕ represent

the pulse envelope, carrier frequency, and carrier-envelope phase, respectively. The

intensity of the pulses is of the order of 1012 W/cm2, which on focusing by a lens or

mirror produces intensities as high as ∼ 1014 − 1015 W/cm2. At such high intensities,

the Coulomb potential of the atoms and molecules is distorted (the Coulomb field

strength of hydrogen atoms is ∼ 1011 V/m). Moreover, as the intensity increases, the

energy of the photoelectron traversing in the laser field (called the ponderomotive

energy, Up) increases compared to that of the absorbed photon. Therefore, pertur-

bation theory breaks down in the strong-field regime. The first theoretical approach

explaining the strong-field ionization (SFI) of hydrogen atom was given by Keldysh

in 1965 [24]. Primarily, SFI was found to occur in two regimes: (i) multiphoton ion-

ization, and (ii) tunneling ionization. The Keldysh parameter or the adiabaticity

parameter, given by γ =
√

Ip
2Up

, describes the ionization regime as a function of the

ionization potential of the atom (Ip), and the ponderomotive energy (Up = E2

4ω2 , in

atomic units). Here, ω is the carrier frequency, and E is the electric field strength.

The two strong-field ionization regimes are discussed as follows:

• Multiphoton ionization: this is a low intensity and high-frequency regime, so

γ >> 1. In this regime, the field is not strong enough to distort the Coulomb

potential and the atoms are ionized by the absorption of multiple photons, as

shown in figure 1.1(b). The ionization probability (wMPI) is related to the laser

field strength as [25]

wMPI ∝ E2n, (1.1)

where n is the number of photons absorbed.

• Tunneling ionization: this regime is marked by high intensity and low fre-

quency fields that is, γ ≤ 1. When the field is very strong but also alternat-

ing slowly, the electron has sufficient time to tunnel out into the continuum
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through the potential barrier formed by the sum of the Coulomb potential and

the laser field, as shown in figure 1.1(c). The ionization probability (wTI) of the

system in this regime is related to the laser field as [25]

wTI ∝ exp
{
− 4

3
(2I3

p)
1/2

E

}
. (1.2)

It must be noted that at extremely high intensities (γ << 1) the resultant

Coulomb potential is distorted to the extent that the maxima of the barrier falls

below the energy state in which the electron is located, as seen in figure 1.1(d).

This phenomenon is called over-the-barrier ionization or barrier-suppression ion-

ization and the ejected photoelectron is swiftly removed from the system into

the continuum.

FIGURE 1.1: Schematic diagrams demonstrating the atomic Coulomb
potentials in the case of (a) single photon ionization, (b) multiphoton
ionization, (c) tunneling ionization, and (d) over-the-barrier ioniza-

tion.

The photoelectron ejected into the continuum accelerates in the laser field. For

a linearly polarized pulse, the laser field oscillates and changes direction every half

cycle, thereby reversing the electron trajectory. This may lead to one of the following

processes:

• High-harmonic generation (HHG): the electron may recombine with the par-

ent ion. This is accompanied by the release of a photon of a higher frequency

(photon energy is the sum of the ionization potential and the ponderomotive

energy) than that of the driving laser field. This semi-classical three-step model

of HHG was presented by Kulander [26] in 1992 and Corkum [27] in 1993.

In 1994, the quantum theory of high-harmonic generation was introduced by

Lewenstein et al. [28]. High harmonic generation from atoms and molecules
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generates single attosecond pulses or attosecond pulse trains in the UV and

X-ray regimes [29]. The cut-off energy in HHG is given by Emax = 3.17Up + Ip.

• Non-sequential double ionization (NSDI): in a multi-electron system, the

electron may recollide inelastically with the parent ion, transfer energy to the

ionic core, and further ionize the parent ion by releasing a second electron

[30]. In this case, there exists a strong momentum correlation between the two

ejected photoelectrons [31]. The ejection of the second electron can either be in-

stantaneous (known as electron impact ionization or EII) or delayed (known as

recollision excitation with subsequent ionization or RESI) [32, 33]. In the case

of RESI, the energy transferred to the second bound electron (e2) by the recol-

liding tunnel electron (e1) is not sufficient to remove it and therefore, transfers

e2 to an excited state. At a later time, e2 absorbs energy from the laser field and

the parent ion becomes doubly ionized.

• Above Threshold Ionization (ATI): in the presence of an intense IR field, an

atom can absorb more photons than required for it to be ionized. This process

called above threshold ionization results in the photoelectron spectra showing

multiple peaks. Each peak in the photoelectron spectra is separated by the

photon energy (h̄ω). The higher-order ATI peaks result from the elastic and

inelastic scattering of the tunnel electron from the parent ion [34].

Many refinements were subsequently made to the Keldysh theory and various

analytical expressions defining the tunneling ionization rate were obtained, by tak-

ing into consideration the time-dependence of the laser field [35], the instantaneous

phase of the field for few-cycle pulses [36], polarization of the field [37], and the

molecular structure [38]. The Keldysh-Faisal-Reiss (KFR) and Ammosov-Delone-

Krainov (ADK) theories are the most widely used approaches to obtain the ioniza-

tion probability of atoms. Most of the theoretical models developed for explaining

the strong-field processes are based on approximations like the single active elec-

tron (SAE) approximation, the dipole approximation, the strong-field approximation

(SFA), and neglects the electron-electron correlations in many-electron systems, the
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Stark effect due to the laser field. The quantum-mechanical [28, 39–41] and semiclas-

sical [27, 42] theories agree well with the experimental results in strong-field ioniza-

tion, above threshold ionization, and high harmonic generation in atoms. However,

studying the strong-field ionization of polyatomic molecules is extremely compli-

cated due multiple factors like the larger number of degrees of freedom, the pres-

ence of multi-center potentials [43], the non-spherically symmetric charge distribu-

tion, the coupling between the rotational, vibrational, and electronic motions. This

coupling between the electronic and nuclear motions becomes stronger at the con-

ical intersections which are found in large numbers in polyatomic molecules [44].

In addition, the valence and inner-valence orbitals (HOMO, HOMO-1, HOMO-2,

etc.) in the polyatomic molecules are very closely-spaced so, during interaction with

the intense field, electrons are lost not only from the HOMO but also HOMO-1 and

HOMO-2 orbitals. The symmetry of the molecular orbital from which the electrons

are removed as well as the relative orientation of the molecular axis with respect

to the polarization direction are found to play a key role in the ionization rate of

molecules [45]. It is also known that, the ionization rate of molecules is a function

of the internuclear separation, and for intermediate to large separations compared

to the equilibrium separation, the ionization rate is greatly enhanced [46, 47]. This

process termed charge resonance enhanced ionization (CREI), is ascribed to the cou-

pling of pairs of orbitals by the laser field, leading to charge localization, and there-

fore, enhanced ionization. Thus, an increase in the size of the molecule results in

more complex nuclear and electron dynamics thereby, increasing the computational

complexity.

1.2 Photoionization and photodissociation of polyatomic molecules

In this thesis, we shall discuss two important light-induced processes – ionization

and dissociation. As discussed in the previous section, the strong-field ionization

of molecules takes place either by the absorption of multiple photons or tunnel-

ing, depending on the intensity and wavelength of the laser field and the ionization

potential of the system. A part of the energy absorbed from the laser field (nh̄ω),
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called the bond dissociation energy (Do), is utilized in overcoming the potential bar-

riers to undergo dissociation, while the rest (excess energy) is redistributed among

the various degrees of freedom of the molecule (translational, electronic, vibrational

and rotational). It must be noted that the probability of transition of the molecular

wavepacket from an initial to a final state (electronic, vibrational or rotational) is

governed by the selection rules that arise from the transition dipole moment and is

given by [48]

P21 =
∫

ψ2 µ ψ1 dτ, (1.3)

where µ is the transition dipole moment. When the dipole moment is aligned par-

allel to the polarization direction, the ionization probability is maximum. Using

the Born-Oppenheimer approximation, we can separate the nuclear and electronic

wavefunctions, then

P21 =
∫

ψ′
e(r, Re) µe ψ′′

e (r, Re) dr
∫

ψ′
v(R) µv ψ′′

v (R) dR, (1.4)

where r and R represent the position coordinates of the electrons and nuclei,

respectively, ψ′ and ψ′′ represent the upper and lower states, respectively, and the

subscripts e and v stand for the electronic and vibrational degrees of freedom. The

rotational degree of freedom is neglected in this equation. The first and second in-

tegrals lead to the selection rules for electronic and vibrational transitions, respec-

tively. Further, the selection rule for vibrational transition indicates that there must

be significant overlap between the vibrational levels for transition to occur. When

this happens, it leads to instantaneous transition between the two vibrational energy

states which can be represented by a vertical line in the potential energy diagram

(Frank-Condon principle).

Once ionized, the molecular wavepacket undergoes a transition from the ground

state of the neutral molecule to either a ground or an excited ionic state. The ionic

state may be stable, metastable, or dissociative/repulsive. The ions populating the
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FIGURE 1.2: Potential energy diagram demonstrating the ionization,
excitation, and dissociation of a hypothetical molecule AB.

stable states have a long lifetime and do not dissociate much. The metastable states,

on the other hand, have lifetime ranging from a few picoseconds to milliseconds.

Finally, the molecular ions populating the repulsive PESs are highly unstable and

undergo rapid dissociation. In the excited state, the molecular ion undergoes ge-

ometrical changes as it tries to gain stability. This leads to various ultrafast pro-

cesses like rotation [49–51] (on a timescale of hundreds of fs to ps) and vibration

[52–54] (like bending, scissoring, symmetric and asymmetric stretching, wagging,

and twisting on a timescale of tens of fs), leading to bond-breaking, bond formation,

intramolecular migration [55], bond softening [56], and bond hardening [57], prior

to molecular fragmentation.

The dissociation of a molecule, therefore, depends on the molecular geometry

and the excited PES from which the dissociation occurs. By determining the total

kinetic energy of all the fragments in a particular dissociative channel, it is possible
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to obtain information about the PES from which the dissociation took place. In ad-

dition, the molecular orbital from which the electron(s) was removed and the nature

of the excited PES determine the timescale of dissociation, as well as the angular

distribution of the fragments. As a result, obtaining the complete kinematic infor-

mation for each fragmentation pathway can provide compete understanding of the

excited-state nuclear dynamics leading to each pathway.

1.3 Controlling reactions

One of the aims of strong-field physics is to understand how to control molecular

reactions. Understanding what triggers light-induced reactions, how the absorbed

energy is redistributed among the nuclei and electrons, the excited-state state nu-

clear and electron dynamics, geometrical deformations, leading to the end products,

will help us control reactions by controlling the transition states and intermediates.

Strong-field ionization of atoms and small molecules usually remove the valence

electrons, but in case of polyatomic molecules, electrons may be removed from the

inner valence orbitals as well. By ionizing the molecules from the valence or the

inner-valence orbitals and controlling the population of the ionic states, it is pos-

sible to control the dissociative pathways of the molecule. Several experimental

techniques have been developed to control light-induced reactions. Controlling the

fragmentation pathway of molecules by the carrier envelope phase (CEP) of intense

few-cycle pulses has been demonstrated [58–62]. Impulsively aligning molecules

with respect to the laser polarization direction has been shown to provide control

over the relative yield of the various fragmentation pathways [63, 64]. On the other

hand, using a pair of pulses in the pump-probe technique offers control on the shape

of the electric field, and it is possible to control the reaction pathway by changing the

delay between the pulse pair [65, 66]. Orthogonal two-color pulses have also been

used to control the ultrafast nuclear dynamics by adjusting the phase between the

fundamental and second-harmonic fields [67]. In addition, laser parameters like

intensity and pulse duration have also been used to control the outcome of fragmen-

tation reactions[68, 69].
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1.4 Our Focus

In this thesis, we have focused on the strong-field physics of a few polyatomic

molecules like CH3Cl, CH3OH, and its deuterated isotopomer CD3OH. For this pur-

pose, we have performed the strong-field ionization of these molecules induced by

intense femtosecond laser pulses in our in-house developed spectrometers. We in-

vestigated the formation of H+
2 and H+

3 ions by bond-breakup, intramolecular H mi-

gration, and bond formation, and the factors affecting them. Further, we selected a

few two- and three-body fragmentation pathways of a molecular dication and inves-

tigated the excited-state nuclear dynamics in each pathway with the help of the total

kinetic energy, momentum distribution, and angular distribution of the fragments.

We show that it is possible to control the excited-state dynamics of the dication and

hence, the yield of the pathways by using the laser parameters like intensity and

pulse duration. In addition, we have investigated the three-body fragmentation dy-

namics of the dication and obtained the complex momentum sharing between the

fragments and the fragmentation mechanisms using Dalitz plot and Newton dia-

gram. We demonstrate the control of light-induced reactions in small polyatomic

molecules, which can have important applications in the control of reactions in the

field of medicine like radiotherapy in cancer treatment (controlling the damage of

ionizing radiation to healthy cells) and enhancing the efficiency of energy harvest-

ing devices.

1.5 Thesis Outline

The thesis is divided into six chapters. The present chapter introduces the concepts

of light-matter interaction, strong-field ionization, photodissociation and the control

of reactions. In the next chapter (chapter 2), the experimental methodology is dis-

cussed. This includes a description of the ultrafast laser system, the spectrometers

used, the detectors, data acquisition and data analysis techniques. The experimen-

tal results are then discussed in the subsequent chapters. Chapter 3 discusses the

results of strong-field ionization of of the polyatomic molecules. Here, we have in-

vestigated the control of H+
n (n =1-3) formation using laser intensity, pulse duration,
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polarization, and wavelength. In chapter 4, four two-body fragmentation pathways

of CH3Cl2+ that produce H+
n (n =1-3) and HCl+ as one of the fragments are investi-

gated. Here, we have demonstrated the control of the ultrafast excited-state dynam-

ics of the parent dication and hence, the yield of the four pathways. In chapter 5,

we have discussed the complex fragmentation dynamics of CH3Cl2+ for three-body

fragmentation pathways, the fragmentation mechanisms, and their control. Finally,

the thesis work is summarized along with the future scope in chapter 6.
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Chapter 2

Experimental Methodology

The photoionization experiments were performed in our in-house developed Recoil

Ion Momentum Spectrometer setup using intense, femtosecond laser pulses from a

Ti:sapphire laser (Coherent). Some of the experiments were performed in our home-

built Velocity Map Imaging spectrometer. The Recoil Ion Momentum spectrometer

(RIMS) setup was developed for performing strong-field ionization experiments and

obtaining the the three-dimensional momenta of the fragments detected in coinci-

dence. In this chapter, we discuss the laser system, pulse characterization technique,

the spectrometers, and finally the data acquisition and analysis methods.

2.1 Intense ultrashort laser pulses

The Ti:sapphire laser facility in PRL, Ahmedabad produces pulses of duration 29 fs,

central wavelength 800 nm, average power 10 W, having linear polarization, and a

repetition rate of 1 kHz. A part of this beam (2 W) was used to perform the exper-

iments in the RIMS setup. On focusing the pulses with a lens or a concave mirror,

intensities of the order of PW/cm2 were achieved. Femtosecond lasers are based

on the chirped pulse amplification technique which was first developed by Gérard

Mourou and Donna Strickland [70], for which they were awarded the Nobel Prize

in 2018. This technique successfully generated ultrashort pulses (having tens of fs

duration) of petawatt per square centimetre intensities for the first time. Before the

development of the CPA technique, the maximum intensity of pulses that could be

achieved was of the order of gigawatt per square centimeters. Such intense pulses

when propagating through air or a medium, generate plasma due to nonlinear op-

tical processes like self-focusing [71, 72], thereby damaging the medium, as well
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as affecting the quality of the beam. The CPA technique, on the other hand, first

stretches the ultrashort pulses in time and frequency domain, followed by amplifi-

cation in a gain medium, and are finally recompressed back, resulting in ultrashort

pulses of high (TW/cm2 to PW/cm2) intensities. Therefore, the four main compo-

nents on which the Ti:sapphire laser is based are: (i) a mode-locked oscillator, (ii)

a stretcher, (iii) an amplifier, and (iv) a compressor, as shown in figure 2.1. In the

following sections, I shall briefly discuss the Ti:sapphire laser in PRL’s Femtosecond

laser lab. Figure 2.2 shows the femtosecond laser facility at PRL, Ahmedabad. The

figure shows the femtosecond oscillator (Vitara), amplifier (Legend Elite Duo), and

the CEP stabilization units for the oscillator and the amplifier. In addition, the driv-

ing diode (Nd:YLF) lasers for pumping the Ti:sapphire media (Regen and SPA) in

the amplifier are present (not shown here).

FIGURE 2.1: Chirped pulse amplification technique in Ti:sapphire
lasers to generate intense, ultrashort laser pulses.

2.1.1 Femtosecond oscillator

The mode-locked oscillator generates femtosecond pulses (pulse energy ∼ nano-

joules, repetition rate ∼ 80 MHz, pulse duration ∼ 29 fs, average power ∼ 0.6W)

which act as seed pulses for the amplifier. It has four components: a pump laser

(Nd:YLF laser), a lasing medium (Ti:sapphire crystal), a set of mirrors forming the

optical cavity, and optical components for dispersion compensation. The gain medium,

titanium (Ti3+)-doped sapphire, is a widely-used gain medium for solid-state lasers.

While sapphire’s high thermal conductivity reduces the heating effects, titanium has

a broad gain bandwidth which is essential for the generation of ultrashort pulses.

These lasers have emission wavelength in the range of 700 nm to 900 nm, with

a maximum gain at 800 nm. The Ti:sapphire crystal is pumped by a frequency-

doubled Nd-YLF laser (at 532 nm) having an output power of ∼ 18W (in PRL’s

laboratory). A very essential aspect of generating ultrashort pulses is mode-locking.
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This involves locking the phase difference between the longitudinal modes oscil-

lating in the optical cavity thereby, attaining a periodic series of pulses of duration

∆τ ≈ 1/∆ν, where ∆ν is the width of the gain curve [72], and a repetition rate of

T = 2L/c, where L is the length of the cavity and c is the velocity of light in vacuum.

Of all the possible longitudinal modes, only those modes survive for which the gain

is greater than the cavity losses. To ensure a constant phase difference between these

oscillating modes, various mode-locking techniques are used. The Ti:sapphire laser

oscillator used in our experiments is based on the Kerr lens mode-locking.

Mode-locking

Ultrashort laser pulses having durations of the order of picoseconds to femtoseconds

are achieved using the mode-locking technique. Mode-locking can be both active

and passive. Active mode-locking techniques rely on some external signals to mod-

ulate the light in the laser cavity, like an electro-optic modulator. On the other hand,

passive mode-locking techniques use an element placed in the cavity that modu-

lates the light. Passive mode-locking technique is based on the optical Kerr effect, a

nonlinear response of some optical media to the intensity of the laser beam passing

through it [73]. A combination of a saturable absorber and the amplifying medium

placed in the optical cavity together amplify the strongest intensity maxima in the

cavity at the expense of the lower intensity maxima. In this way, a periodic series of

short and intense laser pulses is generated. In the present Ti:sapphire laser however,

the mode-locking does not require any external modulation (active mode-locking)

or any saturable absorber (passive mode-locking). In this self-locking technique, the

amplifying medium itself is responsible for the narrowing of the pulses by a process

where the high intensity maxima suffer less losses in the cavity due to a modification

in its transverse structure. This is possible due to the nonlinear properties of the am-

plifying medium, leading to an intensity-dependent refractive index (n = n0 + n2 I,

where n2 is the nonlinear coefficient of the refractive index). Since the intensity along

the axis is maximum for a Gaussian beam, the beam experiences a stronger refraction

along the axis of the beam thereby, forming a convex lens. This intensity-dependent

process known as self-focusing causes the stronger intensity maxima to experience

stronger focusing and their transverse structures reduce with successive round trips
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and experience far less losses than the weak intensity maxima. Finally, a slit placed

in the cavity facilitates the self-locking of the modes by enhancing the difference in

the cavity losses experienced by the strong and weak intensities.

2.1.2 Pulse Stretcher

The seed pulses from the femtosecond oscillator cannot be sent directly for ampli-

fication, since the high laser intensity may damage optical components due to non-

linear effects like self-focusing. To reduce the peak intensity of the pulses, they must

be first stretched thereby, increasing the pulse duration by ∼ 104 times [72]. As

the pulses are passed through a medium, the different frequency components en-

counter different delays in time. This phenomenon is termed group velocity disper-

sion (GVD) and it causes pulse broadening. The pulses are said to be positively-

chirped when the red frequency components experience less delay compared to the

blue frequency components, thereby giving rise to a pulse whose leading edge con-

sists of the red frequencies, while the trailing edge consists of the blue frequencies.

Pulse stretching can be achieved by the use of components like optical fibers, prism

pairs, diffraction gratings, to name a few.

2.1.3 Amplifier

As mentioned above, one of the challenges in femtosecond pulse generation is the

high peak power that can damage the optics due to nonlinear optical effects. Ad-

ditionally the generation of femtosecond pulses requires the amplifying medium to

have a broad gain bandwidth. These requirements limit the materials that can be

used in the femtosecond amplifiers. Ti:sapphire has served as an ideal solid-state

amplifying medium having a high damage threshold and broad gain bandwidth.

The mode-locked seed pulses from the oscillator, after passing through the pulse

stretcher, are sent into the amplifier where they are amplified in two stages using

a regenerative amplifier and a single pass amplifier (SPA) [74]. In the regenera-

tive amplification stage, the pulse is trapped in the cavity using a Pockel cell and a

broadband polarizer and passed through the gain medium multiple times, until all

the energy stored in the medium is extracted. By varying the voltage on the Pockel
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cell crystal, it is switched between a quarter (λ/4) and half (λ/2) waveplate, thereby

switching between the trapping and extraction of the pulses. The single-pass ampli-

fier (SPA), as the name suggests, involves the seed pulse from the oscillator passing

once through the Ti:sapphire amplifying medium that is pumped optically or elec-

trically. It must be noted that in the oscillator-amplifier system, the parameters like

pulse width, spectral width and beam divergence are determined by the oscillator,

while the power and pulse energy depend on the amplifier [75].

2.1.4 Pulse compressor

Finally, after the amplification stage, intense pulses are achieved which however,

have a long pulse duration (up to nanoseconds) with a positive chirp (dephasing

of the spectral components). To achieve intense ultrashort pulses as short as a few

tens of fs duration, the pulses from the amplifier need to be recompressed based

on two phenomena – group velocty dispersion (GVD) and self-phase modulation

(SPM). SPM broadens the pulses, while GVD is responsible for compensating for

the delays introduced to the different spectral components (down-chirp). Similar to

pulse stretching, pulse compression can be achieved by prism pairs, grating pairs

and optical fibers.

2.2 Pulse characterization: SPIDER

Once the ultrashort pulses were produced, it required the development of tech-

niques to characterize them that is, determine the pulse duration, intensity, and

carrier-envelope phase. Initially, autocorrelation techniques were used to measure

the intensity of the pulses but the phase information could not be obtained us-

ing these methods. Furthermore, all detectors like power meters used to measure

the average power have a response time of the order of ∼ns, while the ultrashort

pulses have a duration of few tens of fs. Therefore, these detectors measure the

time-averaged intensity, that is
∫ ∞
−∞ |E(t)|2dt, where E is the strength of the field.

Eventually, techniques like Frequency Resolved Optical Gating (FROG) and Spectral

Phase Interferometry for Direct Electric-Field Reconstruction (SPIDER) were devel-

oped which made complete pulse characterization possible.
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FIGURE 2.2: The femtosecond laser facility in PRL, Ahmedabad. It is
a carrier-envelope phase stabilized Ti:sapphire laser (Coherent) pro-
ducing 29 fs, 800 nm, linearly polarized pulses having intensity of the

order of ∼ 1012 W/cm2 (average power of 10 W).

In all our experiments, we have used a commercial SPIDER setup (FC Spider,

APE), which temporally and spatially characterizes the pulses and has been dis-

cussed in detail in ref. [74]. Here, we shall briefly discuss the principle of the SPI-

DER setup.

The SPIDER technique is based on spectral shearing interferometry to directly

reconstruct the electric field in real-time. The spectral intensity is measured using

a spectrometer. To obtain the spectral phase, the pulse is split into two. One part

of the pulse is passed through a stretcher (dispersive optical element) to stretch it

from fs to ps duration, while the other part is further split into two parts by passing

it through a mismatched Michelson interferometer. This produces three pulses - a

chirped pulse, and a pair of unchirped pulses with a delay τ between them. The

chirped pulse is then overlapped with the unchirped pulse pair in a sum-frequency

generation (SFG) BBO (Barium β-borate) crystal. This causes the unchirped pulse

pair to overlap with different parts of the chirped pulse, resulting in spectral shear-

ing and the upconverted pulse pairs have different central frequencies. These pulse
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FIGURE 2.3: Pulse characterization of the femtosecond pulses using
the SPIDER setup (figure used from ref. [74]).

pairs are then sent to an interferogram to reconstruct the phase information by com-

parison with a calibrated interferogram. Figure 2.3 shows the reconstructed pulse

with the pulse duration and phase information.

2.3 Spectrometers

The strong-field ionization experiments were performed in our in-house developed

spectrometers – Recoil Ion Momentum Spectrometer (RIMS) and Velocity Map Imag-

ing (VMI) setups. Since I developed the RIMS setup as a part of my thesis work, I

shall discuss the RIMS in detail. In addition, a part of the work was performed in a

VMI setup, which is briefly discussed.

2.3.1 Recoil Ion Momentum Spectrometer (RIMS)

The RIMS is a powerful instrument (shown in figure 2.5) that provides complete

kinematic information of the fragments formed in each dissociative pathway in co-

incidence. Using this setup, we can obtain the three-dimensional momentum and

kinetic energy information of ions and electrons in coincidence, thereby facilitating

the study of the ultrafast nuclear dynamics in the molecular frame. We shall discuss

the individual components of the setup in detail below.



20 Chapter 2. Experimental Methodology

RIMS chamber

FIGURE 2.4: Charged particle trajectory simulation of the RIMS setup
obtained using the SIMION 8.0.4 software. (a) Potentials applied to
the individual electrodes and the dimensions of the extraction and
drift regions. (b) The equipotential lines (in brown) and the ion and
electron trajectories are shown here. In the simulation, the trajectories
have been obtained for ions and electrons having kinetic energies 4 eV
and 10 eV, respectively. Particles ejected towards and away from the

detector at angles 0◦, 45◦, 90◦, 135◦, and 180◦ are considered.

FIGURE 2.5: (a) The Recoil Ion Momentum Spectrometer (RIMS)
setup in PRL’s femtosecond laser laboratory. (b) RIMS spectrometer

assembly. (c) Mounting of the MCP and DLD on the CF200 flange.

The spectrometer was designed based on the charged particle trajectory simu-

lations performed using the SIMION 8.0.4 software. Figure 2.4(a) shows the typical

potentials applied to the plates along with the dimensions, while figure 2.4(b) shows

the simulated trajectories of the ions and electrons along with the equipotential lines

obtained in SIMION for an electric field of 35 V/cm. In the figure, the trajectories are

simulated for ions and electrons having kinetic energies 4 eV and 10 eV, respectively.
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Particles ejected towards and away from the detector at various angles (0◦, 45◦, 90◦,

135◦, and 180◦) are considered in the simulation. Based on the results of our simula-

tion, the spectrometer was developed in the PRL workshop and assembled in-house.

The spectrometer, housed inside the RIMS ultrahigh vacuum chamber, is essen-

tially an assembly of electrodes. The chamber is maintained at a pressure of ∼ 10−8

mbar using a turbo pump (Pfeiffer) and a root pump (Leybold). Two sets of annular

rings/electrodes (made of aluminium) are arranged on either side of the ionization

region (the region where the laser pulses interact with the molecular beam). The

electron and ion sides of the spectrometer have a length of 270 mm each, of which

the extraction and drift regions have a length of 90 mm and 180 mm, respectively.

The length of the spectrometer affects the energy resolution; the longer the spec-

trometer, the higher its resolving power. The separation between the rings is 10 mm,

while the ionization region has a length of 20 mm. The electrodes/rings have an

inner diameter of 80 mm and an outer diameter of 130 mm. Potentials are applied to

the electrodes using resistors connected in series and a power supply (NHQ power

supply module). A constant electric field of 35 V/cm was maintained in all the ex-

periments.

For the strong-field ionization experiments, the molecular beam was interacted

with the laser pulses at right angles (termed ’crossed-beam geometry’) at the ion-

ization region, leading to the formation of positively-charged ions and negatively-

charged electrons. The uniform electric field in the spectrometer then separates the

ions and electrons by directing them to the opposite ends of the chamber. The times-

of-flight (TOFs) and (x,y) position information of the ions/electrons are obtained

using detectors. An 80 mm diameter microchannel plate detector (MCP, Roentdek)

on the ion-side, and a 40 mm diameter MCP detector (Roentdek) on the electron-side

provide the TOFs of the ions and electrons, respectively. Further, the position infor-

mation of the ions is obtained from a position-sensitive delay line detector (DLD,

Roentdek). The MCP detector and the position-sensitive DLD are discussed briefly

below.
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Time and position information

FIGURE 2.6: (left) Transverse view of the MCP detector showing its
basic operation [76]. (right) MCP-DLD assembly.

The micro-channel plate (MCP) detector is a device that detects the time of im-

pact (TOF) of particles/photons with very high precision (position resolution< 0.1

mm, time resolution< 0.2 ns), using fast timing amplifiers, discriminators and dig-

itizers. The active diameters of the MCPs on the ion and electron sides are 80 mm

and 40 mm, respectively. The detectors are operated under ultrahigh vacuum con-

dition (∼ 10−8 mbar) in the RIMS setup. The MCP consists of two plates stacked in

chevron configuration, and supported by partly metalized ceramic rings. The MCP

is mounted above the delay line detector (DLD) which is an array of two pairs of

wires. Five DC voltages are applied to the MCP-DLD under the operating condi-

tions – two high voltages on the MCP front and back contacts, one voltage on the

holder supporting the DLD, and two DC voltages for the DLD signal and reference

wires. The voltages applied in our setup for ion and electron detection are given in

the table below.

TABLE 2.1: Voltages applied to the MCP-DLD on the ion-side and the
MCP on the electron-side, respectively.

Ion detection Electron detection
MCP front -2400 V 350 V
MCP back grounded 2250 V
Holder 100 V grounded
DLD signal 300 V –
DLD reference 250 V –

To understand the operation of the MCP detector in TOF measurement, we have

shown the transverse view of the MCP in figure 2.6 (left) and the real image of the
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DLD assembly in figure 2.6 (right). These images are taken from the Roentdek man-

ual. Each MCP plate has a thickness of 1.5 mm and is made of a resistive material

(glass, resistance ∼ 100 MΩ). The microchannels are an array of parallel tubes each

having a diameter of 5 to 20 µm. An ion or electron falling on the MCP enters one

of these microchannels produces a signal that is too feeble to detect. To overcome

this problem, the array of microchannels are manufactured at a very small inclina-

tion of about 8◦ − 13◦ with respect to the normal to the surface of the detector. This

ensures that a charged particle entering the channel hits the wall of the channel,

resulting in the generation of a cascade of electrons travelling through the channel

due to the high voltage difference between the MCP front and back. The two MCPs

are stacked in Chevron configuration so that the ion feedback in the opposite direc-

tion of the electrons do not result in distorted signals. Therefore, the MCP amplifies

the electron/ion/photon signal by producing an electron cloud, leading to a gain of

∼ 106. The signals from the MCP are sent to a constant fraction discriminator (ATR-

19, Roentdek), which produces digital (NIM) signals having a precision < 0.2 ns.

Finally, these NIM signals are sent to a TDC8HP card for time-to-digital conversion.

The TDC8HP card is triggered by the laser sync-out, and for each start signal, the

card records the timestamps of all the stop signals (from the ions/electrons imping-

ing on the MCP) in a range (user-defined).

The position-sensitive DLD gives the (x,y) coordinate of each charged particle

hitting the MCP. It consists of two sets of bare copper wires wound perpendicular to

each another on a square support, as shown in the figure 2.7. The x and y coordinates

of a charge cloud falling on the DLD are obtained from the time difference between

the signals reaching the two ends of the wires (figure 2.7 (a)), that is

x = (tX1 − tX2).vsignal, y = (tY1 − tY2).vsignal , (2.1)

where vsignal is nearly close to the speed of light. This time difference is propor-

tional to the position at which the ion hits. To obtain each position coordinate, a pair

of delay lines or wires (called the signal and reference) is used instead of a single

wire in order to reduce the pickup/noise. The signal wire is maintained at a more
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FIGURE 2.7: (a) Principle of operation of the delay line detector. (b)
Rear view of the DLD showing the delay line pairs and the four ter-
minals (X1,X2,Y1,Y2) from which the signals are sent for differential
amplification using feedthroughs. (c) Mounting of the DLD on the
CF200 flange. Figures (a)-(c) have been used from the Roentdek man-

ual.

positive potential compared to the reference to ensure that the electron charge cloud

is picked up by the signal, while the reference monitors the noise. Again the ends of

the two pairs of delay lines are connected to the constant fraction discriminator and

fast differential amplifier to remove the noise and amplify the signal. The differen-

tial signal gives the time difference between the signals reaching the two ends of the

wire. It must be noted that the sum of the times taken by the signals to reach the

ends of the delay lines, called the time-sum (tX1 + tX2 and tY1 + tY2), is a constant for

a given length of the wire.

Molecular beam

The molecular beam was effused into the RIMS chamber using a needle valve having

an orifice of diameter ∼ 250µm. The needle was joined to a 1/4′′ diameter stainless

steel pipe. The needle was kept very close (∼ 2 mm) to the ionization region to

ensure minimum divergence of the molecular beam. As a result, the laser pulses

interact with the gas molecules at the centre of the molecular beam which are colder

(have lesser kinetic energy) compared to those away from the axis. During exper-

iments, the RIMS chamber pressure was maintained at a pressure of ∼ 10−8 mbar,

while the gasline pressure was maintained at ∼ 10−1 mbar pressure. After adding
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the liquid sample, the gasline was first evacuated to remove any residual gas, after

which the RIMS chamber and the gasline were baked upto ∼ 120◦.

2.3.2 Principle of RIMS

• TOF measurement: The RIMS setup identifies various fragments on the basis

of the time they take to reach the detector (TOF). The TOF is linearly propor-

tional to the square root of the mass-to-charge ratio (TOF ∝
√

m
q ), which means

that for particles having the same charge, the lighter particles have a smaller

TOF than the heavier ones. The detailed TOF derivation is discussed in ref.

[74]. The principle of TOF measurement is illustrated in figure 2.8 and a typi-

cal TOF spectrum of a molecule (CH3Cl) is shown in figure 2.9 (a). It must be

noted that the space focusing condition was taken into account while design-

ing the spectrometer, which is briefly discussed below.

FIGURE 2.8: Principle of time-of-flight measurement in the RIMS
setup.

Space focusing condition

Ideally, the TOFs of fragments having identical m/q ratio should be exactly

same, given all the fragments are born along an axis in the interaction region.

However, there exists a spread in the initial positions and kinetic energies of

the fragments. The ions are formed in a spherical region of diameter ≤ 1

mm3, which is responsible for the spread in their initial positions. In addi-

tion, the ions having their initial velocities directed towards the detector will

have smaller TOFs compared to the ones with their initial velocities directed

away from the detector. As a result, the TOF peaks have a distribution, the

full-width half maximum (FWHM) of which should be minimized for better

resolution. This is achieved by the space focusing condition. If ∆s is the di-

ameter of the interaction (or focal) volume, and s0 is its center, then the ions
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formed at smin = s0 − 1
2 ∆s are overtaken by those formed at smax = s0 +

1
2 ∆s,

since the ions formed further away from the detector gain more kinetic energy

compared to the ones formed closer to the detector. Space focusing condition

requires that the ions formed at smax and smin be focused at the detector, to min-

imise the difference in their TOFs, thereby ensuring an improved resolution.

Our RIMS setup was designed according to the Wiley-McLaren condition[77]

(D = 2s, where D is the length of the drift tube, and s is the length of the ex-

traction region) to achieve the space focusing condition. The mass resolution,

given by 16(s/∆s)2 [77], is 129600 for our RIMS setup. The mass resolution de-

pends on the initial position spread which is minimized by the space focusing

condition.

FIGURE 2.9: (a) Time-of-flight spectrum of a molecule (CH3Cl). (b)
Photoion-photoion coincidence map (CH3Cl) showing the coinci-
dence islands corresponding to the various fragmentation pathways.

(c) x-y image of the ions arising from all dissociative pathways.

• Coincidence detection: As discussed above, fragments having the same m/q

ratio have the same TOF. However, the same ion can arise from multiple dis-

sociative pathways. Let us understand this with an example. The SFI and

fragmentation of a polyatomic molecule, CH3OH, leads to the formation of

H+ from the doubly ionized parent along two possible pathways:

CH3OH2+ −→ H+ + H2COH (2.2)

CH3OH2+ −→ H+ + CH3O. (2.3)

Since the H+ ions formed along the pathways (2.2) and (2.3) are indistinguish-

able, both the ions have the same TOF. To distinguish between identical frag-

ments arising from different fragmentation pathways, multi-hit coincidence
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detection is performed. In this technique, the fragments formed in each frag-

mentation event are ordered according to their m/q or TOF and numbered

as hit 1, hit 2, hit 3, etc. This is possible by the TDC8HP data acquisition

card which acquires data in list-mode, as explained using the table below.

The laser sync-out, having a repetition rate of 1 kHZ, serves as the trigger for

the TDC8HP. Each TTL-pulse from the laser serves as the start signal for the

TDC8HP, marking an ionization event (time t = 0). The fragments hitting the

detector are the stop signals for the TDC8HP and the TOF and (x,y) informa-

tion of each of the fragments/hits are recorded with respect to the start time

and stored in the list-mode file. It must be noted that, the photoion-photoion

coincidence is achieved under single collision condition. This means that a

single laser pulse must interact with a single molecule to avoid false coinci-

dences. This is achieved by maintaining an event rate ∼ 200 − 250 Hz, that is

one ionization event in every four laser shots (laser repetition rate is 1 kHz),

by controlling the laser power, the gas pressure and the focal volume.

FIGURE 2.10: (a) Principle of the multi-hit TOF coincidence detection
technique. (b) Photoion-photoion coincidence plot showing a coinci-

dence island corresponding to a fragmentation pathway.

The principle of the coincidence detection technique is shown in figure 2.10.

To identify the two-body fragmentation pathways, the TOF coincidence maps

are obtained by plotting the TOFs of the hit 1 and hit 2 fragments, as shown

in the figure. Since TOFhit1 is smaller than TOFhit2, all dissociation events

must lie above the 45◦ dashed line shown in figure 2.10 (b). Anti-correlated

fragments arising from the same parent molecule by two-body breakup will

form an island (blue box) inclined at −45◦, indicating their back-to-back ejec-

tion with identical momenta. In case of three- or multi-body fragmentation,



28 Chapter 2. Experimental Methodology

the dissociation is complex and TOF coincidence plots must be obtained be-

tween the successive hits (that is, TOFhit1 vs TOFhit2, TOFhit2 vs TOFhit3,

and so on). The shape of the coincidence islands contain information about the

fragmentation dynamics [78]. A photoion-photoion coincidence plot of CH3Cl

is shown in figure 2.9 (b).

TABLE 2.2: Data acquisition in list-mode by the TDC8HP.

Event number Hit 1 Hit 2 Hit 3 ...
1 (TOF,x,y)1,1 (TOF,x,y)1,2 (TOF,x,y)1,3 ...
2 (TOF,x,y)2,1 (TOF,x,y)2,2 (TOF,x,y)2,3 ...
... ... ... ... ...
1000 (TOF,x,y)1000,1 (TOF,x,y)1000,2 (TOF,x,y)1000,3 ...
1001 (TOF,x,y)1001,1 (TOF,x,y)1001,2 (TOF,x,y)1001,3 ...
1002 (TOF,x,y)1002,1 (TOF,x,y)1002,2 (TOF,x,y)1002,3 ...
... ... ... ... ...

• Momentum imaging: Once the TOF and (x,y) coordinates (an X-Y image of

the ions formed by the photodissociation of CH3Cl ions is shown in figure 2.9

(c)) of each fragment in a dissociation pathway are recorded, a fragmentation

pathway is selected from the TOF coincidence map by applying conditions

on the TOFs of the fragments. Next, using the TOF and position coordinates

of each fragment in the island, the three-dimensional momentum information

can be obtained using the formulae:

px =
m.x
TOF

, py =
m.y
TOF

, pz = q.E.(TOF − t0), (2.4)

where px, py, pz are the momentum components of each fragment, m and q are the

mass and charge of the fragment, E is the electric field, and t0 is the TOF of the frag-

ments ejected with zero kinetic energy. Here, pz is the longitudinal component (p||)

of the fragment momentum, while
√

p2
x + p2

y is the transverse component (p⊥) of

momentum.

From the 3D momentum information, we obtain the kinetic energy of the indi-

vidual fragments in a pathway by

Ehit1 =
p2

x + p2
y + p2

z

2.m
. (2.5)
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Similarly, the kinetic energies of all fragments can be obtained from their corre-

sponding momentum information. Finally, the sum of the kinetic energies of the

individual fragments in the pathway, termed the total kinetic energy release (KER)

distribution is obtained by

(KER = Ehit1 + Ehit2 + Ehit3 + ...). (2.6)

Additionally, the angular distribution (θ) of each fragment is obtained using the

relation

θ = cos−1
(

py

p⊥

)
, (2.7)

where θ is the angle between the fragment momentum vector and the polarization

direction. In our studies, the polarization was kept parallel to the plane of the de-

tector, therefore, the longitudinal momentum component (pz) was not considered in

the momentum vector while calculating the angular distribution of the fragments.

2.3.3 Data acquisition and data analysis

Data acquisition is performed by the TDC8HP card to which we send six timing

(NIM) signals. First, the TDC8HP is triggered by the laser sync-out which is sent

to channel 8 of the card. Next, the NIM of the MCP signal is sent to channel 7 of

the card which gives the TOF information. Finally, four NIM signals (corresponding

to X1, X2, Y1, Y2) from the DLD are sent to channels 1 to 4 of the card for position

information. The data acquisition rate of TDC8HP is 1 kHZ, which is identical to

the laser repetition rate. To reduce the false coincidences, single collision condition

was maintained throughout the measurements. This low event rate is obtained by

controlling the laser power, gas pressure, and the focal volume. The COmputer

Based Online offline Listmode Dataanalyzer or COBOLD PC software (which is a

C++ program) was used for both data acquisition (DAQ) and data analysis (DAN).

For offline data analysis, the COBOLD PC program was used to analyze the data

stored in the list-mode files (.lmf).
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2.4 Velocity Map Imaging Mass Spectrometer (VMI-MS)

The strong-field ionization experiment discussed in chapter 3 was performed in our

in-house developed thick-lens Velocity Map Imaging (VMI) mass spectrometer [79],

which is discussed in detail in ref. [74]. Here, we shall only briefly discuss the VMI

spectrometer. The VMI-MS can be operated in two modes – (i) the TOF mode, in

which a uniform electric field is applied, and (ii) the lensing mode, in which a non-

uniform field is applied to form an electrostatic lens and focus the charged particles

on to the detector. In the experiments discussed in this thesis, the VMI was oper-

ated in the TOF mode only, so we shall not discuss the lensing (imaging) mode. The

setup consists of a VMI chamber and a supersonic jet chamber. The VMI chamber is

maintained at ultrahigh vacuum ∼ 10−8 mbar, while the supersonic jet chamber is

maintained at a pressure of ∼ 10−5 mbar during operating conditions.

The VMI chamber houses the spectrometer assembly, consisting of eleven elec-

trodes. The first electrode is a circular plate, called the repeller, followed by nine

electrodes/annular rings (extractors), and finally, a drift tube. The interaction of the

molecular beam with the laser pulses takes place at right angles between the repeller

and the first extraction plates. In the TOF mode, a uniform electric field of 100 V/cm

is maintained. An MCP (40 mm, Roentdek) is placed at the end of the drift tube for

recording the TOF information of the ions/electrons, followed by a phosphor screen

for recording the 2D ion/electron images. In the experiment discussed in this the-

sis, the VMI was operated in the TOF mode only to obtain the ion TOFs. The TOF

measurement technique using the MCP has been discussed in detail in the previous

section.

The supersonic jet chamber is connected to the VMI chamber via a manual gate

valve on one end. On the other end, the chamber is connected to an Amsterdam

Cantilever Piezo Valve (ACPV2 200µm diameter nozzle) and a skimmer of orifice

diameter ∼ 900µm. The pulsed molecular beam (repetition rate of 1 kHz) produced

by the valve enters the chamber after supersonic expansion, leading to the cooling

of the gas to temperatures < 1 K. Performing experiments with cold gas helps to
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reduce the initial energy distribution of the molecules, thereby improving the mass

resolution of the spectrometer.

The strong-field ionization of the molecules produces positively-charged ions

and negatively-charged electrons. In the VMI-MS, either the ions or the electrons

can be detected at a time. The data acquisition and analysis are performed using

the TDC8HP card and the COBOLD PC software, the details of which have already

been discussed in the previous section. In the next few chapters, we shall discuss the

experimental results.
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Chapter 3

Strong-field ionization of

polyatomic molecules: formation

of H+
n (n = 1-3) ions

In this chapter, we have investigated the SFI of polyatomic molecules. First, we have

experimentally obtained the single ionization rate of a molecule (CH3Cl) as a func-

tion of laser intensity and further, fitted it with the results obtained using MO-ADK

model. Next, we have obtained the yield of H+
n (n = 1-3) ions from all possible dis-

sociation pathways of the ionized parent molecules and investigated the control of

the H+
n yield using the laser parameters like intensity, chirp, wavelength, and polar-

ization.

Hydrocarbons have been used as a prototype for studying geometrical defor-

mation and structural changes in molecules for several decades [55, 80–86]. Such

changes in molecules in their excited and ionized states give rise to processes like

bond-breaking[87, 88], intramolecular migration of moieties[89–91], isomerization[55,

92], and bond association[93, 94], prior to the dissociation or Coulomb explosion of

the molecular ion. Intramolecular proton migration and bond formation phenomena

have been a topic of interest to researchers for a long time due to their importance

in many physical[95], chemical[96], and biological[89] processes. The dissociation

of hydrocarbons initiated by ionizing sources like electrons[97, 98], ions[99–101], or

laser pulses[85, 96], and the detection of H+
2 and H+

3 ions have confirmed the fact

that bond-breaking, intramolecular migration, and bond association occur before
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the fragmentation of unstable molecular ions.

The formation of H+
2 and H+

3 ions during the photodissociation of polyatomic

molecules is ubiquitous and of much importance [84, 102]. Both singly [97, 103]

and doubly ionized methanol [84, 85, 94, 104, 105] have been shown to exhibit in-

tramolecular H migration, and H+
n (n =2,3) formation. Some of the possible path-

ways leading to H+
2 , H+

3 formation from singly and doubly ionized methanol are:

CH3OH+ =⇒ HCHO + H+
2 (3.1)

CH3OH+ =⇒ HCO + H+
3 (3.2)

CH3OH2+ =⇒ HCOH+ + H+
2 (3.3)

CH3OH2+ =⇒ CH2O+ + H+
2 (3.4)

CH3OH2+ =⇒ COH+ + H+
3 (3.5)

CH3OH2+ =⇒ H2CO+ + H+
2 (3.6)

CH3OH2+ =⇒ HCO+ + H+
3 (3.7)

CH3OH2+ =⇒ H + H+
2 + COH+ (3.8)

CH3OH2+ =⇒ H + H+
3 + CO+ (3.9)

While eqns. 3.1-3.7 are two-body fragmentation channels, eqns. 3.8 and 3.9 are

three-body breakup channels. Ekanayake et al. showed that the H+
3 formation from

doubly ionized CH3OH can proceed in two ways and they also obtained the rela-

tive yield of these two pathways [85]. By performing time-resolved ionization of

CH3OH, its isotopomers, ethylene glycol, and acetone, and detecting the photoions

in each dissociation pathway in coincidence, they exhibited that the first step is the

formation of a neutral H2 molecule, which roams in the vicinity of the CHOH+

ion. In the second step, the neutral H2 either extracts a proton from the C or the

O atom. Using ab-initio molecular dynamics (AIMD) simulations, it was shown that

the timescale of H+
3 formation is ∼ 100 fs, which has also been reported in the refs.

[106, 107]. They further determined that the relative yield of H+
3 from the two path-

ways (the first pathway represents H+
3 formation by the association of three H atoms

attached to C, while the second pathway represents H+
3 formation by the association
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of two H atoms attached to C and one attached to O) is 10 : 1. H+
3 formation by

H2 roaming mechanism using AIMD simulations has also been reported in other

studies [83, 85, 108–112]. On the other hand, H+
2 is formed by a long-range electron

transfer from the neutral H2 to the parent dication by a process known as "inverse

harpooning" [108]. Ando et al. used a 6 fs pulse pair with a delay ranging from −2

fs to 500 fs to investigate the CH3OH+ vibrational wavepacket by projecting it onto

the dication PES and measuring the H+
3 yield as function of the pump-probe delay

[111]. The ion yield oscillations have a period of ∼ 38 fs, which was ascribed to the

vibrational frequency of the CO bond stretching mode of the CH3OH+ ground state.

In order to confirm that H+
2 and H+

3 are formed both along migration and non-

migration pathways, the photodissociation of deuterated isotopomer of CH3OH is

performed [85, 111]. In our study we used the isotopomer CD3OH to confirm in-

tramolecular H migration during the photodissociation of methanol. The two-body

dissociation channels of doubly ionised CD3OH yielding HnDm (n =0-1, m =0-3) as

one of the dissociation products include:

CD3OH2+ =⇒ CD3O+ + H+ (3.10)

CD3OH2+ =⇒ D2CO+ + DH+ (3.11)

CD3OH2+ =⇒ CDOH+ + D+
2 (3.12)

CD3OH2+ =⇒ DCO+ + D2H+ (3.13)

CD3OH2+ =⇒ COH+ + D+
3 (3.14)

The fragments DH+ and D2H+ can only be formed by the migration and bond as-

sociation processes before dissociation of the parent ion, which confirms intramolec-

ular H-migration in methanol. While these migration products were observed in

refs. [84, 85, 111], De et al. reported H+
3 formation by bond formation between the

H atoms in the methyl group only, and did not observe any H migration between

the methyl and hydroxyl groups during the dissociation of CH3OH2+ induced by

collision with Ar8+ ions [113].
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Further, we have investigated the SFI and H+
n formation from CH3Cl. The dis-

sociation of CH3Cl ions has been studied extensively using ion bombardment [114,

115], synchrotron radiation [116–119], and femtosecond lasers [120–122]. H+
n (n =2,3)

and HCl+ formation during the photodissociation of CH3Cl is of particular interest

since they require the breakup of bonds, intramolecular proton migration, and as-

sociation. In this chapter, we shall focus on the control of H+
n yield from ionized

CH3OH, CD3OH and CH3Cl molecules. Various laser parameters like intensity (1.5

W/cm2 - 12.5 W/cm2), chirp (0 fs2 and 5330 fs2), wavelength (800 nm and 1300 nm),

and polarization (linear and circular) were found to serve as a control for hydrogen

migration and the yield of H+
n (n=1-3) ions in this study.
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3.1 Experimental methodology

Photoionization experiments of CH3OH and CD3OH were performed using 800 nm,

29 fs, 1 kHz, 1.5 mJ laser pulses in the VMI-MS. At the same time, laser pulses of 6

mJ energy were used to pump an optical parametric amplifier (OPA) which allows

wavelength tunability from 1300 nm to 1600 nm for signal, and 1661 nm to 2185 nm

for idler beams. Of these, we used the 1300 nm pulses from the OPA to perform

wavelength-dependent studies on CH3OH. The description of the VMI-MS is given

in the previous chapter. The pulses were focused at the ionization region using a

2-inch concave mirror of focal length = −10 cm. Methanol (CH3OH) and methanol-

D3 (CD3OH) samples, having a purity of 99.8% from Sigma Aldrich were used with-

out any further purification. Helium was used as a carrier gas. The cold molecular

beam was first introduced into the gas chamber using an Amsterdam Cantilever

Piezo Valve (ACPV2, 200 µm diameter nozzle) and a skimmer having an orifice of

900 µm. The piezo valve opening time was set to 40 µs during measurements. The

gas-line pressure was kept at 4 bars while, the pressure in the VMI chamber was 2 ×

10−7 mbar in the presence of molecular beam and 6 x 10−9 mbar without the molec-

ular beam.

The photoionization experiment of CH3Cl was performed in the RIMS setup. A

2-inch concave mirror (effective focal length = -10 cm, Newport) mounted inside the

RIMS chamber was used to focus the pulses on the molecular beam at the ioniza-

tion region. The description of the RIMS setup is given in chapter 2. CH3Cl (Sigma

Aldrich, purity of ≥ 99.5%) in gas-phase was effused into the RIMS chamber using

a needle having an orifice diameter of 250 µm. The RIMS chamber pressure was

maintained at ∼ 9 × 10−8 Torr at room temperature during operating conditions.

In all the experiments, the femtosecond pulse characterization was performed

using the commercial SPIDER setup from APE Germany (model: FC-SPIDER), as

discussed in the previous chapter. The measured pulse duration of the fundamental

800 nm pulses was 29 fs. Further, we used SF11 windows of different thicknesses

to stretch the laser pulses to different durations and study its influence on the H+
n
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yield. Characterization of the stretched pulses after passing through the SF11 win-

dows was also performed by SPIDER. The pulse duration in each case has been

summarized in columns 1 and 2 of table 3.3. The beam diameters at the focus for

the 800 and 1300 nm beams were measured to be 38 µm and 42 µm, respectively,

using the Beamage-4M, Gentec-EO. The intensity of the beam was estimated using

the average power, pulse duration, and spot size. During the experiments, the event

rate was maintained around 200-250 Hz, which is essential for avoiding false coinci-

dences and space charge effect. The schematic diagrams of the VMI setup is shown

in figure 3.1, while that in the RIMS setup is shown in figure 3.2.

FIGURE 3.1: (a) Schematic diagram of the experimental setup. This
setup has been used for photo-ionization experiments with femtosec-
ond laser’s 800 nm and OPA’s 1300 nm pulses. (b) (I) and (II) show
the H+

n (n= 1 - 3) ions VMI images for 800 nm, 29 fs and 195 fs
pulses, respectively, (III) shows the time-of-flight (TOF) mass spec-
trum recorded for methanol, (c) pulse characterization using SPIDER,
and (d) multi-plate velocity map imaging spectrometer. The VMI im-
ages are shown here to demonstrate the working of the VMI in the
imaging mode. (BS = beam splitter, OPA = optical parametric ampli-

fier, FM = flip mirror, CM = concave mirror, M = mirror)
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FIGURE 3.2: Schematic diagram of the experimental setup and the
femtosecond pulse characterization (SPIDER) unit.

3.2 Theoretical Methodology

The theoretical ionization rate of CH3Cl+ was obtained using the molecular Ammosov-

Delone-Krainov (MO-ADK) theory and compared with experimental results. A de-

tail of this theory is given in [35, 38]. Here, we briefly introduce the essential equa-

tions used for getting the theoretical ionization rate. Assuming the molecular axis

to be aligned parallel to the external field, the rate of tunnelling ionization for a

molecule can be expressed as [35, 38, 123]:

ωMO−ADK(F, 0) =
B2(m)

2|m||m|!
1

κ
2Zc
κ−1

(
2κ3

F

) 2Zc
κ−|m|−1

×

exp
(
−2κ3

3F

) (3.15)

where,

B(m) = ∑
l

ClQ(l, m), (3.16)

F is the laser field strength, l is the azimuthal quantum number, m is magnetic

quantum number along the molecular axis, Zc is the effective Coulomb charge, and
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κ =
√

Ip where Ip denotes the ionization potential for the given valence orbital. Cl is

the structure co-efficient for the valence orbital whose values are tabulated in Table

3.1 [124].

For an arbitrary alignment R of the molecular axis with respect to the laser field,

B(m) can be expressed as:

B(m′) = ∑
l

Cl Dl
m′,m(R)Q(l, m) (3.17)

where, Dl
m′,m(R) is the rotation matrix, and R represents the Euler angles between

the molecular axis and the laser field direction. Therefore, the ionization rate in a

static field is given by [35, 38, 123]:

ωMO−ADK(F, R) = ∑
m′

B2(m′)

2|m′||m′|!
1

κ
2Zc
κ−1

(
2κ3

F

) 2Zc
κ−|m′ |−1

×

exp
(
−2κ3

3F

) (3.18)

In a pulsed laser field, the electric field has the form of:

F(t, r, z) = F0 exp (−2 ln 2 t2/τ2) exp (−2 ln 2 r2/W(z)2) (3.19)

where, F0 is the laser field peak strength and τ is the FWHM of the pulse. W(z)

is given by w0
√
(1 + z2/z2

R), where w0 is the beam spot size and zR is the Rayleigh

range, is given by πw2
0/λ. λ is laser wavelength. Ionisation rate is given by the

following equation:

P(F, R) = 1 − exp
∫

w(F, R)dt (3.20)

Theoretical ionization rate is obtained using the in-house developed program

in MATLAB. The laser electric field strength was calculated from the experimental

intensities value varying from 1.4 × 1013 to 24.2 × 1013 W/cm2. The focal volume

averaging was taken into account by integrating over the spatial components (i.e.,
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TABLE 3.1: Clm structure coefficients for HOMO orbital of CH3Cl
used in theoretical model from Ref.[124] is given below.

Molecule Ip(eV) C1±1 C2±1 C2±2
CH3Cl (HOMO1) 11.3 0.58i 1.72i 0.21

C3±1 C3±2 C4±1
-0.36i -0.27 0.54i
C4±2 C5±1 C5±2
0.24 -0.13i 0.17
C6±1 C6±2
0.06i 0.09

integrating over r and z). The r was integrated from −45µm to 45 µm, and z was

integrated over 0 to zR. The measured w0 was 19 µm. The Rayleigh range for this

case was calculated to be 1.42 mm. The ionization rate was calculated using eqn. 3.20

integrating over ’t’ from −29 fs to 29 fs. The obtained MO-ADK curve is discussed

in the results section.
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3.3 Results and discussion

Firstly, we have investigated the effect of laser intensity on the strong-field single

ionization rate of CH3Cl by varying the intensity from 1.6× 1013 W/cm2 to 2.4× 1014

W/cm2, while keeping all other parameters constant. Figure 3.3 shows the experi-

mental (blue) intensity-dependent yield of CH3Cl cations compared with the ion-

ization rate predicted by the MO-ADK theory (red). It can be seen from the figure

that as the intensity is increased from 1.6 × 1013 W/cm2 to 8 × 1013 W/cm2, the

yield of CH3Cl cations increases monotonically. At these moderate intensities, ion-

ization of the molecule takes place in the MPI regime (Keldysh parameter γ > 1)

[24] by the absorption of multiple photons. In this regime, the rate of single ioniza-

tion of CH3Cl is higher than that of double or triple ionization. As the intensity is

increased, the single ionization rate increases monotonically and then saturates at

intensities beyond 1.2 × 1014 W/cm2 (in agreement with Grugan et al. [122]). This

saturation intensity Isat, which can be attributed to the depletion of ground states at

high intensities [125], depends on the ionization potential (Ip) of the molecule. For

the photoionization of CH3Cl (Ip = 11.28 eV), saturation in the ionization rate oc-

curs at intensities above 1.2× 1014 W/cm2, which lie in the tunneling regime (γ < 1).

Although the single ionization rate saturates in this regime, the tunnel electron rec-

ollision produces highly charged states (2+, 3+, 4+, etc.) of CH3Cl. The ionization

rate predicted by the MO-ADK theory (red curve) scaled with a factor of 0.12 agrees

well with the experimental result at high intensities (above 1 × 1014 W/cm2), but

shows some deviation at low intensities (MPI regime). Since the MO-ADK theory

gives us the tunnelling ionization rate, the theory breaks down in the low-intensity

multiphoton absorption regime, which explains the deviation. Tong et al.[38] have

reported a similar discrepancy between the ionization rates of SO molecule obtained

experimentally and using MO-ADK theory at low intensities.

Next, we focus on the influence of various laser parameters on the formation of

H+
n (n =1-3) ions along all possible dissociative channels of the ionized (1+, 2+, 3+,

...) molecules.
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FIGURE 3.3: Intensity-dependent yield of CH3Cl cations obtained ex-
perimentally (red) and using the MO-ADK model (blue). In the ex-
perimental curve, the maximum error is 2%. The ions yield was nor-

malized by the total counts of all ions in each TOF spectrum.

3.3.1 H+
n (n=1-3) ions formation: intensity dependence

We first investigate the effect of laser intensity on the yield of H+, H+
2 , and H+

3 ions

during the fragmentation of ionized CH3OH. Figures 3.4 (a)-(c) compare the TOF

spectra recorded for the photoionization of CH3OH molecules with 800 nm, 29 fs,

and linearly polarized (parallel to the plane of the MCP-phosphor detector) pulses

of intensities (a) 1.5 × 1013 W/cm2, (b) 3.9 × 1013 W/cm2, and (c) 5.7 × 1013 W/cm2,

respectively. It is evident that in the first case (a), the TOF spectrum is dominated

by the singly ionized CH3OH peak, and the yield of fragments is nearly negligi-

ble. On increasing the intensity, the singly ionized parent yield decreases gradually

until it is completely suppressed at the highest intensity (c), with a simultaneous en-

hancement in the fragment yield. At the intermediate intensity (b), H+
n (n =1-3) and

CHnO+ (n =0-4) yields are nearly comparable, while at the maximum intensity (c)

the TOF spectrum is dominated by the H+
n yield.
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FIGURE 3.4: Time-of-flight spectrum of CH3OH recorded at three dif-
ferent laser intensities, for 29 fs, 800 nm, and linearly polarized (par-
allel to the plane of the MCP-phosphor detector) light pulses. Laser
intensities in the three cases were (a) 2 × 1013 W/cm2, (b) 6× 1013

W/cm2, and (c) 1 × 1014 W/cm2. The y-axis represents the nor-
malized counts. Normalization was done by the total counts ((a)
5.8 × 104, (b) 1.1 × 106, and (c) 1.3 × 106) recorded in each spectrum.
The yields of CHnO+ (n=0,4) are very low and are only visible in the

logarithmic scale.

As already discussed in chapter 1, the ionization rate of a molecule (or atom) is

a function of the laser field strength, frequency, and Ip. For CH3OH (Ip = 10.829

eV), the Keldysh parameter γ > 1 at the intensity 2 × 1013 W/cm2 (figure 3.4 (a)),

which indicates that MPI is the dominant ionization mechanism here. CH3OH is

singly ionized by the absorption of multiple photons from the field, and the single

electron is removed primarily from the HOMO orbital. The resulting CH3OH+ ion

is produced in the ground state which is highly stable and hence, does not fragment

much. This explains the high yield of the CH3OH cations, with a very small yield of

dissociation fragments.
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As the intensity increases and approaches the limit γ ≈ 1 (figure 3.4 (b)), tunnel-

ing ionization comes into play, in addition to MPI. In this intermediate regime, the

ionization of molecules increases, producing doubly-charged ions. The CH3OH2+

ions are primarily unstable indicated by a negligible yield of the dications. There-

fore, in this regime fragmentation of CH3OH2+ results in an increased yield of frag-

ments, as seen in the figure. As a result, the H+
n yield is now comparable to that of

the CH3OH+ ions.

For intensities ∼ 1014 W/cm2 (figure 3.4 (c)), the ionization of CH3OH takes

place purely by tunneling (γ < 1), and ionization process dominates over dissoci-

ation. Furthermore, the ionization rate as a function of the internuclear separation

has been studied in diatomic molecules H+
2 [46], I2 [126], HeH2+ [127], which re-

vealed that at high intensities ∼ 1014 W/cm2, the ionization rate is greatly enhanced

as the internuclear separations reach values larger than that at equilibrium. This

process known as charge-resonance-enhanced ionization (CREI) [46, 128, 129] was

first discovered theoretically in H+
2 by Bandrauk et al [46]. CREI was ascribed to (i)

the presence of charge resonant (CR) states in molecules which are coupled by the

laser field leading to population transfer to the higher charge state, and (ii) the sum

of the coulomb fields of the constituent atoms and the laser field alters at interme-

diate internuclear separations, thus causing the upper field-induced state to ionize

[46]. CREI has applications in increasing the molecular high-harmonic generation

(MHHG) bandwidth and increase the harmonic cut-off [130–133].

Therefore, in this high-intensity regime, it is expected that multiply-charged CH3OH

molecules are produced mainly by CREI. First the molecules are stripped of one or

two electrons by the field. On reaching a repulsive state, the internuclear separa-

tion starts increasing along one of the bonds and the ion starts to dissociate, until a

critical internuclear separation (Rc) is reached. At this point, the ionization rate is

greatly enhanced leading to the absorption of more photons and multiple electrons

are removed thereby, producing highly charged states (+4, +5, etc). These multiply-

charged states are highly unstable and they dissociate rapidly. This is confirmed by

the large yield of smaller fragments like H+
n and doubly charged fragments like C2+

and O2+, while the larger ions like CHnO+ (n =0-4) are totally suppressed (figure

3.4 (c)).
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FIGURE 3.5: (a) Normalised H+
n (n=1-3) ion yield as a function of laser

intensity for CH3OH (maximum error is 7%). (b) Normalised yield of
H+, D+, HD+, D+

2 , D2H+, and D+
3 as a function of laser intensity for

the photodissociation of CD3OH by linearly polarized pulses (maxi-
mum error is 3%). The laser parameters such as pulse duration (29
fs), wavelength (800 nm), and VMI spectrometer voltages were kept
constant during the measurements. Normalisation in all the cases has

been done by the total ions yield.

We next show the intensity-dependent yield of the H+
n (n =1-3) ions resulting

from the photodissociation of ionized (1+, 2+, 3+,...) CH3OH, as shown in figure

3.5 (a). The x-axis shows the laser intensity ranging from 1.5 × 1013 W/cm2 to

1.2 × 1014 W/cm2, while the y-axis shows the H+
n ion yield (calculated by integrat-

ing the counts under the TOF peaks of the H+
n ions) normalised by the total ion yield

recorded in each TOF spectrum at each intensity. As seen in the figure, the H+
n yield
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is low at low intensities. As discussed before, in the low-intensity MPI regime, sin-

gle ionization of the parent molecule is dominant and the resulting CH3OH+ ions

are highly stable in nature. Only a very few ions populate the excited states of the

CH3OH cation or are doubly ionized by absorbing excess number of photons. These

ions are unstable and undergo fragmentation. This explains the low yield of the

H+
n ions in the low-intensity regime. On increasing the intensity to very high val-

ues, more molecules are doubly, triply or multiply ionized due to tunnel electron

recollision with the ionic core or due to CREI. As a result, the rate of fragmentation

increases, thereby increasing the H+
n yield along various dissociative pathways.

To verify whether the H+
2 , H+

3 formation takes place by the migration pathway

(intramolecular H migration from C to O) in addition to the non-migration pathway,

we studied the photodissociation of deuterated isotopomer of methanol (CD3OH)

and obtained the intensity-dependent (intensities ranging from 1.5 × 1013 W/cm2

to 1.2 × 1014 W/cm2) yield of H+, D+, HD+, D+
2 , D2H+, and D+

3 ions, as shown

in figure 3.5 (b). Firstly, the formation of DH+ and D2H+ ions is possible only by

intramolecular H migration thereby, confirming that H+
2 and H+

3 ions are not only

formed by bond formation between the H atoms in the methyl group, but also by H

(or H2) migration between C and O atoms followed by bond formation. While the

yield of H+, D+, HD+, and D+
2 ions have an increasing trend similar to that seen

in CH3OH (figure 3.5 (a)), the yield of D2H+ and D+
3 initially show an increasing

trend, and then decreases at very high intensities (beyond 1014 W/cm2). This obser-

vation may be attributed to the fact that the precursor states which contribute to the

formation of D2H+ and D+
3 ions have long dissociation times, due to which the ion

undergoes further (enhanced) ionization to higher charge states before it can disso-

ciate.
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FIGURE 3.6: Intensity-dependent yield of H+
n (n =1-3) ions (maximum

error is 5% for H+, and 4% for H+
2 and H+

3 ) from the photoionization
of CH3Cl obtained with 29 fs, 800 nm, and linearly polarized pulses.
The ions yield were normalized by the total counts of all ions in each

TOF spectrum.

Figure 3.6 shows the intensity-dependent yield of H+
n ions formed by the pho-

todissociation of CH3Cl induced by 29 fs, 800 nm, linearly polarized pulses, for in-

tensities ranging from 2 × 1013 to 2.5 × 1014 W/cm2. The plot shows a similar trend

as seen in CH3OH and CD3OH, which can be explained as above. Hence, these re-

sults suggest that the laser intensity affects the SFI (single, double or multiple) of the

molecules, the subsequent ultrafast excited-state dynamics of the parent ion and its

dissociation along pathways forming H+
n (n =1-3) ions as one of the fragments.
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3.3.2 H+
n (n=1-3) formation: pulse duration dependence
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FIGURE 3.7: Time-of-flight spectrum of CH3OH obtained for 800 nm,
linearly polarized light having intensity 1.46×1013 W/cm2, and pulse
duration (a) 29 fs, and (b) 230 fs (GDD = 2390 fs2). The y-axis rep-
resents the normalized counts. Normalization is done by the total

counts ((a) 5.8 × 104, and (b) 3.4 × 105) recorded in each spectrum.

Next, we examined the effect of chirped pulses on the photodissociation of poly-

atomic molecules leading to the formation of H+
n ions. As mentioned in chapter 2,

we passed the beam through SF11 plates of different thicknesses to stretch the pulses,

which also introduced a chirp. Due to the chirp, the red frequency components

travel faster and are present in the leading edge of the pulse, while the blue compo-

nents are present in the trailing edge. Since SF11 plates produce positively-chirped

pulses only, we did not study the negative chirp-dependence on the fragmentation

of the molecular ions. To estimate the amount of chirp, we have calculated the group

delay dispersion (GDD) for SF11 of different thicknesses which are displayed in Ta-

ble 3.2.
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TABLE 3.2: Group delay dispersion (GDD) and stretching of the laser
pulses for different thicknesses of SF11.

Thickness of SF11 (mm) GDD (fs2) P. D. (fs)
0 0 29
5 600 64
10 1650 160
15 2390 230
20 3120 300
25 4380 420
30 5330 510

Figure 3.7 shows the TOF spectra of CH3OH obtained using 800 nm, linearly po-

larized pulses with pulse duration (a) 29 fs, and (b) 230 fs (GDD = 2390 fs2). As

evident from this figure, the yield of H+
n (n=1-3) ions is nearly negligible in the case

of 29 fs pulses and the TOF spectrum is dominated by the CH3OH+ ions. On the

other hand, photoionization by chirped pulses (230 fs, 2390 fs2) results in a higher

rate of fragmentation compared to the ionization of the parent molecules, thereby

producing a high yield of H+
n ions, as seen in figure 3.7 (b).

The strong-field ionization of atoms [134–136] and polyatomic molecules [137–

139] has been found to be strongly affected by chirp, and its control using shaped

pulses has been demonstrated in earlier experiments. It was shown that both positively-

and negatively-chirped pulses produce a higher yield of fragments compared to par-

ent ions, due to enhanced ionization of the molecules [140, 141]. In addition, the laser

pulse duration affects the ultrafast excited-state dynamics of the parent ion and its

subsequent fragmentation [69, 138, 142, 143]. For pulses with durations ∼ 100 fs or

more, ionization and the subsequent nuclear dynamics occur in the presence of the

field. This leads to a more significant stretching of the bond lengths, affecting the

molecular restructuring and fragmentation dynamics. Enhanced ionization of poly-

atomic molecules at long internuclear distances has been attributed to an energy up-

shift of the inner-valence shells leading to larger coupling of multiple orbitals [142,

144, 145].

Therefore, it is expected that the photoionization of CH3OH with chirped pulses

will lead to enhanced ionization of the molecule. These multiply-charged ions are

highly unstable and fragment easily, producing H+
n ions as one of the fragments.
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The C2+ and O2+ ions observed in the TOF spectrum (figure 3.7 (b)) confirms that

these ions must have been formed due to the fragmentation of multiply-charged

molecules. We have also obtained the chirp-dependent yield of H+, D+, HD+, D+
2 ,

D2H+, and D+
3 ions resulting from the photodissociation of CD3OH. Table 3.3 shows

the normalized yield of the above-mentioned ions for pulse durations ranging from

29 fs to 300 fs (corresponding GDD values are mentioned in the table), at a fixed

intensity of 1.46 × 1013 W/cm2. The yield of all the fragments have an increasing

trend with increasing chirp, indicating that they are formed by the fragmentation of

multiply-charged CD3OH ions.

TABLE 3.3: Yield of H+, D+, HD+, D+
2 , D2H+, and D+

3 ions (in %)
from CD3OH as a function of pulse duration. ’d’ stands for the thick-
ness of the SF11 window in mm, while ’τ’ represents the pulse dura-
tion in fs. The intensity was maintained at 1.46×1013 W/cm2 for all

the cases.

d (mm) τ (fs) GDD (fs2) H+ D+ HD+ D+
2 D2H+ D+

3
0 (unchirped) 29 0 4.7 3.7 0.1 0.5 0.2 0.1
5 64 600 8.4 7.7 0.1 1.3 1.3 0.9
10 160 1650 10.4 10.8 0.3 1.8 1.4 1.0
15 230 2390 14.9 20.1 0.5 2.4 3.0 2.4
20 300 3120 17.7 27.7 0.7 2.9 4.8 4.3

Similarly, we have investigated the chirp-dependent SFI of CH3Cl and the yield

of H+
n ions induced by 800 nm, linearly polarized pulses of durations ranging from

29 fs to 510 fs (GDD = 5330 fs2), at a constant intensity of 4.2 × 1013 W/cm2. Figure

3.8 shows the TOF spectrum of CH3Cl recorded using (a) 29 fs and (b) 510 fs (GDD

= 5330 fs2) pulses. The effect of chirped pulses on the photodissociation of CH3Cl

is similar to that we observed in the case of CH3OH and the results are already dis-

cussed above.
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FIGURE 3.8: Time-of-flight spectrum of CH3Cl obtained for 800 nm,
linearly polarized light having intensity 4.2× 1013 W/cm2, and pulse
duration (a) 29 fs , and (b) 510 fs (GDD = 5330 fs2). The y-axis rep-
resents the normalized counts. Normalization is done by the total

counts ((a) 1.2 × 107, and (b) 2.8 × 106) recorded in each spectrum.
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FIGURE 3.9: Pulse duration and chirp-dependent yield of CH3Cl
cations and dications (maximum errors are 0.1% for CH35

3 Cl+ and
0.01% for CH35

3 Cl2+). The other laser parameters like intensity (4.2 ×
1013 W/cm2), wavelength (800 nm), and polarization (linear) of the
pulses were maintained constant throughout the measurements. The
ions yield were normalized by the total ion yield in each TOF spec-

trum.

Next, we have obtained the normalized yield of CH3Cl cations and dications as

a function of chirp in figure 3.9. The yields of both the cations and dications show

a decreasing trend with increasing chirp (and pulse duration). CH3Cl is primarily

singly-ionized for the unchirped pules (similar to CH3OH) since the yield of CH3Cl+

is an order of magnitude higher than that of CH3Cl2+ (evident from the figure). On

chirping the pulses, the CH3Cl+ yield drops due to an enhanced ionization of the

molecules, while the yield of multiply-charged CH3Cl (+2, +3, etc.) is enhanced.

However, a majority of the CH3Cl2+ ions populate the dissociative states, leading to

higher fragmentation, which explains the decreased CH3Cl2+ yield.
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FIGURE 3.10: Normalized (a) H+, (b) H+
2 , and (c) H+

3 yield as a func-
tion of pulse duration and chirp. The other laser parameters like in-
tensity (4.2 × 1013 W/cm2), wavelength (800 nm), and polarization
(linear) of the pulses were maintained constant throughout the mea-
surements. Normalization was done by the total ion yield in each
TOF spectrum. The total H+

n yield is shown in blue, while the H+
n

ions contributed by CH3Cl cations and dications are shown in black
and red, respectively. The maximum error in all the cases is less than

1%.

The pulse duration-dependent normalized yield of (a) H+, (b) H+
2 , and (c) H+

3

ions formed by the photodissociation of CH3Cl is shown in figure 3.12. The blue

and red curves in each case represent the H+
n ions produced by the fragmentation of

CH3Cl cations and dications, respectively. As evident from the figures, while the H+

yield has an increasing trend as a function of chirp and pulse duration, the H+
2 and

H+
3 ions yield show a decreasing trend. Duflot et al. showed that H+ is formed from

the dissociation of the most stable isomer H2CClH2+ (the 1A’ state of this isomer
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lies 34.83 kcal/mol below the 1A’ state of CH3Cl2+) [146]. This means that the H+-

forming pathways are energetically favoured compared to the H+
2 and H+

3 forming

pathways. Our study shows that photoionizing CH3Cl by chirped pulses further

favours the H+-forming pathways compared to the H+
2 and H+

3 forming pathways

for larger positive chirp. The two stable isomers of the CH3Cl dication are shown in

figure 3.11.

FIGURE 3.11: Stable isomers of CH3Cl2+.

3.3.3 H+
n (n=1-3) formation: wavelength dependence

The next parameter that we used to control the SFI and formation of H+
n ions is the

laser wavelength. Figure 3.12 compares the TOF spectra of CH3OH obtained with 29

fs, linearly polarized pulses of intensity 4.5 × 1013 W/cm2 having wavelengths – (a)

800 nm, and (b) 1300 nm (generated from the OPA unit). As evident from the figure,

the 800 nm pulses produced a high yield of fragments like H+
n , CH+

n , CHnO+, and

doubly-charged ions like C2+ and O2+. In contrast, the 1300 nm pulses of the same

intensity and pulse duration are capable of primarily singly ionizing the molecules,

therefore, the H+
n yield is low.
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FIGURE 3.12: TOF spectrum of CH3OH obtained for 29 fs, linearly
polarized pulses of intensity 4.5 × 1013 W/cm2, and wavelength (a)
800 nm, and (b) 1300 nm. The y-axis represents the normalized
counts. Normalization is done by the total counts ((a) 2.2 × 106, and

(b) 2.5 × 106) recorded in each spectrum.

Now it is known that, wavelength affects the strong-field ionization of molecules,

as shown in the Keldysh theory. For the intensities used in our experiment, the SFI

of CH3OH takes place in the MPI regime for 800 nm pulses (γ = 1.4) and in the

tunneling regime in the case of 1300 nm pulses (γ = 0.8). Ionization of CH3OH by

tunneling of an electron and its subsequent rescattering from the ion core is more ef-

ficient in low-frequency fields due to its quasi-static nature, which however, comes

at the cost of low rescattering cross-sections. This is because at long wavelengths

(more pronounced in mid-IR fields), the tunnel electron travels in the laser field for

longer durations, leading to larger kinetic energy of the electrons but a simultaneous

longitudinal and transverse spreading of the electron wavepacket. This process of

quantum diffusion results in the ratio of rescattered to direct electrons to scale as

λ−4 [147]. Colosimo et al. studied the SFI of Ar induced by pulses of wavelengths
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800 nm, 1300 nm, 2000 nm, and 3600 nm [148]. Their findings reveal that the pho-

toelectron energy distribution for 1300 nm pulses decays rapidly upto 2Up energies,

followed by a plateau region upto 10Up. Unlike the photolectron energy distribution

for 800 nm pulses, the electrons emitted for 1300 nm pulses do not exhibit the ATI

structure, and the counts are greatly reduced as well. Therefore, SFI experiments

with long wavelength pulses suffers from very long acquisition times (time required

to achieve standard signal-to-noise ratio). Therefore, such reduced recollision proba-

bility of the tunnel electron explains the lower yield of H+
n ions and other fragments

on ionizing CH3OH with 1300 nm pulses.

3.3.4 H+
n (n=1-3) formation: polarization dependence
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FIGURE 3.13: Linear and circularly polarized light-induced time of
flight mass spectrum of CH3OH. The parameters like wavelength
(800 nm), pulse duration (29 fs), and intensity (8.7 × 1013 W/cm2)
were kept identical for both (a) linearly polarised, and (b) circularly
polarized cases. The y-axis represents the normalised ion counts.
Normalization is done by the total counts ((a) 2.9 × 106, and (b)
1.3 × 107) recorded in each spectrum. In both (a) and (b), n = 0-3

in CH+
n and n = 0-4 in CHnO+.
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Finally, we examined the effect of polarization on the photodissociation and the yield

of H+
n (n=1-3) ions. Figures 3.13 (a) and (b) compare the TOF spectra obtained for lin-

early and circularly polarised pulses, respectively. The intensity (8.7 × 1013 W/cm2)

used in both the cases show that CH3OH is ionized primarily by tunneling (γ ≈ 1).

It should be noted that the intensity was same in both the cases, which means that

the magnitude of the electric field strength in the circular polarization (CP) case was

half the value in the linear (LP) case. As seen in the figure, there is very subtle differ-

ence in the two spectra. CH3OH+ yield is extremely small in the case of LP pulses

and the TOF spectrum is dominated by H+
n and other fragments (like H+

n , CH+
n , C2+,

O2+). In the CP case however, there is a substantial yield of the heavier CHnO+

(n =0-4) ions, and the fragments have a slightly lower yield compared to the LP

case.

As mentioned above, the intensity at which the polarization-dependent study is

performed is close to the tunneling regime, so tunnel electron recollision-induced

processes come into play. It is known that in the case of linear polarization, the

tunnel electron reverses its trajectory as the laser field direction changes, and it may

recollide with the parent ion (three-step model). Circular polarization is expected

to cause the tunnel electron to spiral away from the parent ion, thereby, reducing

the recollision cross-section and the yield of fragment ions. This has been confirmed

by many experiments[104, 149, 150]. Therefore, the smaller fragmentation rate of

CH3OH in the CP case may be attributed to the suppression of tunnel ionization in

the CP case.

3.4 Conclusion

To summarize, we have investigated the SFI of a few polyatomic molecules and the

control of H+
n yield using the laser parameters. Firstly, we experimentally obtained

the single ionization rate of a molecule (CH3Cl) and fitted it with the MO-ADK

model. Next, we used intensity, chirp, wavelength, and pulse duration to demon-

strate the control of H+
n yield. In the next chapter, we shall investigate the ultrafast

nuclear and electron dynamics responsible for this control.
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Chapter 4

Fragmentation of CH3Cl2+:

two-body dissociation of CH3Cl2+

In the previous chapter, we discussed the effects of various laser parameters on the

SFI of polyatomic molecules, their subsequent fragmentation, and the yield of H+
n

ions. In this chapter, we delve a little deeper into the fragmentation of an ionized

molecule. Here, we shall discuss four two-body fragmentation pathways of doubly-

ionized methyl chloride (CH3Cl2+) that produce H+
n (n =1-3) and HCl+ as one of

the fragments. Methyl chloride is a polar molecule having C3v symmetry and its

electronic configuration can be written as [118]

(1a1)
2(2a1)

2(3a1)
2(4a1)

2(1e)4(5a1)
2(6a1)

2(2e)4(7a1)
2(3e)4(8a1)

0. (4.1)

The first five atom-like orbitals are the inner-shell orbitals having 1s, 2s or 2p

characteristics and they are localized on the C and Cl atoms. The 5a1 and 6a1 are the

inner-valence orbitals, while the 2e, 7a1, and 3e are the outer-valence orbitals. The

8a1 orbital is the lowest unoccupied molecular orbital (LUMO).

Duflot et al. studied the various two- and three-body dissociation channels of

CH3Cl dication using the complete active space self-consistent field (CASSCF) method

[151]. A similar study was performed experimentally by Ruhl et al. [152] on the

cleavage of the CH3Cl dication by the PEPIPICO method. In ref. [153], H+
3 forma-

tion from CH3Cl dication was proposed by three C-H bond breakups followed by

the three H atoms coming close to each other and forming H+
3 ions, in contrast to
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the roaming mechanism of H+
3 formation proposed by Ekanayake et al. [85]. The

mechanism by which the stable HCl+ ion is formed in CH3Cl following Auger de-

cay has also been studied [154]. Additionally, two-color asymmetric fields have been

used to study the angle and momentum resolved ionization and Coulomb explosion

of CH3Cl [155]. In this study, the head-to-tail ionization asymmetry in the ejection

of CH+
3 and X+ from methyl halide dications (CH3X2+, X = F, Cl, Br, I) was in-

vestigated experimentally by controlling the phase between the fundamental and

second-harmonic fields. Theoretically, the emission asymmetries were ascribed to

the asymmetry of the highest occupied molecular orbital (HOMO) of the CH3X neu-

tral molecule or the excited states from which ionization takes place, along with a

contribution from the Stark effect, using the weak field asymptotic theory (WFAT).

Further, Ma et al. used 800 nm and 400 nm pulses of duration 50 fs to study the ul-

trafast H migration and Coulomb explosion (CE) in CH3Cl along various two-body

breakup channels of the parent dication and trication [121].

In this chapter, we have investigated the effect of intensity and pulse duration

on the single and double ionization of CH3Cl. To understand how these parame-

ters influence the fragmentation of CH3Cl2+ and the formation of H+
n (n =1-3) and

HCl+ ions, photoion-photoion coincidence is performed. This has further helped us

understand the contribution of the CH3Cl cations and dications in producing these

fragments. We have also identified four two-body breakup channels of CH3Cl2+

as follows: H++ CH2Cl+, H+
2 + CHCl+, H+

3 + CCl+, and CH+
2 + HCl+. The yield,

kinetic energy releases, and two-dimensional coincidence momentum distribution

of the fragments (H+
n and HCl+) have been measured as a function of pulse dura-

tion. Further, the anisotropy < cos2θ > in the angular distribution of H+
n and HCl+

ions has been obtained, which helped us to understand the lifetime of the precursor.

Our study suggests that it is possible to control the ultrafast dynamics of the parent

dication in the excited potential energy surfaces and hence, the outcome of its dis-

sociation by using laser intensity and pulse duration. The SFI experiment of CH3Cl

was performed in the RIMS setup and the setup has been discussed in chapters 2

and 3.
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4.1 Results and Discussion
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FIGURE 4.1: Normalized TOF spectrum of CH3Cl recorded for 29 fs,
800 nm, linearly polarized pulses having an intensity of 4.2 × 1013

W/cm2. Normalization has been performed with respect to the total
counts in the spectrum.

The TOF spectrum of CH3Cl recorded using 29 fs, 800 nm, linearly polarized

pulses having an intensity of 4.2 × 1013 W/cm2 is shown in figure 4.1. The yield of

CH3Cl+ ions is maximum, which indicates that for the moderately intense pulses

(1013 W/cm2) used here, the single ionization of CH3Cl is predominant. In addition,

there is a small yield of smaller fragments like H+
n (n = 1-3, shown in the inset) and

CH+
n (n =0-3) for the given laser parameters. These fragments are formed from the

dissociation of both CH3Cl+ and CH3Cl2+ ions. Among the H+
n ions, H+ has the

highest yield (the ratio of H+ yield with respect to the CH3Cl yield is 11% ), which

is expected due to the ease of C-H bond breakup. H+
2 (1%) and H+

3 (2%) forma-

tion has a lower cross-section as they require bond association and, therefore, have a

comparatively much lower yield. It is also interesting to note that despite H+
3 forma-

tion being a complex process requiring bond association between three H atoms, its

yield is slightly higher than H+
2 . This observation is in contrast to previous studies
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on H+
n formation from other hydrocarbons [97, 156]. Duflot et al. reported that H+

3

formation is energetically easier (potential barrier is lower) compared to H+
2 in the

two-body breakup of CH3Cl2+. In fact, the potential energy of the final state (H+
3 +

CCl+) is lower than the energy required for the double ionization of CH3Cl. Duflot

et al. also suggested that the second ionization occurs from the Rydberg states of

CH3Cl+, resulting in the lower potential energy barrier for the H+
3 + CCl+ pathway,

and hence, the H+
3 yield is higher than that of H+

2 .
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FIGURE 4.2: Photoion-photoion coincidence plots of CH3Cl recorded
for 800 nm, linearly polarized pulses of intensity 4.2 × 1013 W/cm2,
and durations (a) 29 fs and (b) 510 fs (GDD = 5330 fs2). The dissocia-
tion pathways (4.2)-(4.5) are shown in expanded form in both (a) and
(b). However, as seen in (b), the pathways (4.2)-(4.4) are completely
suppressed, while the yield of pathway (4.5) is enhanced for 510 fs

pulses.

To ascertain the different fragmentation pathways of CH3Cl2+ contributing to



4.1. Results and Discussion 63

the formation of H+
n ions, we have obtained the photoion-photoion coincidence

(PIPICO) of CH3Cl for 29 fs, 800 nm pulses at an intensity of I = 4.2 × 1013 W/cm2

in figure 4.2 (a). Various islands corresponding to the two- and three-body dissoci-

ation channels can be seen in the figure. The two-body fragmentation of CH3Cl2+

results in the two fragments having anti-correlated momenta, and are characterized

by islands having a slope of -1 (due to momentum conservation) [78]. Here, we have

investigated the effects of intensity and pulse duration variations on the following

two-body breakup channels of CH3Cl2+:

CH35
3 Cl2+ =⇒ H+ + CH35

2 Cl+ (4.2)

CH35
3 Cl2+ =⇒ H+

2 + CH35Cl+ (4.3)

CH35
3 Cl2+ =⇒ H+

3 + C35Cl+ (4.4)

CH35
3 Cl2+ =⇒ CH+

2 + H35Cl+ (4.5)

While the equations (4.2)-(4.4) show the H+
n -forming pathways, equation (4.5)

corresponds to the H35Cl+ formation pathway. HCl+ is formed by the intramolecu-

lar hydrogen migration from C to Cl atoms, followed by H-Cl bond formation before

the C-H bond breakup occurs (shown in the inset of figure 4.2 (a). From here on, we

shall refer to H35Cl+ ion as HCl+. The islands corresponding to all the four path-

ways in the PIPICO have a slope of −1, thereby, confirming the two-body breakup

of CH3Cl2+. Figure 4.2 (b) shows the PIPICO obtained for 510 fs pulses of intensity

I. We shall discuss the effects of pulse stretching on the two-body fragmentation of

CH3Cl2+ later.

We now use the photoion-photoion coincidence to determine the contribution of

CH3Cl cations (red) and dications (blue) in the normalized H+
n yield as a bar plot in

figure 4.3. The y-axis represents the normalized yield of H+
n ions and the x-axis rep-

resents the ions. As seen in the figure, CH3Cl dications have a higher contribution in

the H+
n yield (∼ 2 times for H+ and H+

2 , and 1.4 times for H+
3 ions) than the cations.

As previously mentioned, the PESs predominantly populated by the CH3Cl+ ions

are stable and have a long lifetime, so they do not fragment much and have very
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FIGURE 4.3: Comparative yield of H+
n (n =1-3) ions CH3Cl mono- and

dication. The yield of the H+
n ions has been normalized with respect

to the total ion yield in each case.

little contribution to H+
n formation. On the other hand, the CH3Cl2+ ions are unsta-

ble (confirmed by the very low yield of CH3Cl dications experimentally) because the

populated dication states are primarily repulsive, and they undergo fragmentation.

Therefore, the parent dications have a higher contribution in the H+
n yield.

Finally, to examine the effect of laser intensity on the yield of the dissociative

pathways (4.2)-(4.5) and investigate if intensity can serve as a parameter to control

the dissociation of CH3Cl, we have obtained the yield of the channels as a function of

intensity in figure 4.4. The x-axis represents the four fragmentation pathways, while

the y-axis represents the normalized yield of the pathways. The yields for three val-

ues of intensity are considered - 4.3 × 1013 W/cm2 (black), 6.6 × 1013 W/cm2 (red),

and 8.5 × 1013 W/cm2 (blue) - and shown as a bar plot. It is evident from the figure

that as the intensity is doubled, all four pathways are suppressed (the reduction in

H+ yield is 5 times, 3 times for H+
2 , 4 times for H+

3 , and 2 times for HCl+). The
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FIGURE 4.4: Normalized yield of the dissociation pathways (4.2)-(4.5)
for the intensities 4.3× 1013 W/cm2, 6.6× 1013 W/cm2, and 8.5× 1013

W/cm2. The other laser parameters like pulse duration (29 fs), polar-
ization (linear), and wavelength (800 nm) were maintained constant
in all three cases. The % yield represents the ratio of the number of
counts in a particular pathway and the total number of coincidence

events.

three intensity values chosen in this experiment are in the MPI regime, so the dou-

ble ionization of CH3Cl takes place essentially by multiphoton absorption in all the

cases. At high intensities, the rate of ionization of molecules is higher than that of

dissociation [46]. It is known that the ionization rate of molecules depends on the

internuclear separation [46, 47], and at separations much larger than the equilibrium

separation, the ionization rate has been found to be enhanced by a few times. This

phenomenon, known as charge resonance-enhanced ionization (CREI), is attributed

to the coupling of pairs of electronic states by the laser field, leading to charge lo-

calization and enhanced ionization. As the laser intensity is increased to 8.5 × 1013

W/cm2, the dication evolving on the excited PES undergoes further ionization at a

critical internuclear separation (Rc) before the dication can dissociate, thereby pro-

ducing triply ionized molecules. As a result, the yield of the dissociation pathways

decreases with increasing intensity. This observation suggests that varying the in-

tensity leads to changes in the excited state dynamics of the parent ion, which in
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FIGURE 4.5: Normalized yield of the dissociation channels (4.2)-(4.5)
as a function of pulse duration and chirp. The other laser parameters
like intensity (4.2 × 1013 W/cm2), wavelength (800 nm), and polar-
ization (linear) of the pulses were maintained constant throughout
the measurements. The maximum errors are 6%, 5%, 5%, and 3% for

channels (7), (8), (9), and (10), respectively.

turn, affects the yield of the pathways.

Next, we studied the effect of chirp on the two-body fragmentation of CH3Cl2+.

Some of the chirp-dependent results have already been discussed in the previous

chapter. Now, we shall investigate the ultrafast excited-state dynamics of the CH3Cl

dication leading to the four pathways and their control. Firstly, the variation in the

yield of the dissociation pathways (4.2)-(4.5) is shown in Figure 4.5. Pathways (4.2)-

(4.4), which involve H+
n (n =1-3) formation, have a decreasing trend in their yield as

the pulses are stretched and chirped. These pathways are almost completely sup-

pressed for pulses beyond 160 fs, and their yields are negligible. In contrast, path-

way (4.5) shows an enhancement in the fragments’ yield for stretched and positively
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FIGURE 4.6: Kinetic energy releases of the dissociation channels (4.2)-
(4.5) for various pulse durations and chirp. The other laser parame-
ters like intensity (4.2 × 1013 W/cm2), wavelength (800 nm), and po-
larization (linear) of the pulses were maintained constant throughout

the measurements.

chirped pulses. This is an isomerization pathway involving an intramolecular mi-

gration of the H atom to the Cl atom, H-Cl bond formation, and finally, C-Cl bond

breakup. To explain the observed trends in the overall yields of the four pathways,

we have tried to understand the excited state dynamics of CH3Cl2+ by determining

the kinetic energies, two-dimensional momenta, and angular distributions of the

fragments in each pathway.

Firstly, we discuss the kinetic energy release (KER) distributions of the pathways.

The kinetic energy of fragments has information about the potential energy surface

on which the molecular wavepacket evolution took place, the molecular geometry,

and the charge distribution on the ions just before it underwent dissociation. Figure

4.6 shows the KER (sum of kinetic energies of the fragments in a particular channel)

distributions for the channels (4.2)-(4.5) for varying chirps and pulse durations. The

KER distributions for pathways (4.2)-(4.5) peak at 0.2 eV, 0.4 eV, and 0.6 eV, respec-

tively. The peaks and FWHM of the KER distributions for pathways (4.2)-(4.4) do not
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show any change as the pulses are chirped. However, the KER peak for the path-

way 4.5 shows a shift to lower energy values (from 1.6 eV to 1 eV) as the pulses are

chirped. This is accompanied by a decrease in the FWHM of the KER distribution.

Earlier studies have shown that a shift in the KER of a dissociation pathway with

increasing pulse duration is due to the parent ion dissociating from a Coulombic (or

repulsive) PES, where the bond length maps onto the total KER [47, 93]. Therefore,

for pathway (4.5), the dication must dissociate from a repulsive PES and therefore,

has a rapid dissociation time. On the contrary, the pathways (4.2)-(4.4) originate

from non-Coulombic (metastable) weakly attractive PESs having a lifetime of the

order of the rotational period of the dication, due to which their KER distributions

do not show a shift to lower energies with pulse stretching, that is, the bond length

does not map onto the KER in this case. At the same time, the FWHM of the KER

distributions for all the pathways is broad. However, the FWHM of the KER distri-

bution for the CH+
2 + HCl+ pathway is reduced with increasing chirp. A broad KER

distribution suggests the contribution of multiple excited electronic states [157] in

a dissociation pathway. Therefore, some of the electronic states participating in the

case of unchirped pulses are suppressed with an increased positive chirp. The KER

distribution of the four pathways as a function of intensity (I = 4.3 × 1013 W/cm2

and 2I = 8.5 × 1013 W/cm2) are not shown here. For the H+
n forming pathways

((4.2)-(4.4)), the KER peaks showed no variation as a function of intensity. However,

there was a shift in the KER peak observed in the HCl+ forming pathway (4.5) from

1.6 eV to 1.4 eV as the intensity was increased from I to 2I. The KER values reported

by Ma et al. for the same pathways are significantly higher than that observed here

[121]. It must be noted that the intensities used in our experiment is ∼ 1013 W/cm2,

which is an order of magnitude less than that used by Ma et al. [121]. A previous

study on the ultrafast dynamics of H+
2 ions by He et al. reported a shift in the KER

distribution of the Coulomb explosion channel to higher energies as the intensity

was increased from 7.7 × 1013 W/cm2 to 2.5 × 1014 W/cm2 [158]. Therefore, the dis-

crepancy in the KER values may be attributed to the low intensity used in our study.

Further, we have plotted the two-dimensional coincidence momentum images of

H+
n (n =1-3) and HCl+ ions (figure 4.7). The polarization direction is parallel to the
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FIGURE 4.7: Two-dimensional coincidence momentum images of
H+, H+

2 , H+
3 , and HCl+ ions produced by the two-body breakup of

CH3Cl2+ along the pathways (4.2)-(4.5)obtained with 29 fs, 800 nm,
linearly polarized pulses of intensity 4.2 × 1013 W/cm2.

py axis. As seen in the figure, the momentum of H+ is the least (5 a.u.), followed by

H+
2 (9 a.u.) and H+

3 (14 a.u.) ions. The distribution of HCl+ has a lower momentum

component (14 a.u.) and a higher momentum component (27 a.u.). The two compo-

nents indicate the involvement of two excited states (PESs) in the HCl+ formation.

The momentum distributions of the H+
n ions are nearly isotropic, while that of HCl+

is anisotropic. To quantify the anisotropy in the ejection direction of the fragments,

we have obtained their angular distribution. It is known that the ionization rate of

a molecule depends on the relative orientation of the molecular axis with respect to

the laser polarization direction, and it maps the shape of the molecular orbital from

which ionization takes place [159, 160]. Since the molecular orbitals of polyatomic

molecules are very closely spaced, the interaction of the molecules with intense fs

pulses removes electrons not only from the HOMO but also the HOMO-1, and the

HOMO-2 orbitals (the inner-valence orbitals) [161–163]. Therefore, the angular dis-

tribution of the ejected fragments also depends on whether the molecule was ionized

from the valence or inner-valence orbitals. In addition, the lifetime of the precursor
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ion affects the extent of anisotropy in the ejection direction of the fragments [68, 120,

164, 165].

The angular distributions of the pathways (4.2)-(4.5) are shown in figure 4.8.

Here, θ is the angle between the laser polarization direction and the momentum

vector of the fragment. I1 and I2 stand for the intensities 4.3 × 1013 W/cm2 and

8.5× 1013 W/cm2, respectively. The experimentally obtained distributions were then

fitted with the equation:

I(θ) = 1 + Σi aiPi (cos(θ)) (i = 2, 4, 6) (4.6)

where ai represents the expansion coefficients, Pi(cos(θ)) are the Legendre poly-

nomials, and I(θ) represents the angular distribution. The expansion coefficients ai

for the various pathways are summarized in Table 4.1 for varying pulse durations

and intensities. For the H+
n forming pathways, the angular distribution plots show

that these ions are ejected in all directions (also at 90◦ with respect to the polarization

direction) with respect to the polarization direction. The Legendre coefficients a2 for

the H+
n ions are ≤ 0, indicating their nearly uniform angular distributions, including

at 90◦ with respect to the polarization direction. As discussed earlier, in the case of

dissociation along the H+
n forming pathways, the CH3Cl dication dissociates from

non-Coulombic PESs and, therefore, has a long dissociation time. The rotation of

the precursor with respect to the polarization direction destroys the anisotropy in

the ejection directions of the fragments, and we observe a nearly uniform angular

distribution.

On the other hand, the HCl+ fragments are distributed primarily close to 0◦ and

180◦. The HCl+ ions are formed from repulsive PESs and have a fast dissociation

time, so the anisotropy in their ejection direction is not destroyed by the rotation

of the molecule [120, 164]. On using chirped pulses, the angular distribution of

the H+
n ions remains nearly unchanged, while that of the HCl+ ions becomes more

anisotropic. For stretched pulses, electrons are removed not only from the HOMO,

but also from the HOMO-1 and HOMO-2 orbitals [47, 68, 142], due to the coupling of
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FIGURE 4.8: Angular distributions of H+
n and HCl+ ejected during

the two-body breakup of CH3Cl2+ along the pathways (4.2)-(4.5) as a
function of intensity (I and 2I, at a constant pulse duration 29 fs) and
pulse duration (at a constant intensity I). Here, θ is the angle between
the polarization direction and the momentum vector of the fragment.

electronic states by the laser field at large internuclear distances. Thus, the increased

anisotropy in the HCl+ ejection direction is due to (i) the symmetry of the inner va-

lence orbitals from which ionization takes place, and (ii) the rapid dissociation of the

dication from the excited PESs thereby, preserving the anisotropy. On the contrary,

the slow dissociation of the dication along the H+
n forming pathways is responsible

for the isotropic distribution of the fragments even for chirped pulses. At this point,

we can explain the results of figure 4.5. Due to the long dissociation time of CH3Cl2+

along the H+
n forming pathways, we expect that the dication absorbs more energy

from the field (which is still present in the case of stretched pulses) and is further

excited or ionized. Thus, the yields of the pathways (4.2)-(4.5) are suppressed on

stretching the pulses. On the other hand, CCl++ HCl+ pathway is favoured over

the H+
2 and H+

3 forming pathways because its precursor (H2CClH2+) is highly sta-

ble. The increased yield of the HCl+ pathway with increased chirp can be attributed

to the dication populating the PESs that dissociate along this pathway. The angu-

lar distribution of the H+
n ions for the pathways (4.2)-(4.4) reported by Ma et al.

[121] differ from our findings. The H+
n and HCl+ ions have an anisotropic angular
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TABLE 4.1: Coefficients of Legendre polynomial ai (i = 2, 4, 6) for the
angular distributions of the fragments formed the two-body breakup
of CH3Cl2+ ion. I and 2I stand for the intensities 4.3 × 1013 W/cm2

and 8.5 × 1013 W/cm2, respectively, and P.D. represents pulse dura-
tion.

Dissociation pathways P. D. (fs) I (W/cm2) a2 a4 a6
H++CH2Cl+ 29 I -0.4 -0.2 0.1

64 I -0.2 -0.2 0
29 2I -0.2 -0.2 0

H+
2 +CHCl+ 29 I 0.2 -0.5 0.2

64 I 0.7 -0.6 0
29 2I 0.7 -0.5 0

H+
3 +CCl+ 29 I 0 -0.2 0

64 I 0 -0.2 0.1
29 2I 0.1 -0.2 0

CH+
2 +HCl+ 29 I 1.0 -0.1 -0.2

64 I 1.2 -0.2 -0.1
160 I 2.3 0.6 -0.1
230 I 2.4 0.8 -0.2
300 I 2.4 0.9 -0.4
420 I 2.4 1.0 0.0
510 I 2.8 1.0 -0.5
29 2I 1.5 0.2 -0.1

distribution in their study, suggesting that the CH3Cl2+ ions populate high energy

repulsive PESs. This observation may be due to the high intensity (1014 W/cm2)

used by Ma et al. On increasing the intensity from I to 2I while keeping all other

laser parameters constant, we do not observe very significant changes in the angular

distributions of the H+
n fragments. On the other hand, the HCl+ fragments show a

slightly increased anisotropy at the intensity 2I. Therefore, the intensity and pulse

duration control the excited dynamics of the parent dication and the orbitals con-

tributing to the double ionization, which in turn, control the outcome of dissociation

and the overall yield.

4.2 Conclusion

In conclusion, we have demonstrated the effects of laser intensity and pulse duration

on the strong-field ionization and two-body fragmentation pathways of CH3Cl2+

that involve intramolecular H migration and bond formation. Increasing the inten-

sity from I = 4.3× 1013 W/cm2 to I = 8.5× 1013 W/cm2 suppressed the yields of the

four pathways, which was attributed to an increased ionization of the parent dica-

tion compared to dissociation. On the other hand, chirping the pulses from 0 fs2 (29
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fs) to 533 fs2 (510 fs) enhanced the HCl+-forming pathway, while suppressing the

H+
n forming pathways. The KER distributions, two-dimensional coincidence mo-

mentum distribution and angular distributions of the H+
n and HCl+ ions revealed

that the H+
n ions are formed by the dissociation of CH3Cl2+ from non-Coulombic

metastable PESs, so their bond lengths do not map onto the KER. These pathways

have a long dissociation time (of the order of ps) and the anisotropy in their ejection

direction is destroyed by the rotation of the dication. Conversely, the HCl+ forming

pathways arise from the dissociation of CH3Cl2+ from Coulombic (repulsive) PESs,

due to which their KER distribution shows a shift to lower energies with increased

pulse stretching. Since this pathway has a rapid dissociation time, the HCl+ ions

have an anisotropic distribution. Hence, we demonstrated the control of the ultra-

fast fragmentation dynamics of CH3Cl2+ and the resulting dissociation pathways

using laser intensity, pulse duration, and chirp.
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Chapter 5

Three-body fragmentation of

CH3Cl: investigating the

fragmentation dynamics of

CH3Cl2+

In this chapter, we discuss the three-body fragmentation of the CH3Cl dication. The

three-body fragmentation of linear, triatomic inorgranic molecules like CO2 [166,

167], SO2 [168], N2O [169, 170], CS2 [171, 172], and OCS [173, 174] has been inves-

tigated extensively. The various concerted and sequential fragmentation pathways

of the multiply-charged ions have been disentangled. However, it was only recently

that the three-body fragmentation of multiply-charged hydrocarbons like ethylene

[175], acetylene [176–178], methanol [179], ethanol [96], benzene [180], 1,3-butadiene

[181] and allene [182] was explored. Three-body fragmentation can take place either

by the simultaneous bond-breaking and ejection of three fragments in a single step

(concerted) or in two steps (sequential). Interestingly, a non-trivial three-body frag-

mentation pathway in addition to the traditional concerted and sequential mecha-

nisms in SO2 [168], C2H2 [177, 183] and 1,3-butadiene [184] was reported. Using the

pump-probe technique, Burger et al established that one of the three-body fragmen-

tation pathways of C2H3+
2 involved the ultrafast proton migration and isomerization

from acetylene to vinylidene configuration (with a time constant of 54 fs), followed

by three-body breakup along the CC++ H++ H+ pathway [177].
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The kinetic energy release (KER, sum of the kinetic energies of the fragments

released in the pathway) of a dissociation pathway obtained using the RIMS setup

helps us to study the ultrafast excited-state dynamics of the precursor and its sub-

sequent dissociation. With the help of momentum maps and Dalitz plots, mul-

tiple studies have been reported on the three-body fragmentation of polyatomic

molecules. Since the ultimate aim of studying strong-field interactions is to control

reactions, it is interesting to study how these fragmentation dynamics can be con-

trolled by various laser parameters [183, 185–187]. For instance, it was shown that

the laser polarization affects the bending of CS2 molecule before the Coulomb ex-

plosion, during the three-body fragmentation of charge states higher than 4+ [186].

On the other hand, high intensities (> 1014 W/cm2) and large pulse durations lead

to larger stretching of bonds towards a critical internuclear distance (Rc) resulting

in efficient coupling between the molecular orbitals and an enhanced ionization [46,

47, 144], known as charge resonance enhanced ionization (CREI). Recently, the con-

trol of fragmentation dynamics in the three-body breakup of OCS by using pulses of

durations ranging from 7 fs to 200 fs was demonstrated [185]. With increasing pulse

duration, the concerted fragmentation pathways revealed increasing geometrical de-

formation of the precursor (OCS3+ and OCS4+). On the other hand, the sequential

pathways were suppressed initially, but for very long pulses, these processes reap-

pear again.

Previously, the strong-field ionization and fragmentation of CH3Cl along var-

ious dissociative pathways have been studied extensively both theoretically [151,

153] and experimentally [114–118, 121, 122, 152, 154, 155, 188–190]. Duflot et al.

theoretically investigated the various two- and three-body dissociation pathways

using the complete active space self-consistent field (CASSCF) method [151]. Ruhl

et al. used the photoelectron-photoion-photoion triple coincidence method to iden-

tify the various two- and three-body fragmentation pathways of the CH3Cl dication,

and found evidence of bond rearrangement processes before dissociation. In our

study, we have identified the various two- and three-body dissociation pathways

of CH3Cl2+ using photoion-photoion coincidence. Here, we have focused on two
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FIGURE 5.1: Schematic diagram of the experimental setup (BS =
beam splitter, HWP = half waveplate, P = polarizer, MCP = mi-
crochannel plate detector, DLD = delay line detector, CM = concave

mirror).

three-body dissociation pathways:

CH3Cl2+ −→ CH+ + Cl+, (5.1)

CH3Cl2+ −→ H+ + CH+
2 . (5.2)

Using Dalitz plots and Newton diagrams, we have investigated the fragmenta-

tion mechanism of CH3Cl2+ along the pathways (5.1) and (5.2). Due to the overlap

of the concerted and sequential mechanisms in the plots, we further used the na-

tive frame method to distinguish between the different fragmentation mechanisms

[191]. In addition, we have demonstrated the effect of pulse chirp on the ultrafast

excited state dynamics of the parent dication and hence, the fragmentation mecha-

nism. The SFI experiment of CH3Cl was performed in the RIMS setup, and the setup

has been discussed in chapters 2 and 3. The schematic diagram in figure 5.1 shows

the experimental setup that is, the optical setup guiding the laser pulses to the RIMS

setup.
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5.1 Results and Discussion

5.1.1 Pathway 1: CH+
2 + Cl+

The CH+
2 + Cl+ pathway can be seen in the inset of figure 4.2 (a). Two of the frag-

ments, CH+
2 and Cl+, are detected in coincidence, while the third fragment (H) is

undetected. It must be noted that the H may either be neutral or charged but un-

detected. In fact, we observed some multi-coincidence signal corresponding to the

H++ CH+
2 + Cl+ pathway using triple coincidence [192], and its KER is expected to

be large (due to the Coulomb explosion of the trication) [193]. The momentum of the

third fragment (H or H+) was determined on the basis of the principle of conserva-

tion of momentum.
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FIGURE 5.2: Kinetic energy distributions of CH+
2 , Cl+ and H/H+ for

the CH+
2 + Cl+ pathway are shown in black, red, and blue, respec-

tively. The total KER distribution is shown in pink.

Firstly, we have obtained the kinetic energy distributions of the individual frag-

ments and the total KER, as shown in figure 5.2. As discussed in chapter 4, the KER

provides information about the PES from which fragmentation of the molecular ion
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occurred, the molecular geometry just before fragmentation, and the momentum

sharing between the fragments. The energy distributions of CH+
2 and Cl+ range

from 0 to 4 and 3 eV, respectively. Interestingly, H/H+ shows a broad energy distri-

bution – while the majority of the H/H+ fragments have energy ranging from 0 to

4 eV with a peak at 1 eV, a very small fraction of the fragments carry a large kinetic

energy up to 15 eV. It must be noted that the slope of the island corresponding to

this pathway is −1 (as shown in the PIPICO map in figure 4.2), indicating that CH+
2

and Cl+ are mainly ejected back-to-back with equal momenta in the centre-of-mass

frame, while the lightest fragment H is nearly at rest and carries negligible momen-

tum. These are the low KER events producing a neutral H with very small energy.

On the other hand, the small fraction of very high KER events can be ascribed to the

Coulomb explosion of the parent trication (where H+ is undetected), as mentioned

above. In this case, H+ being the lightest, carries maximum energy during the ex-

plosion.

Next, to understand the fragmentation mechanism for the three-body breakup

events, we have obtained the Dalitz plot which is an extremely useful tool in recon-

structing the complete kinematic information of three-body dissociation pathways

[174, 180, 182, 193]. It is a momentum correlation map representing the distribution

of the dissociation process in the final state in terms of the arrangement of the fi-

nal momentum vectors [194]. The scale of the Dalitz plot is normalized by energy,

and momentum conservation confines all the dissociation events in a circle of radius

1/3. Therefore, the plot reveals the final state geometries of the precursor during its

three-body dissociation, in a two-dimensional phase space. In the Dalitz plot, the

y-axis represents the fraction of energy carried by H, while the x-axis corresponds

to the difference in the fraction of energy carried by CH+
2 and Cl+ ions. The centre

represents the origin of the Cartesian coordinate system, while the axes xD and yD

are given by:

xD = (p2
CH+

2
− p2

Cl+)/
√

3 ∑ p2
i , yD = p2

H/ ∑ p2
i − 1/3, (5.3)

where i = 1, 2, 3 represent the fragments CH+
2 , Cl+, and H, respectively and
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pi represents the momentum of each fragment in the center-of-mass frame of the

molecule [182]. Usually, the coordinates xD and yD represent the relationship be-

tween the kinetic energy of the ith fragment in the centre-of-mass frame normalized

by the total kinetic energy release, to the final arrangement of the momentum vec-

tors. Here, the Dalitz coordinates xD, and yD are a function of p2
i due to the negligible

mass of H compared to CH+
2 and Cl+, similar to reference [182].

FIGURE 5.3: Calculated Dalitz plot for the CH+
2 + Cl+ pathway. The

black, blue and red arrows indicate the momentum vectors of H, CH+
2

and Cl+, respectively.

Figure 5.3 shows the calculated Dalitz plot for the CH+
2 + Cl+ pathway, where

the black, blue, and red arrows indicate the momentum vectors of H, CH+
2 , and Cl+,

respectively. Comparing the calculated and experimental Dalitz plots, we have tried

to explain the fragmentation mechanism and the final state geometry of the molec-

ular ion at the time of dissociation. Figure 5.4 shows the Dalitz plot for the CH+
2 +

Cl+ pathway obtained using 29 fs, 800 nm pulses of intensity 4.3 × 1013 W/cm2. As

seen in the plot, the majority of the events appear centered at (−0.14,−0.29), while

some events appear in the second quadrant of the plot. Using filters on the total
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FIGURE 5.4: Dalitz plot for the CH+
2 + Cl+ pathway obtained for 29

fs pulses of intensity I = 4.3 × 1013 W/cm2, wavelength 800 nm, and
linear polarization.

KER, we have shown the same Dalitz plot separately for KERs below and above 7

eV separately in figures 5.5a and 5.5b, respectively. As seen in figure 5.5a for the low

KER events, H carries nearly zero momentum, while the momenta of CH+
2 and Cl+

are nearly equal in magnitude. These events mainly correspond to the asynchronous

concerted dissociation (asymmetric stretching of the bonds) of the parent ion; that

is, there is geometrical deformation in the parent molecule before dissociation. This

can also be confirmed from the calculated Dalitz plot in figure 5.3. Some events also

arise from the synchronous concerted dissociation. On the other hand, the events

with KER > 7 eV appear in the upper left region of the Dalitz plot (figure 5.5b). In

this case, H/H+ is ejected with very high energy and can, therefore, be attributed to

the three-body Coulomb explosion of CH3Cl3+, as discussed above.

Now, the three-body breakup of CH3Cl2+ can be either concerted or sequential.

In the concerted fragmentation mechanism, the Coulomb explosion of the precursor

leads to the ejection of the fragments in a single step,

CH3Cl2+ −→ CH+
2 + Cl+ + H, (5.4)
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(A) KER < 7 eV

(B) KER > 7 eV

FIGURE 5.5: Dalitz plot for the CH+
2 + Cl+ pathway shown in figure

5.4 using filters on the KER.



5.1. Results and Discussion 83

while the sequential three-body fragmentation may proceed along one of the three

pathways:

CH3Cl2+ −→ CH+
3 + Cl+ −→ CH+

2 + Cl+ + H (5.5)

CH3Cl2+ −→ CH2Cl2+ + H −→ CH+
2 + Cl+ + H (5.6)

CH3Cl2+ −→ CH+
2 + HCl+ −→ CH+

2 + Cl+ + H. (5.7)

Pathway (5.5) proceeds with the C-Cl bond breakup leading to the ejection of Cl+

and an intermediate CH+
3 in the first step. In the second step, the CH+

3 intermediate

dissociates into CH+
2 and a neutral H. In pathway (5.6), the neutral H is released in

the first step of fragmentation, followed by the separation of CH+
2 and Cl+ in the

second step. This process is referred to as deferred charged separation [195, 196].

Pathway (5.7) is slightly different from the previous two. It involves an intramolec-

ular H migration and the formation of the stable H2CClH2+ isomer before the C-Cl

bond breaks into CH+
2 and an intermediate HCl+ ion. In the next step, HCl+ disso-

ciates into a neutral H and a Cl+ ion. Duflot et al. theoretically obtained the poten-

tial energy diagrams for the various two- and three-body dissociation pathways of

CH3Cl2+ [151]. In this study, the deferred charge separation along the pathway (5.6)

was reported to be difficult to observe experimentally due to the presence of two

large barriers, which was also confirmed in a previous experimental study by Ruhl

et al. [152]. We shall now investigate the fragmentation mechanism for the CH+
2 +

Cl+ pathway.

Duflot et al. [151] demonstrated the three-body breakup of CH3Cl2+ along the

CH+
2 + Cl++ H pathway sequentially using energy diagrams. From this study it

was clear that the sequential mechanism involving a CH+
3 or HCl+ intermediate

involves large potential energy barriers which reduces the probability of the dis-

sociation of the dication along these pathways. On the other hand, the sequential

pathway involving a CH2Cl2+ intermediate has much lower barriers, making this

more probable.
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= intermediate)
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To confirm the fragmentation mechanism, we have obtained the Newton dia-

grams. The Newton diagram is a momentum correlation map in which the normal-

ized momentum of one of the fragments is taken as the reference, and the momenta

of the other two fragments normalized by that of the reference are plotted above

and below the x-axis, respectively. The Newton diagrams for the CH+
2 + Cl+ path-

way with respect to Cl+, H and CH+
2 are shown in figures 5.6 (a)-(c). A semicircular

pattern in the Newton diagram indicates sequential fragmentation where the inter-

mediate has a long lifetime during which it undergoes rotation before dissociating.

It must be noted that for multiply-ionized polyatomic molecules like CH3Cl, the

three-body fragmentation of the molecular ion is expected to take place along vari-

ous dissociation pathways. Therefore, we have obtained the Newton diagrams with

respect to the normalized momentum of H, CH+
2 and Cl+ to investigate the possi-

ble fragmentation mechanisms. With respect to the momentum of Cl+, figure 5.6 (a)

shows dense regions above and below the x-axis suggesting that these events arise

from the concerted mechanism. For these events, H carries very little momentum

(position of the dense region in the Newton diagram is close to zero momentum),

while CH+
2 and Cl+ are ejected with nearly equal and substantial momenta in oppo-

site directions. In addition, some events having higher momenta form a distribution,

indicating an overlap between mostly concerted and very few sequential processes.

Next, figure 5.6 (b) shows the momentum correlation with respect to H, where

we observe two dense regions above and below the x-axis. Both the regions corre-

spond to the concerted mechanism. The region having smaller momentum may be

attributed to the double-ionization events, while the events having higher momenta

may be attributed to the high KER Coulomb explosion in the triple-ionization events.

Additionally, some sparse events can be seen forming a semicircular pattern which

can be attributed to the sequential fragmentation involving a CH2Cl2+ intermediate.

Lastly, figure 5.6 (c) shows the momentum correlation with respect to CH+
2 .

Again, most events arise from the concerted mechanism. H carries nearly zero mo-

mentum for these events. In addition, a very few events show a semicircular pattern,
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originating from a sequential mechanism. Therefore, in the dissociation pathway

CH+
2 + Cl+, concerted mechanism (5.4) is dominant, although some sequential pro-

cesses along pathways (5.5)-(5.7) take place as well.

Since the three-body dissociation along the CH+
2 + Cl+ pathway is complicated

and simultaneously involves concerted and sequential mechanisms, the Dalitz plot

and Newton diagram have overlapping regions indicating both the processes. Hence,

the Dalitz plot and Newton diagram are not always sufficient to distinguish between

them. Therefore, we have used the native frame method developed by Rajput et al.

[191] to distinguish between concerted and sequential mechanisms. In this method,

we assume all dissociation processes to be sequential with a metastable intermediate,

having a long lifetime (of the order of ps). Therefore, for the pathway ABC3+ −→

A++ BC2+ −→ A++ B++ C+, we obtain the plot between KERBC2+ and γBC2+

[197], where KERBC2+ is the KER of the intermediate (BC2+) and γBC2+ is the angle

between the fragmentation axis of the first step in the center-of-mass (COM) frame

of ABC3+ and the fragmentation axis of the second step in the COM frame of BC2+.

Now, γBC2+ is given by

γBC2+ = cos−1
(

∆⃗p1st.∆⃗p2nd
|∆⃗p1st||∆⃗p2nd|

)
, (5.8)

where, ∆⃗p1st is the difference between the momentum vectors of A+ and BC2+ in the

COM frame of ABC3+, and ∆⃗p2nd is the difference between the momentum vectors

of B+ and C+ in the COM frame of BC2+, that is

∆⃗p1st = p⃗A − (⃗pB + p⃗C), (5.9)

∆⃗p2nd =

(
p⃗B +

mB
mBC

.⃗pA

)
−

(
p⃗C +

mC
mBC

.⃗pA

)
. (5.10)

As the sequential mechanism can proceed along either of the pathways (5.5)-

(5.7), we have obtained the KERBC2+ vs γBC2+ plots for each of the processes (shown

in figures 5.8a-5.8c). A uniform distribution of the events along γ from 0◦ to 180◦ in-

dicates a sequential mechanism due to the rotation of the metastable intermediate
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A+

B+

pBC γBC,A

C+

PBC,A

FIGURE 5.7: Relative momenta of the three-body dissociation
ABC3+ −→ A++ BC2+ −→ A++ B++ C+. The black and red arrows

indicate the momenta of the first and second steps, while γBC,A
represents the angle between them.

ion, otherwise, the dissociation is concerted.

Considering the three-body breakup along the sequential pathway (5.5) with a

CH+
3 intermediate, figure 5.8a shows that the majority of the events are concentrated

in the dense region ranging from 0◦ to 100◦ and centered at ∼ 35◦ which indicate a

concerted mechanism. Very few events appear forming a band distribution along

γCH+
3 ,Cl+ indicating a sequential mechanism as well. We also note that the high-

energy events have a concerted mechanism.

Next, considering the sequential fragmentation along pathway (5.6) with a CH2Cl2+

intermediate, a uniform band distribution centred at KERCH2Cl+ = 0.3 eV (figure

5.8b) is observed along the entire range of γCH2Cl2+ . These events arise from the se-

quential mechanism with a CH2Cl2+. In addition, we observe another dense region

in figure 5.8b centered at 0.3 eV which arises from the concerted mechanism. The

yield of the sequential pathway (5.6) can be obtained from the counts in the entire

range of γCH+
3 ,Cl+ [197]. Then, the yield of the concerted mechanism (5.4) can be

obtained from the counts in the dense region extending from γCH+
3 ,Cl+ = 0◦ to

100◦. Therefore, the branching ratios of the sequential and concerted pathways, in

this case, are determined to be 25% and 75%, respectively.
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(A) CH+
3 intermediate

(B) CH2Cl2+ intermediate

(C) HCl+ intermediate

FIGURE 5.8: Density plot as a function of KERint and γint for the se-
quential fragmentation via (a) CH+

3 + Cl+, (b) CH2Cl+, and (c) CH+
2 +

Cl+ pathways, obtained for 29 fs, 800 nm pulses of intensity 4.3× 1013

W/cm2. (int = intermediate)
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Finally, considering the three-body breakup along pathway 5.7 with an HCl+ in-

termediate, the density plot in figure (5.8c) suggests that the dissociation is mainly

concerted. Only a very few events form a uniform band distribution along γHCl+,CH+
2

indicating that the sequential mechanism involving an HCl+ intermediate is scarcely

present. Thus, we conclude that for the CH+
2 + Cl+ pathway, the fragmentation pro-

ceeds primarily concertedly (5.5) along with some sequential processes. In addition,

we observe a clear distribution of events along γ for the CH2Cl2+ intermediate in

figure 5.8b, which is very sparse in the other two cases. Therefore, our results con-

firm that this sequential pathway is more probable compared to the other two due

to the low potential barriers involved, as also shown in ref. [151].
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FIGURE 5.9: Kinetic energy release distribution (KERD) for the path-
way CH3Cl2+ −→ CH+

2 + Cl++ H for pulse durations ranging from
29 fs to 510 fs at the fixed intensity I = 4.3 × 1013 W/cm2. The other
laser parameters (wavelength = 800 nm, intensity = 4.3× 1013 W/cm2,

polarization = linear) are constant in all the cases.

Next, to investigate the effect of chirped pulses on the fragmentation mechanism

along the CH+
2 + Cl+ pathway, we performed the strong-field ionization of CH3Cl
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FIGURE 5.10: Two-dimensional coincidence momentum images of
CH+

2 , Cl+ and H/H+ fragments. The left panel shows the images
obtained for 29 fs (unchirped) pulses while that on the right was ob-
tained for 510 fs (chirp = 5330 fs2) pulses. The other laser parame-
ters like wavelength (800 nm) and intensity (4.3 × 1013 W/cm2) were
maintained constant in both cases. The laser polarization direction is

indicated by the red arrow.
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with increasingly chirped pulses of constant intensity (as discussed in chapter 4).

The total KER distribution of the pathway for pulses of various chirps is shown in

figure 5.9. The KER peak shifts from 3.1 eV for unchirped pulses to 1.8 eV for 510

fs (chirp = 5330 fs2) pulses. A shift in the KER peak to lower energy values is at-

tributed to the dissociation of the parent ion from repulsive PESs [47], as discussed

in chapter 4. On using chirped pulses for ionizing CH3Cl, more energy is transferred

to the molecule thereby, causing its rapid explosion and a smaller dissociation time.

We compared the two-dimensional coincidence momentum images of the CH+
2 , Cl+

and H fragments obtained for unchirped and chirped (510 fs, 5330 fs2) pulses in fig-

ure 5.10. The images in the left panel were obtained for unchirped (29 fs) pulses,

while those on the right were obtained for chirped (510 fs, 5330 fs2) pulses. We

clearly observe an enhanced anisotropy in the fragment ejection direction when us-

ing chirped pulses for ionizing CH3Cl. This observation can be ascribed to a rapid

dissociation of the precursor associated with its evolution on a Coulombic PES.

FIGURE 5.11: Dalitz plot for the CH+
2 + Cl+ pathway obtained for 510

fs (5330 fs2) pulses of intensity I = 4.3× 1013 W/cm2, wavelength 800
nm, and linear polarization.

The Dalitz plot obtained for a case of ionization of CH3Cl by chirped pulses (510
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fs, 5330 fs2) is shown in figure 5.11. On comparison with the plot obtained for the

unchirped pulses (figure 5.4), it is observed that the events are mainly concentrated

in the lower left corner of the plot, with very few events in the other regions, in

the case of chirped pulses. This indicates that the dissociation pathways having

low KER are now dominant along with reduced high KER events, which is also con-

firmed by a shift in the KER peak to a lower energy value (figure 5.9). As dissociation

is taking place rapidly from a highly repulsive PES in the case of chirped pulses, the

bonds stretch to a large extent, leading to the ejection of the fragments with lower

KERs.

The Newton diagrams shown in figures 5.12 (a)-(c) represent the momentum cor-

relations with respect to Cl+, H, and CH+
2 , respectively. Comparing with the New-

ton diagrams obtained previously for the unchirped pulses (5.6), we observe that the

few events showing a sequential mechanism are now suppressed, and dissociation

is primarily concerted. Therefore, chirping the pulses affects the PESs populated by

the parent ion, the subsequent excited-state dynamics, and hence, the fragmentation

mechanism.

Using the native frame method, we tried to distinguish between the concerted

and sequential mechanisms in figure (5.13a)-(5.13c). In the case of the CH+
3 interme-

diate, the plot (5.13a) shows a dense region for γCH+
3 ,Cl+ ranging from 0◦ to 90◦. We

do not observe a uniform band distribution up to 180◦, which suggests that for this

pathway, dissociation is primarily concerted. Similarly, for the HCl+ intermediate

again, the density plot (5.13c) indicates a concerted mechanism of breakup and a

complete absence of the sequential pathway 5.7. However, for the CH2Cl+ interme-

diate, we observe some events forming a uniform band distribution along γCH+
3 ,Cl+

along with a dense region (from 0◦ to 80◦) thereby, suggesting an overlap between

concerted and sequential (5.6) mechanisms with a branching ratio of 21% and 79%,

respectively. We, therefore, see that there is a slight reduction in the number of events

having a sequential mechanism, and concerted is still the dominant process.
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FIGURE 5.12: Newton diagrams showing the momentum correlations
between the fragments with respect to (a) Cl+ (b) H, and (c) CH+

2 ,
obtained for 510 fs (5330 fs2), 800 nm pulses of intensity 4.3 × 1013

W/cm2. (int = intermediate)
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(A) CH+
3 intermediate

(B) CH2Cl2+ intermediate

(C) HCl+ intermediate

FIGURE 5.13: Density plot as a function of KERint and γint for the se-
quential fragmentation via (a) CH+

3 + Cl+, (b) CH2Cl+, and (c) CH+
2 +

Cl+ pathways, obtained for 510 fs (5330 fs2), 800 nm pulses of inten-
sity 4.3 × 1013 W/cm2. (int = intermediate)
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5.1.2 Pathway 2: H+ + CH+
2

0 2 4 6
0.00

0.05

0.10

0.15

0.20

0.25

0.30

 

 

N
or

m
al

iz
ed

 c
ou

nt
s 

[a
rb

. u
ni

t]

KE [eV]

 CH2
+    H+

 Cl        Total

29fs

0.1 eV

0.1 eV

0.2 eV

1.4 eV

FIGURE 5.14: Kinetic energy distribution for the fragmentation chan-
nel CH3Cl2+ −→ H+ + CH+

2 + Cl for 29 fs pulses of intensity
I = 4.3 × 1013 W/cm2, wavelength 800 nm, and linear polarization.

For this three-body breakup channel (figure 4.2), it is difficult to predict the frag-

mentation mechanism directly from the slope of the island due to its broad distribu-

tion. Therefore, we must rely on the Dalitz plot and native frame method to explain

the fragmentation dynamics. Firstly, figure 5.14 shows the kinetic energy distribu-

tions of the fragments and the total KER. H+ being the lightest of the three frag-

ments, carries the maximum kinetic energy and hence, shows a broad kinetic energy

distribution ranging from 0 to 7 eV, with a peak at 0.2 eV. The heavier fragments,

CH+
2 and Cl, move much more slowly, and their kinetic energy distributions peak at

0.1 eV.

To understand the fragmentation mechanism for this pathway, we have again

obtained the Dalitz plot, as shown in figure 5.15. Most of the dissociation events in

the plot are centered at (0,-0.3). This region corresponds to H+ being ejected with
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FIGURE 5.15: Dalitz plot for the H++ CH+
2 pathway obtained for 29

fs pulses of intensity I = 4.3 × 1013 W/cm2, wavelength 800 nm, and
linear polarization.

very little momentum (nearly at rest), while CH+
2 and Cl are ejected back-to-back

with equal momentum. In addition, some events appear obliquely just above the

dense region, which corresponds to an overlap between an asynchronous concerted

dissociation (asymmetric stretching of the bonds before dissociation) and a sequen-

tial mechanism. The possible pathways leading to the formation of H+, CH+
2 , and

Cl fragments are:

CH3Cl2+ −→ H+ + CH+
2 + Cl (5.11)

CH3Cl2+ −→ H+ + CH2Cl+ −→ H+ + CH+
2 + Cl (5.12)

CH3Cl2+ −→ CH+
2 + HCl+ −→ H+ + CH+

2 + Cl (5.13)

CH3Cl2+ −→ CH2+
3 + Cl −→ H+ + CH+

2 + Cl. (5.14)

Equation (5.11) represents the concerted breakup of the molecular ion, while

equations (5.12)-(5.14) are the sequential pathways.
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FIGURE 5.16: Newton diagrams showing the momentum correlations
between the fragments with respect to (a) Cl+ (b) H, and (c) CH+

2 ,
obtained for 29 fs, 800 nm pulses of intensity 4.3 × 1013 W/cm2. (int

= intermediate)
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Figure 5.16 shows the Newton diagrams, where the momentum correlation be-

tween the fragments with respect to the momentum of (a) Cl+, (b) H, and (c) CH+
2

have been determined. The plots in figure 5.16 (b) and (c) show two dense regions

above and below the x-axis, suggesting that the dissociation is primarily concerted.

However, we observe a semicircular distribution in figure 5.16 (a), which indicates

the sequential pathways (5.12). In fact, the Dalitz plot in figure 5.15 shows an oblique

strip. Comparison with the calculated Dalitz plot in figure 5.3 suggests that in this re-

gion, the momentum vector of Cl shows no change (as it is released in the first step),

while the momentum vectors of H+ and CH+
2 show change both in magnitude and

the angle between them, suggesting the sequential mechanism with a CH2+
3 inter-

mediate.

We again use the native frame method to further distinguish between the frag-

mentation mechanisms. The density plots of KERint and γint for the CH2+
3 , CH2Cl+

and HCl+ intermediates are shown in figures 5.17 (a)-(c), respectively. Again, we

consider all fragmentation mechanisms to be sequential with a long-lived interme-

diate and perform the calculations in two steps in the COMs of the parent and the

intermediate ions. For each of the pathways (5.12)-(5.14), shown in figures 5.17 (a)-

(c), we observe an overlap of the sequential mechanism (uniform band distribution

along the entire range of γCH2+
3 ,Cl) and the concerted pathway, although the con-

certed mechanism is the dominant dissociation pathway. In fact, it is difficult to

separate the concerted and sequential pathways due to the overlapping of the two

regions.

Finally, we investigate the effect of pulse chirp on the fragmentation mechanism

along this three-body breakup pathway. Figure 5.18 shows the effect of pulse stretch-

ing on the KER distribution for the H+ + CH+
2 + Cl pathway. The KER peak shifts

from 1.4 eV to 0.9 eV, that is, to lower energy values, as the ionizing pulses are in-

creasingly positively chirped. This indicates the dissociation of the parent ion from

repulsive PESs where the increased stretching of the bonds is mapped onto the KER

[47]. In addition, we observe that the kinetic energy distribution of H+ ranges to

higher values (40 eV) for highly chirped (5330 fs2) pulses compared to the unchirped
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FIGURE 5.17: Density plot as a function of KERint and γint for the se-
quential fragmentation via (a) CH+

3 + Cl+, (b) CH2Cl+, and (c) CH+
2 +

Cl+ pathways, obtained for 29 fs, 800 nm pulses of intensity 4.3× 1013

W/cm2. (int = intermediate)
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FIGURE 5.18: Kinetic energy release of the fragmentation channel
CH3Cl2+ −→ H+ + CH+

2 + Cl for pulse durations ranging from 29
fs to 510 fs (GDD = 5330 fs2) at the fixed intensity I = 4.3 × 1013

W/cm2. The other laser parameters (wavelength = 800 nm, polariza-
tion = linear) are constant in all the cases.

pulses (12 eV). As a result, the KER tail is found to extend to much higher values (>

30 eV) for pulses having a duration of 160 fs and above. This observation may be

attributed to the contamination from the three-body dissociation of CH3Cl3+, where

the Coulomb explosion of the trication leads to the ejection of H+ with very high

kinetic energy.

Next, we have obtained the Dalitz plot, shown in figure 5.18. A small dense re-

gion is observed, centered at (-0.02,0.29) corresponding to the ejection of CH+
2 and

Cl with equal momenta in opposite directions, leaving H+ nearly at rest. In addi-

tion, a significant number of events is observed in a broad oblique strip in the Dalitz

plot. This region corresponds to an overlap between the sequential and concerted

fragmentation pathways.
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FIGURE 5.19: Dalitz plot for the H++ CH+
2 pathway obtained for 510

fs (5330 fs2) pulses of intensity I = 4.3 × 1013 W/cm2, wavelength
800 nm, and linear polarization.

The Newton diagrams for chirped pulses are shown in figures 5.20 (a)-(c). For

the momentum correlation map with respect to Cl, we observe a nearly semicircular

pattern suggesting a sequential mechanism with a CH2+
3 intermediate. For the other

two diagrams, concerted mechanism appears dominant, while the sequential mech-

anism (observed for a few events for unchirped pulses in figure 5.16) is less.

We confirm the fragmentation mechanism further by obtaining the density plots

obtained using the native frame method as shown in figures (5.21a)-(5.21c). For

the CH2+
3 intermediate pathway, a band-like distribution is observed, suggesting

some sequential processes, along with events arising from concerted dissociation.

For the CH2Cl+ and HCl+ intermediate pathways, the events take place mainly by

concerted mechanism, and we observe that the sequential mechanism is nearly sup-

pressed. Therefore, introducing a positive chirp to the pulses leads to the dissocia-

tion of the parent ion along the H++ CH+
2 pathway in a concerted manner with a

near suppression of the sequential mechanism.
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between the fragments with respect to (a) Cl+ (b) H, and (c) CH+

2 ,
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(A) CH+
3 intermediate

(B) CH2Cl2+ intermediate

(C) HCl+ intermediate

FIGURE 5.21: Density plot as a function of KERint and γint for the se-
quential fragmentation via (a) CH+

3 + Cl+, (b) CH2Cl+, and (c) CH+
2 +

Cl+ pathways, obtained for 510 fs (5330 fs2), 800 nm pulses of inten-
sity 4.3 × 1013 W/cm2. (int = intermediate)
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5.2 Conclusion

In conclusion, in this chapter, we have investigated the complex three-body frag-

mentation dynamics of CH3Cl2+ for the CH+
2 + Cl+ and H+ + CH+

2 pathways. Using

Dalitz plots, Newton diagrams, and the native frame method, we identified the con-

certed and sequential fragmentation mechanisms. For both pathways, dissociation

occurs primarily by the concerted mechanism – the Coulomb explosion of the parent

ion. In addition, some of the events were found to occur sequentially by forming a

CH+
3 , CH2Cl2+, and HCl+ intermediate. The CH+

2 + Cl+ pathway had some con-

tribution from the H++ CH+
2 + Cl+ pathway in which the H+ is undetected. This

three-body fragmentation pathway occurs by the Coulomb explosion (concerted) of

the trication and leads to the ejection of H+ with very high kinetic energy. Positively

chirping and stretching the pulses influence the excited-state dynamics of the par-

ent ion and hence, the fragmentation mechanism. For the CH+
2 + Cl+ pathway, the

sequential pathways were nearly suppressed, and the concerted mechanism is dom-

inant. We also observed that the dissociation takes place faster for chirped pulses

which were confirmed by an enhanced anisotropy in the two-dimensional momen-

tum distribution of the fragments. For the H++ CH+
2 pathway, the dissociation

primarily takes place by the concerted mechanism and some sequential process. On

ionization with chirped pulses, we observe the ejection of fragments with very high

KER. This observation was attributed to the contamination from the H++ CH+
2 +

Cl+ pathway. In addition, the sequential mechanism with a CH2+
3 intermediate was

found to be enhanced for chirped pulses, while the sequential fragmentation along

the other two pathways is nearly suppressed for chirped pulses and concerted pro-

cesses dominate. Therefore, we demonstrate the control of the fragmentation mech-

anism of the parent ion by using chirped pulses for the strong-field ionization of

CH3Cl.
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In conclusion, controlling the bond breakup, intramolecular H migration and bond

formation involved in H+
n (and HCl+) formation during the photodissociation of

ionized polyatomic molecules (CH3OH, CD3OH and CH3Cl) were investigated in

this thesis work. The findings have strengthened our understanding of controlling

molecular reactions.

Firstly, we obtained the experimental single ionization rate of a molecule (CH3Cl)

as a function of laser intensity (ranging from 1013 W/cm2 to 1014 W/cm2) and fitted

the result with the MO-ADK model. While the theoretical and experimental results

agree well at intensities greater than 1.2 × 1014 W/cm2, there is a discrepancy in

the low-intensity regime. The MO-ADK models the tunneling regime of molecules

therefore, the ionization rates in the MPI regime show some deviation. Next, to

demonstrate the control of H+
n (n =1-3) yield arising from all possible dissociative

channels of the ionized parent molecules, we varied the intensity (from MPI to tun-

neling regime), chirp (unchirped and positive-chirp), wavelength (800 nm and 1300

nm) and polarization (linear and circular). The results indicated that varying one of

the laser parameters while keeping the others constant, influences the ionization and

fragmentation rates of the parent molecule, resulting in a change in the H+
n yield. At

low intensities (MPI regime), the H+
n ions are formed by the dissociation of mainly

singly and some doubly-ionized parent molecules. The cations primarily populate

the ground states and are highly stable. Therefore, very few cations which populate

the excited electronic states and the dications dissociate in this regime, leading to the

low H+
n yield. However, the H+

n yield increases with intensity. This was attributed to
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the dissociation of the multiply-charged (2+, 3+, 4+, etc.) parent molecules formed

at very high intensities by tunnel electron recollision with the ionic core and charge

resonance enhanced ionization. Chirp was found to again strongly influence the H+
n

yield. While unchirped (29 fs) pulses primarily produced parent cations which do

not fragment much, chirped pulses lead to enhanced ionization and an increased

rate of fragmentation. Therefore, the H+
n yield was higher for photoionization of

the molecules with chirped pulses. However, in the case of CH3Cl, the trend was re-

versed; the H+
2 and H+

3 yields were found to decrease with increasing positive chirp.

This may be attributed to the increased potential barriers needed to be overcome in

this case. Our wavelength-dependent study showed that the H+
n yield was lower in

the case of 1300 nm pulses than the 800 nm pulses. There is a trade-off between the

energy gained by the tunneling electron in the laser field and its recollision proba-

bility. We concluded that in the case of 1300 nm pulses, the recollision probability of

the tunneling electron with the ionic core is less than in the case of 800 nm pulses.

Hence, the fragmentation rate of the molecules and the H+
n yield are less for 1300

nm pulses. Finally, linearly polarized pulses produced a slightly higher H+
n yield

than circularly polarized pulses. The tunneling electron recollision-induced double

ionization of molecules is suppressed by the CP pulses, which is responsible for the

lower yield of the H+
n ions. These results indicate that the laser parameters control

the fragmentation of molecular ions and H+
n yield.

To further understand the control of the excited-state dynamics of the parent ion

leading H+
n formation, we identified a few two-body fragmentation pathways of

CH3Cl dication that produce H+
n and HCl+ as one of the fragments using PIPICO.

Increasing the intensity from I = 4.3 × 1013 W/cm2 to I = 8.5 × 1013 W/cm2 sup-

pressed the yields of all the pathways, which was attributed to an increased ioniza-

tion of the parent dication compared to dissociation. On the other hand, stretching

the pulses (introducing a positive chirp) from 29 fs to 510 fs enhanced the HCl+

forming pathway, while suppressing the H+
n forming pathways. The KER distribu-

tions, two-dimensional coincidence momentum distribution and angular distribu-

tions of the H+
n and HCl+ ions revealed that the H+

n ions are formed by the disso-

ciation of CH3Cl2+ from non-Coulombic metastable PESs, so their bond lengths do
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not map onto the KER. These pathways have a long dissociation time (of the order

of ps), and the anisotropy in their ejection direction is destroyed by the rotation of

the dication. Conversely, the HCl+ forming pathways arise from the dissociation

of CH3Cl2+ from Coulombic (repulsive) PESs, due to which their KER distribution

shows a shift to lower energies with increased pulse stretching. Since this path-

way has a rapid dissociation time, the HCl+ ions have an anisotropic distribution.

Therefore, we demonstrated the control of the ultrafast fragmentation dynamics of

CH3Cl2+ and the resulting dissociation pathways using laser intensity, and chirp.

In the final work, we have investigated the complex three-body fragmentation

dynamics of the molecular ion for the CH+
2 + Cl+ and H+ + CH+

2 pathways. Using

Dalitz plots and the native method we have identified the concerted and sequential

fragmentation mechanisms. Our study suggests that the dications dissociate pri-

marily by the concerted mechanism and some sequential processes with a CH2Cl2+

intermediate. In these cases, H is nearly at rest and is ejected with very little kinetic

energy, while CH+
2 and Cl+ are ejected back-to-back with nearly equal momentum.

In addition, some events corresponding to the H++ CH+
2 + Cl+ pathway with an

undetected H+ are observed which are ejected with very high kinetic energy due to

the Coulomb explosion of the trication. Chirping the pulses leads to the near sup-

pression of the sequential mechanism, while the concerted mechanism is dominant.

For the H+ + CH+
2 pathway again, dissociation occurs primarily by the concerted

mechanism along with some sequential events with CH2+
3 , CH2Cl+ and HCl+ inter-

mediates. However, the overlapping of the concerted and sequential mechanisms

makes it difficult to distinguish between them. On using chirped pulses, the se-

quential mechanism is suppressed, and the concerted process dominates. Therefore,

we demonstrate the control of the fragmentation mechanism of the molecular ion by

using chirped pulses.

Based on our current findings on the ultrafast excited-state dynamics and the

two- and three-body fragmentation of polyatomic molecules from the present thesis

work, we intend to study the following in future:
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1. Investigate the effect of molecular geometry on the bond breakup, intramolec-

ular H migration and bond formation in polyatomic molecules. For this pur-

pose, we have performed the photoionization of geometrical isomers with a

double bond – cis- and trans-1,2-dichloroethylene. The inherent differences in

the molecular geometry are expected to affect the bond rearrangement pro-

cesses for the various two- and three-body dissociative pathways. Isomers are

of huge significance in many biological processes [198, 199]. The difference

in the geometry of the isomers results in significant differences in their phys-

ical and chemical properties. Hence, identifying the isomers based on their

excited-state dynamics using the coincidence momentum imaging (CMI) tech-

nique as demonstrated in the present thesis, can be useful.

2. Using pump-probe technique to investigate the time-resolved excited-state molec-

ular dynamics like intramolecular H migration in polyatomic molecules. To

study the nuclear dynamics in the ionic state of the molecule, the pump pulse

will initially ionize the parent. The probe pulse is sent after various time de-

lays to probe the evolving wavepacket in the PES. Time-resolved studies will

enable us to form a better understanding of the bond rearrangements in the

excited state of molecules.

3. The same pump-probe technique can be used to study the ultrafast excited-

state dynamics of molecules by impulsively aligning them. In this thesis work,

the molecules were randomly aligned in space in all the experiments. This

means that the kinematic information obtained for the molecules is averaged

for various alignments. However, if first align the molecules along the laser po-

larization direction by a pump pulse, and then probe the excited-state nuclear

dynamics, then the information will give us the angle-dependent ionization

and fragmentation of the molecules [200, 201], and also control the fragmenta-

tion [63].

4. Control of the excited-state nuclear dynamics and fragmentation of polyatomic

molecules using a two-color field. All the experiments in this thesis used a

single laser field for photoionization. However, using a two-color field, that is

800 nm and 400 nm (ω-2ω) pulses, have been shown to control the ionization
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rate [202], and the fragment ejection direction by varying the phase ϕ between

the ω and 2ω fields [203].

5. We shall also extend these studies to investigate the excited-state dynamics

in aromatic hydrocarbons like benzene. Aromatic hydrocarbons are ubiqui-

tous, from biomolecules to the interstellar medium. Understanding the time-

resolved excited-state dynamics of aromatic hydrocarbons and controlling the

dynamics and the various dissociative pathways can have useful implications

in medicine.

6. Finally, we are developing a high-harmonic generation (HHG) facility in our

lab, which can produce attosecond x-ray single pulses and pulse trains. Com-

bining the HHG and the RIMS setups, we shall perform XUV-IR pump-probe

studies. In these studies, we can study the core-hole dynamics in molecules by

first removing a core electron from the molecule using an x-ray pump pulse.

The subsequent dynamics in the ion can be probed using an IR probe pulse.
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[196] ZD Pešić et al. “Three-body fragmentation of CO2+
2 upon K-shell photoion-

ization”. In: Physical Review A 78.5 (2008), p. 051401. DOI: 10.1103/PhysRevA.

78.051401. URL: https://link.aps.org/doi/10.1103/PhysRevA.78.

051401.

[197] Hang Yuan et al. “Three-body fragmentation dynamics of CH3CCH3+ inves-

tigated by 50-keV/u Ne8+ impact: Comparison with its isomer ion CH2CCH2
3+”.

In: Phys. Rev. A 105 (2 2022), p. 022814. DOI: 10.1103/PhysRevA.105.022814.

URL: https://link.aps.org/doi/10.1103/PhysRevA.105.022814.

[198] Christophe Dugave and Luc Demange. “CisTrans Isomerization of Organic

Molecules and Biomolecules: Implications and Applications”. In: Chemical

https://doi.org/10.1103/PhysRevLett.120.103001
https://link.aps.org/doi/10.1103/PhysRevLett.120.103001
https://link.aps.org/doi/10.1103/PhysRevLett.120.103001
https://doi.org/10.1038/s41467-022-33032-2
https://doi.org/10.1038/s41467-022-33032-2
https://doi.org/10.1038/s41467-022-33032-2
https://doi.org/10.1039/C5CP02959G
http://dx.doi.org/10.1039/C5CP02959G
http://dx.doi.org/10.1039/C5CP02959G
https://doi.org/10.1103/PhysRevA.72.062506
https://link.aps.org/doi/10.1103/PhysRevA.72.062506
https://doi.org/10.1140/epjd/e2020-10094-7
https://doi.org/10.1140/epjd/e2020-10094-7
https://doi.org/10.1140/epjd/e2020-10094-7
https://doi.org/10.1103/PhysRevA.78.051401
https://doi.org/10.1103/PhysRevA.78.051401
https://link.aps.org/doi/10.1103/PhysRevA.78.051401
https://link.aps.org/doi/10.1103/PhysRevA.78.051401
https://doi.org/10.1103/PhysRevA.105.022814
https://link.aps.org/doi/10.1103/PhysRevA.105.022814


Bibliography 137

Reviews 103.7 (2003), pp. 2475–2532. ISSN: 0009-2665. DOI: 10.1021/cr0104375.

URL: https://doi.org/10.1021/cr0104375.

[199] Amy H. Andreotti. “Native State Proline Isomerization: An Intrinsic Molecu-

lar Switch”. In: Biochemistry 42.32 (2003), pp. 9515–9524. ISSN: 0006-2960. DOI:

10.1021/bi0350710. URL: https://doi.org/10.1021/bi0350710.

[200] Huynh Van Sa Lam et al. “Angle-dependent strong-field ionization and frag-

mentation of carbon dioxide measured using rotational wave packets”. In:

Phys. Rev. A 102 (4 2020), p. 043119. DOI: 10.1103/PhysRevA.102.043119.

URL: https://link.aps.org/doi/10.1103/PhysRevA.102.043119.

[201] S. De et al. “Field-Free Orientation of CO Molecules by Femtosecond Two-

Color Laser Fields”. In: Phys. Rev. Lett. 103 (15 2009), p. 153002. DOI: 10.1103/

PhysRevLett.103.153002. URL: https://link.aps.org/doi/10.1103/

PhysRevLett.103.153002.

[202] H. Li et al. “Orientation dependence of the ionization of CO and NO in

an intense femtosecond two-color laser field”. In: Phys. Rev. A 84 (4 2011),

p. 043429. DOI: 10.1103/PhysRevA.84.043429. URL: https://link.aps.org/

doi/10.1103/PhysRevA.84.043429.

[203] K. J. Betsch, D. W. Pinkham, and R. R. Jones. “Directional Emission of Multi-

ply Charged Ions During Dissociative Ionization in Asymmetric Two-Color

Laser Fields”. In: Phys. Rev. Lett. 105 (22 2010), p. 223002. DOI: 10 . 1103 /

PhysRevLett.105.223002. URL: https://link.aps.org/doi/10.1103/

PhysRevLett.105.223002.

https://doi.org/10.1021/cr0104375
https://doi.org/10.1021/cr0104375
https://doi.org/10.1021/bi0350710
https://doi.org/10.1021/bi0350710
https://doi.org/10.1103/PhysRevA.102.043119
https://link.aps.org/doi/10.1103/PhysRevA.102.043119
https://doi.org/10.1103/PhysRevLett.103.153002
https://doi.org/10.1103/PhysRevLett.103.153002
https://link.aps.org/doi/10.1103/PhysRevLett.103.153002
https://link.aps.org/doi/10.1103/PhysRevLett.103.153002
https://doi.org/10.1103/PhysRevA.84.043429
https://link.aps.org/doi/10.1103/PhysRevA.84.043429
https://link.aps.org/doi/10.1103/PhysRevA.84.043429
https://doi.org/10.1103/PhysRevLett.105.223002
https://doi.org/10.1103/PhysRevLett.105.223002
https://link.aps.org/doi/10.1103/PhysRevLett.105.223002
https://link.aps.org/doi/10.1103/PhysRevLett.105.223002


Strong-field ionization of polyatomic
molecules: ultrafast H atom migration and
bond formation in the photodissociation of
CH3OH†

Rituparna Das, ab Deepak K. Pandey,c Vinitha Nimma, a

Madhusudhan P.,ab Pranav Bhardwaj,ab Pooja Chandravanshi,a

Muhammed Shameem K. M.,a Dheeraj K. Singhc

and Rajesh K. Kushawaha *a

Received 1st December 2020, Accepted 5th January 2021

DOI: 10.1039/d0fd00129e

Strong-field ionization induces various complex phenomena like bond breaking,

intramolecular hydrogen migration, and bond association in polyatomic molecules. The

H-atom migration and bond formation in CH3OH induced by intense femtosecond

laser pulses are investigated using a Velocity Map Imaging (VMI) spectrometer. Various

laser parameters like intensity (1.5 � 1013 W cm�2–12.5 � 1013 W cm�2), pulse duration

(29 fs and 195 fs), wavelength (800 nm and 1300 nm), and polarization (linear and

circular) can serve as a quantum control for hydrogen migration and the yield of Hn
+

(n ¼ 1–3) ions which have been observed in this study. Further, in order to understand

the ejection mechanism of the hydrogen molecular ions H2
+ and H3

+ from singly-

ionized CH3OH, quantum chemical calculations were employed. The dissociation

processes of CH3OH+ occurring by four dissociative channels to form CHO+ + H3, H3
+

+ CHO, CH2
+ + H2O, and H2O

+ + CH2 are studied. Using the combined approach of

experiments and theory, we have successfully explained the mechanism of

intramolecular hydrogen migration and predicted the dissociative channels of singly-

ionized CH3OH.

Light-induced chemical and biological processes, like the cis–trans isomerization
in rhodopsin responsible for vision,1 the absorption of sunlight by photoactive
pigments and the subsequent transfer of energy to the reaction center in
photosynthesis,2 the interaction of short-wavelength radiation with human skin
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resulting in skin damage,3 and so on, occur on a timescale of a few tens of
femtoseconds to a few nanoseconds. The advent of intense ultrashort lasers has
made it possible to study such ultrafast processes in real-time. In molecules, the
nuclear dynamics occur on femtosecond to picosecond timescales while electron
dynamics take place in the attosecond domain. Under perturbation by intense
ultrashort laser pulses, the transfer of energy to molecules initiates dynamical
processes such as excitation,4 ionization,5–7 molecular vibrations,8–10 and
rotations.11–13

Hydrocarbons have been used as a prototype for studying geometrical defor-
mation and structural changes in molecules for several years now.4,14–20 Such
changes in molecules in their excited and ionized states give rise to processes like
bond-breaking,21,22 intramolecular migration of moieties,23–25 isomerization,15,26

and bond association,27,28 prior to the dissociation or Coulomb explosion of the
molecular ion. Intramolecular proton migration and bond formation phenomena
have been a topic of interest to researchers for a long time due to their importance
in many physical,29 chemical,30 and biological23 processes.

Photodissociation of hydrocarbons initiated by any ionizing source like elec-
trons,31,32 ions,33–35 or laser pulses,19,30 and the detection of H2

+ and H3
+ ions have

conrmed the fact that bond-breaking, intramolecular migration, and bond
association occur before the fragmentation of unstable molecular ions. Both
singly31,36 and doubly ionized methanol18,19,28,37,38 have been shown to exhibit
intramolecular migration, and H2

+ and H3
+ formation. For example, two possible

channels for two-body dissociation in singly ionised CH3OH are:

CH3OH+ / CH3O + H+ (1)

CH3OH+ / HCO + H3
+ (2)

Similarly, the two- and three-body fragmentation channels for doubly ionised
methanol include:

CH3OH2+ / HCOH+ + H2
+ (3)

CH3OH2+ / COH+ + H3
+ (4)

CH3OH2+ / H2CO
+ + H2

+ (5)

CH3OH2+ / HCO+ + H3
+ (6)

CH3OH2+ / H + H2
+ + COH+ (7)

Pathways (3) and (4) only involve bond formation while (5) and (6) involve H-
migration and bond formation. Pathway (7) demonstrates three-body fragmen-
tation. In order to conrm intramolecular hydrogen migration and bond asso-
ciation in CH3OH (channels (5) and (6)), photodissociation of the deuterated
isotopomer of CH3OH can be studied as well. The dissociation channels for
doubly ionised CD3OH include:

CD3OH2+ / D2CO
+ + DH+ (8)
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CD3OH2+ / DCO+ + D2H
+ (9)

CD3OH2+ / D + D2
+ + COH+ (10)

DH+ and D2H
+ can only be formed by the migration and bond association

processes before dissociation of the parent ion, which conrms intramolecular H-
migration in methanol.

H2
+ and H3

+ formation from both singly36 and doubly ionized16 CH3OH has
been found to be a two-step process. The rst step is the ionization of CH3OH and
the formation of a neutral H2 molecule which roams on the potential energy
surface (PES) of the parent ion. In the second step, the roaming H2 molecule
extracts a proton from the parent ion (and forms H3

+), before the molecular ion
undergoes Coulomb explosion.16–18 There can also be a long-range electron
transfer from the neutral H2 to HCOH+ (inverse harpooning), in which case a H2

+

ion is formed.16 Similarly, the formation of triatomic ions like D2H
+ and D3

+ from
CD3OH has been shown to proceed via the generation of a neutral, long-lived D2

moiety.39 The timescale of intramolecular hydrogen migration and formation of
H2

+ and H3
+ has been reported to be of the order of tens of fs to a few hundred

fs,19,40 and is still a matter of further investigation.
Single and double ionization of molecules has received attention from

researchers for a long time.5,41,42 Strong-eld double ionization of molecules can
be further classied as (a) sequential (SDI), and (b) non-sequential (NSDI). In SDI,
two electrons are emitted independently from the molecule, while NSDI occurs
due to electron–electron correlation and is characterized by the ejection of an
electron by tunneling, followed by its inelastic recollision with the parent ion and
the removal of a second electron.43,44 Alternatively, the recolliding tunnel electron
may excite the molecular ion which then undergoes further ionization by the laser
eld. This process is referred to as recollision excitation with subsequent ioni-
zation (RESI).45 Strong-eld ionization of a molecule is followed by the evolution
of the molecular wave packet, a change in its geometry, and nally dissociation.
Laser parameters like intensity, pulse duration, wavelength, and polarization
affect the strong-eld ionization and fragmentation processes of molecules and
hence, the yield of various fragment ions. In this work, we have experimentally
investigated the photodissociation of CH3OH and the yield of Hn

+ (n ¼ 1–3) ions
under the inuence of these parameters, which can serve as a quantum control
for the dissociation pathways of methanol. Hydrogen migration and association
across the chemical group (methyl or hydroxyl) have been conrmed by studying
the photodissociation of CD3OH. We have also performed quantum chemical
calculations to understand the intramolecular hydrogen migration and predict
the dissociation channels of singly ionized methanol.

1 Experimental methodology

Photoionization experiments were performed using 800 nm, 29 fs, 1 kHz, and 10
mJ laser pulses and an in-house developed Velocity Map Imaging Spectrometer
(VMIS). Laser pulses of 6 mJ energy were used to pump an optical parametric
amplier (OPA) which allows wavelength tunability from 1300 nm to 1600 nm for
signals, and 1661 nm to 2185 nm for idler beams, while 1.5 mJ was used directly
for performing photodissociation experiments in the VMI.
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The femtosecond pulse characterization was performed using the Spectral
Phase Interferometry for Direct Electric-eld Reconstruction (SPIDER) technique.
A commercial SPIDER setup from APE Germany (model: FC-SPIDER) was used for
characterizing the laser pulses. The measured pulse duration of the fundamental
800 nm pulses was 29 fs. We used SF11 windows of different thicknesses to stretch
the laser pulses for studying the effect of pulse duration on the formation of Hn

+

(n ¼ 1–3) ions. Characterization of the stretched pulses aer passing through the
SF11 windows was also performed by SPIDER. The pulse duration characteriza-
tion for each case is summarized in columns 1 and 2 of Table 1.

In the photoionization experiment, the laser beam was focused on the ioni-
zation region of the VMIS using a 2 inch silver concave mirror with an effective
focal length (EFL) of �20 cm (Newport). The cold molecular beam was generated
using an Amsterdam Cantilever Piezo Valve (ACPV2, 200 mm diameter nozzle) and
a skimmer with an orice size of 900 mm. The piezo valve opening time was set to
40 ms during measurements.

The methanol (CH3OH) and methanol-D3 (CD3OH) samples with purity of
99.8% from Sigma Aldrich were used without any further purication. Helium
was used as a carrier gas. The gas-line pressure was kept at 4 bar, while the
pressure in the VMIS chamber was 2 � 10�7 mbar in the presence of the
molecular beam and 6 � 10�9 mbar without the molecular beam.

The VMIS is a multi-plate VMI similar to the thick-lens (11-plates) mass
spectrometer.46 We kept two focusing plates for adjusting the dispersion and
improving the energy resolution in this design. This spectrometer can record the
time-of-ight (TOF) mass spectrum of ions in the TOFmode and the VMI image of
electrons/ions in the VMI lensing mode. The simulations of ion and electron
trajectories were performed in SIMION 8.0 prior to the fabrication of this spec-
trometer. The ion time-of-ight calibration was performed using nitrogen, argon,
and xenon gases.

An NHQ power supply module was used to apply voltages to the microchannel
plate (MCP) detector and also to all the electrodes of the VMI spectrometer. The
repeller, extractor, and focusing plates are independently connected to the power
supply. Resistors connected in series between the remaining plates distribute the
voltage to these plates.

A TDC8HP card from RoentDek was used for recording the TOF spectrum. The
MCP raw signal was sent to an ATR-19 (pre-amplication and Constant Fraction
Discriminator (CFD)) and the Nuclear Instrumentation Modules (NIM) signal
from the ATR-19 was given to the TDC8HP card. The laser sync out was used as the

Table 1 Yield of H+, D+, HD+, D2
+, D2H

+, and D3
+ ions (in %) from CD3OH as a function of

pulse duration. ‘d’ stands for the thickness of the SF11 window in mm, while ‘s’ represents
the pulse duration in fs. The intensity was maintained at 1.46 � 1013 W cm�2 for all cases

d (mm) s (fs) H+ D+ HD+ D2
+ D2H

+ D3
+

0 (unchirped) 29 4.7 3.7 0.1 0.5 0.2 0.1
5 39 8.4 7.7 0.1 1.3 1.3 0.9
10 85 10.4 10.8 0.3 1.8 1.4 1.0
15 195 14.9 20.1 0.5 2.4 3.0 2.4
20 290 17.7 27.7 0.7 2.9 4.8 4.3
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trigger. The Cobold PC soware was used for TOF data acquisition. Data analysis
was performed using the Cobold PC and OriginPro 8.5 soware.

A schematic diagram of the experimental setup is shown in Fig. 1.

2 Computational methodology

Density functional theory (DFT) calculations were performed using the Gaussian 16
suite of soware47 to gain in-depth insight into the possible mechanism of the
hydrogenmigration and dissociation processes in CH3OH

+ to form various fragments
(H3

+, H2O
+, CHO, CH2

+). The initial input geometries of CH3OH and all themolecular
fragments (CH2, CH2

+, CHO, CHO+, H2O, H2O
+, H3, H3

+), various transition states
(TSs), and intermediate complexes of singly ionized CH3OH

+ were prepared using
GaussView 6 soware.48 In order to fully optimize the geometries of different
monomers of CH3OH

+, transition states (TSs), and various fragmented products at
the PES, the meta-generalized gradient approximation based Minnesota functional
M06-2X and the 6-311++G(d,p) basis set were utilized.49,50 Four different pathways
through which CH3OH

+ can be dissociated were computed on the CH3OH
+ ground

doublet PES. Furthermore, at the same level of theory, M06-2X/6-311++G(d,p),
vibrational frequencies were calculated to obtain the zero-point energies and to verify
that the computed structures were either TSs or minima. Using a number of imag-
inary frequencies, the local minima, and TSs were identied (zero and one, respec-
tively). All the identied TSs have only one imaginary frequency, and the computed
intrinsic reaction coordinate (IRC) results suggest that the corresponding vibration
path links the reactant and the product accurately. CYLview20 soware was used to
visualize the nal optimized geometries of all the calculated structures.51

Fig. 1 (a) Schematic diagram of the experimental setup. This setup was used for photo-
ionization experiments with 800 nm femtosecond laser and 1300 nm OPA pulses. (b) (I)
and (II) show the Hn

+ (n ¼ 1, 2, 3) ion VMI images for 800 nm, 29 fs and 195 fs pulses,
respectively, (III) shows the time-of-flight (TOF) mass spectrum recorded for methanol, (c)
pulse characterization using SPIDER, and (d) multi-plate velocity map imaging spec-
trometer. The VMI images are shown here to demonstrate the working of the VMI in the
imaging mode. (BS ¼ beam splitter, OPA ¼ optical parametric amplifier, FM ¼ flip mirror,
CM ¼ concave mirror, M ¼ mirror).
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3 Results and discussion
3.1 Hn

+ (n ¼ 1–3) ion formation: intensity dependence

Firstly, we studied the effect of laser intensity on fragmentation and the yield of
H+, H2

+, and H3
+ ions during the photodissociation of CH3OH. Fig. 2 shows the

TOF spectra of CH3OHmolecules generated by interaction with 800 nm, 29 fs, and
linearly polarized (parallel to the plane of the MCP-phosphor detector) laser
pulses. These spectra were recorded at three different laser intensities – 0.015 PW
cm�2, 0.039 PW cm�2, and 0.057 PW cm�2.

At low laser intensity, single ionization of CH3OH occurs by a multiphoton
ionization (MPI) process (Keldysh parameter g > 1).52 Single ionization mostly
transfers the CH3OH molecule from the ground state to metastable states with
longer lifetimes due to which the yield of heavier fragments like CH3O

+ and
CH2O

+ is higher in Fig. 2(a). Few of the parent ions, which are in unstable
repulsive states, fragment into the Hn

+ (n ¼ 1–3), CHn
+ (n ¼ 0–3), OH+, and H2O

+

ions. We observe that the yields of CO+, COH+, and CH3OH
+ are very low and

visible only on the logarithmic scale. It is most likely that the unstable repulsive

Fig. 2 Time-of-flight spectra of CH3OH recorded at three different laser intensities, for 29
fs, 800 nm, and linearly polarized (parallel to the plane of the MCP-phosphor detector)
light pulses. Laser intensities in the three cases were (a) 1.5� 1013 W cm�2, (b) 3.9� 1013 W
cm�2, and (c) 5.7 � 1013 W cm�2. The y-axes represent the normalized counts. Normal-
ization was done to the total counts ((a) 5.8� 104, (b) 1.1 � 106, and (c) 1.3� 106) recorded
in each spectrum. In (a) CHnO

+ (n¼ 1–3) are visible. The yields of CHnO
+ (n¼ 0, 4) are very

low and are only visible on the logarithmic scale. In (b) n ¼ 0–3 in CHn
+, while n ¼ 0–4 in

CHnO
+. Similarly n ¼ 0–3 in CHn

+ and n ¼ 0–4 in CHnO
+ in (c).
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Fig. 3 (a) Normalised Hn
+ (n ¼ 1–3) ion yield as a function of laser intensity for CH3OH

(maximum error is 7%). (b) Ratio of bond formation to bond breaking in CH3OH as
a function of laser intensity (maximum error is 6%). Solid symbols stand for linear polari-
zation while hollow symbols stand for circular polarization in both (a) and (b). (c) Nor-
malised yield of H+, D+, HD+, D2

+, D2H
+, and D3

+ as a function of laser intensity for the
photodissociation of CD3OH by linearly polarized pulses (maximum error is 3%). (d) Same
as (c) but with circularly polarized pulses (maximum error is 7%). The laser parameters such
as pulse duration (29 fs) and wavelength (800 nm), and the VMI spectrometer voltages
were kept constant during the measurements. Normalisation in all cases has been done to
the total ion yield.
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states of the CH3OH
+ ion are populated at this intensity, leading to its fragmen-

tation. As the laser intensity increases, multiple repulsive states are populated,
producing more fragment ions through various dissociation channels. Thus, it
enhances the yield of smaller fragments like Hn

+ and CHn
+, as shown in Fig. 2(b).

At high laser intensity (Keldysh parameter g < 1), the molecule’s Coulomb
potential gets distorted. Tunnel ionization and electron recollision-based
processes start playing a role in further excitation or ionization of the already
ionized molecules. The formation of C2+ and O2+ ions in the TOF mass spectrum
(Fig. 2(c)) is evidence of multiple ionization (double, triple, or even quadruple
ionization) of the precursor molecules.

The effect of laser intensity and polarization on the yield of H+, H2
+, and H3

+

ions is shown in Fig. 3(a) and (b). As indicated by Fig. 3(a), the integrated Hn
+ ion

yield normalized to the total counts (all ions) initially increases with laser
intensity and then saturates for higher intensities. As already discussed above,
single ionization by MPI is more common at low intensities, resulting in fewer
molecules reaching dissociative excited states. This is why the Hn

+ yield is smaller
at low intensities. At high intensities, in addition to the larger number of popu-
lated dissociative states of CH3OH

+, new dissociative channels are created due to
the complex phenomena of tunneling and recollision, which transfer the parent
molecule to the unstable CH3OH

2+ state. A neutral H2 molecule formed in the
vicinity of the ion then roams on the PES and either extracts a proton or donates
an electron (and forms H3

+ or H2
+, respectively) before the Coulomb explosion of

the parent ion.16

Fig. 4 Time-of-flight spectra of CH3OH obtained with 800 nm, linearly polarized light
with intensity 1.46 � 1013 W cm�2, and pulse duration (a) 29 fs, and (b) 195 fs. The y-axes
represent the normalized counts. Normalization is done to the total counts ((a) 5.8 � 104,
and (b) 3.4� 105) recorded in each spectrum. In (a), n¼ 1–3 in CHnO

+. Similarly n¼ 0–3 in
CHn

+ and n ¼ 0–3 in CHnO
+ in (b).
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It is expected that at such high intensities, bond formation should decrease
and bond breaking should increase. It is, however, interesting to note that the
yield of H2

+ and H3
+ ions is not much affected and remains nearly constant at

high intensities but the yield of CHnO
+ (n ¼ 0–4) ions is found to decrease at high

intensities due to C–H and O–H bond breaking. Fig. 3(a) and (b) clearly show that
the yields of H2

+ and H3
+ are constant or have little variation over a range of laser

intensities, but CHnO
+ (n ¼ 0–4) yields are reduced drastically as clearly visible in

Fig. 2(c).
To conrm the intramolecular migration of hydrogen in CH3OH, we used the

deuterated isotopomer of methanol (CD3OH) and recorded the intensity and polar-
ization dependence of the yield of H+, D+, HD+, D2

+, D2H
+, and D3

+ ions as a function
of laser intensity as shown in Fig. 3(c) and (d). The plots show similar trends to
CH3OH and, therefore, conrm that similar processes are involved in the ionization
and fragmentation of both parent molecules. These results conform to those ob-
tained in previous studies17,53 on strong-eld photodissociation of hydrocarbons.

3.2 Hn
+ (n ¼ 1–3) formation: pulse duration dependence

Next, we examined the effect of laser pulse duration on the photodissociation of
CH3OH and the yield of Hn

+ ions. Fig. 4 shows the TOF spectra of CH3OH ob-
tained using 800 nm, linearly polarized pulses with pulse duration (a) 29 fs, and

Fig. 5 Time-of-flight spectra of CH3OH recorded at two different wavelengths: (a)
800 nm, and (b) 1300 nm. We kept the laser parameters such as pulse duration (funda-
mental 800 nm, 29 fs), intensity (4.5 � 1013 W cm�2), and polarization (linear) constant
during the measurements. In these measurements, the laser light polarization was parallel
to the plane of the MCP-phosphor detector. The y-axes represent normalized counts.
Normalization is done to the total counts ((a) 2.2� 106, and (b) 2.4� 106) recorded in each
spectrum. In (a), n ¼ 0–3 in CHn

+ and n ¼ 0–4 in CHnO
+. Similarly n ¼ 2 in CHn

+ and n ¼
0–4 in CHnO

+ in (b).
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(b) 195 fs. As evident from this gure, the yield of Hn
+ (n¼ 1–3) ions is minimal in

Fig. 4(a), and the CHn
+ (n ¼ 0–3) ions are almost non-existent. On the other hand,

photodissociation by stretched pulses results in higher fragmentation of the
parent ions, and therefore, a high yield of smaller fragment ions like Hn

+ (n ¼ 1–
3), CHn

+ (n ¼ 0–3), C2+, and O2+ ions is observed. This phenomenon of enhanced
fragmentation for ionization with pulses of longer duration has been previously
observed in multiple studies.54–57 In the study on ethanol by Hosaka et al.57 the
kinetic energies carried by the photoelectrons resulting from different ionization
channels were studied using pulses of different chirps. It was observed that for
pulses with longer durations, more fragmentation and electronic excitation
occurred. This feature was attributed to the fact that the vibrational wavepacket
can evolve on the ground state of the C2H5OH

+ PES for the longer pulse duration
case. This also leads to non-adiabatic couplings with other electronic states.58

Therefore, we can also infer that even in our experiments, longer pulses (195 fs)
facilitate the evolution of the wavepacket in the ionized PES for a longer time as
compared to the 29 fs pulses. This results in increased internal energy of the
excited state (in this case CH3OH

+) just before dissociation, in the case of
stretched pulses.57 This results in higher fragmentation of methanol and a high
yield of Hn

+ ions in the case of ionization with 195 fs pulses.
We also studied the dependence of the yield of different fragments likeH+, D+,HD+,

D2
+, D2H

+, and D3
+ ions (formed by the photodissociation of CD3OH) on pulse dura-

tion. For that, we used SF11 windows of thicknesses 5 mm, 10 mm, 15 mm, and 20
mm. Table 1 shows the % yield of the ions for pulses of different durations. As dis-
cussed above, the results are similar to what has been observed in the case of CH3OH.

Fig. 6 Normalised Hn
+ (n ¼ 1–3) ion yields as a function of laser intensity recorded using

800 nm and 1300 nm pulses. The parameters like pulse duration (29 fs), polarization
(parallel to detector plane), and VMI spectrometer voltages were identical for both cases.
The maximum error is 7%. Normalization was done to the total ion yield.
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3.3 Hn
+ (n ¼ 1–3) formation: wavelength dependence

The next parameter to be studied was the wavelength dependence of Hn
+ (n¼ 1–3)

yield. Fig. 5 compares the TOF spectra of CH3OH for wavelengths 800 nm and
1300 nm (generated from the OPA unit). As evident from the gure, the degree of
fragmentation and the yield of ions are smaller in the case of strong-eld ioni-
zation by 1300 nm light, while they are much higher for 800 nm light. In
a previous study on strong-eld ionization of the decatetraene (DT) molecule
using 40 fs pulses of intensities�1013 W cm�2 and�1014 W cm�2 for wavelengths
of 800 nm and 1450 nm respectively,59 similar results were obtained. Similarly, the
non-sequential double ionization yield of Mg decreased as the wavelength was
increased from 800 nm to 2000 nm.60

At high intensities, ionization of molecules occurs mainly by tunneling. The rec-
ollision of the tunnel electron and subsequent ionization of the parent ion (three-step
model) are strongly affected by the laser wavelength. For longer wavelengths, the travel
time of the electron, and hence the spreading of the electron wavepacket are greater.
As reported by Kang et al.60 the energy distribution of the recolliding electron was
found to be broader with peaks at energies far above 10 eV in the case of long
wavelengths. At the same time, the density of the returning tunnel electron was found
to decrease with increasing wavelength. This explains why the degree of fragmenta-
tion and the ion yield are lower for pulses of longer wavelength.

Fig. 6 compares the yield of Hn
+ (n ¼ 2, 3) ions as a function of laser intensity

for 800 nm and 1300 nm pulses. In the intensity range shown in the gure, the

Fig. 7 Linear and circularly polarized light-induced time-of-flight mass spectra of
CH3OH. The parameters like wavelength (800 nm), pulse duration (29 fs), and intensity (5.7
� 1013 W cm�2) were kept identical for both (a) linearly polarised, and (b) circularly
polarized cases. The y-axes represent the normalised ion counts. Normalization is done to
the total counts ((a) 1.3� 106, and (b) 2.0� 106) recorded in each spectrum. In both (a) and
(b), n ¼ 0–3 in CHn

+ and n ¼ 0–4 in CHnO
+.

Paper Faraday Discussions

This journal is © The Royal Society of Chemistry 2021 Faraday Discuss.

Pu
bl

is
he

d 
on

 0
6 

Ja
nu

ar
y 

20
21

. D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
Sa

nt
a 

B
ar

ba
ra

 o
n 

5/
16

/2
02

1 
6:

51
:1

6 
A

M
. 

View Article Online

https://doi.org/10.1039/d0fd00129e


Hn
+ (n ¼ 1–3) yield has an increasing trend for 800 nm, while it has a decreasing

trend at 1300 nm. In fact at 1300 nm, the yield initially increases, reaches
a maximum and then decreases. As discussed before, the yield of Hn

+ ions is
expected to be lower for 1300 nm pulses. However, it is not clear why the peak in
the yield of both H2

+ and H3
+ appears at the intensity of 5.7 � 1013 W cm�2 for

1300 nm pulses. This trend is under investigation with other wavelengths to
understand the phenomena involved.

3.4 Hn
+ (n ¼ 1–3) formation: polarization dependence

Finally, we examined the effect of polarization on the photodissociation of CH3OH
and the yield of Hn

+ (n¼ 1–3) ions. Fig. 7(a) and (b) show the TOF spectra obtained for
800 nm, linearly and circularly polarised pulses, respectively. Similarly, Fig. 8(a) and
(b) show the TOF spectra obtained for 1300 nm, linearly and circularly polarized
pulses, respectively. The 1300 nm pulses are generated by pumping the OPA with
800 nm, 29 fs pulses, and then further stretched by passing through an SF11 window
of thickness 15 mm. The details of pulse duration as a function of the window’s
thickness are provided in Table 1. It is evident from the gures that the degree of
fragmentation and the yield of Hn

+ ions are higher for linearly polarized pulses in
comparison with circularly polarized pulses.

At high laser intensities, tunnel ionization and tunnel electron recollision-
induced processes come into play, as discussed before. Polarization of light
pulses can serve as a control in photoionization experiments, but its effect on the

Fig. 8 Linear and circularly polarized light-induced time-of-flight mass spectra of
CH3OH. The parameters like wavelength (1300 nm), pulse duration (195 fs), and intensity
(1.22 � 1013 W cm�2) were kept identical for both (a) linearly polarised, and (b) circularly
polarized cases. The y-axes represent the normalised ion counts. Normalization is done to
the total counts ((a) 9.5� 106, and (b) 2.4� 106) recorded in each spectrum. In both (a) and
(b), n ¼ 0–3 in CHn

+ and n ¼ 0–4 in CHnO
+.
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ionization processes is not clearly understood. It is known that in the case of
linear polarization, the tunnel electron reverses its trajectory as the laser eld
direction changes, and recollides with the parent ion (three-step model). Circular
polarization is expected to cause the tunnel electron to spiral away from the
parent ion, thereby reducing the recollision cross-section and the yield of frag-
ment ions. This has been conrmed by many experiments.37,61,62 However, it has
also been observed in multiple studies that circular polarization signicantly
enhances double ionization.63,64

In our study, we observe that the degree of fragmentation and the yield of ions
like Hn

+ and CHn
+ are slightly higher for linearly polarized light as compared to

circularly polarized light. Therefore, the effect of polarization on fragmentation
and Hn

+ formation needs to be investigated further.

4 Quantum chemical calculations: dissociation
channels of CH3OH+

Further, DFT calculations were performed to understand the fragmentation
process of CH3OH

+ and the yield of fragment ions. In order to obtain better
precision, the M06-2X functional was utilized as this functional offers high-
quality kinetic data for radical–molecule reactions compared to the well-
established and accepted B3LYP functional.65,66 Some of the singly ionized
CH3OH molecules are in meta-stable states (Fig. 2, 4, and 5), so we initially
optimized the geometry of CH3OH and CH3OH

+ on their singlet and doublet
PES, respectively. The local minima, transition states (TSs) and intermediate
complexes of CH3OH

+ involved in the dissociation reaction process are located
at the M06-2X/6-311++G(d,p) level of theory, and their structures are presented
in Fig. 9. Then the entire reaction routes from the stable geometry of CH3OH

+ to
H3

+ + CHO and CH2 + H2O
+ are computed on the ground state doublet PES of

CH3OH
+ at the same level of theory and the potential energy surface prole is

displayed in Fig. 10. The fully relaxed ground state geometries of all the
calculated molecular ions, methanol in both the ground and singly ionized
states (CH3OH and CH3OH

+), the TSs (TS1, TS2, TS3, and TS4) and the inter-
mediate complexes (S1, and S2) along with their optimized energies and zero-

Fig. 9 DFT calculated structures and selected geometric parameters of CH3OH, CH3OH+,
CH2OH2

+, TS1, S1, TS2, S2, TS3, and TS4 optimized at the M06-2X/6-311++G(d,p) level of
theory. Bond lengths are in �A and angles are in degrees.
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point-corrected energies are shown in Fig. S1 in the ESI.† In the rst step of the
dissociation of CH3OH

+ to H3
+, the hydrogen atom in the –OH group shis

towards the carbon atom of the methyl group to create the rst transition state
TS1 (see Fig. 9). The generation of TS1 is endothermic by approximately
64.90 kcal mol�1. TS1 has an imaginary frequency corresponding to the
hydrogen atom situated between the oxygen and carbon atoms and the O–H
bond length is elongated by about 0.44�A (Fig. 9). Aer crossing TS1, the system
reaches the intermediate S1, followed by asynchronous movement of this
hydrogen atom. The energy barrier between CH3OH

+ and S1 is 24.68 kcal mol�1.
In this process, the O–H bond completely dissociates, and this hydrogen atom
forms a new bond with another hydrogen atom, which separates from the
methyl group. In this way, a neutral H2 moiety is formed that tends to isolate
from the rest of the molecule, with distances of 2.53 and 2.54 �A between the
carbon atom and the hydrogen atoms H1 and H4, respectively. In this
geometrical structure of S1, the angle between the C2 carbon atom and the
hydrogen atoms (H1 and H3) is found to be 78� which is further reduced to 45�

as the H2 moiety shis more towards the H3 atom, leading to the formation of
TS2. Here, it can be noticed that the energy difference between TS2 and S1 is
negligible (0.08 kcal mol�1). Further, the H2 moiety continues to move towards
the H3 atom to form the second intermediate S2 and the angle :123 decreases
to 8�. Again, there is a very marginal energy difference between TS2 and S2 of
approximately 0.90 kcal mol�1. It can be summarized here that the difference in
energy between S1, TS2 and S2 is negligible, suggesting that S1 is stuck in a very
shallow quasi-bound well of the PES and can create a barrier free reaction
process. Finally, with an activation barrier of 55.64 kcal mol�1, S2 overcomes
the third transition state (TS3) to generate H3

+ and CHO. In this reaction
pathway (CH3OH

+ / H3
+), the total sum of the atomic charges on the H1 and

H4 atoms remains very close to zero in S1, TS2 and S2. This shows that the
neutral H2 formed from CH3OH

+ plays a key role in the migration of the H atom
prior to the formation of H3

+ and this is in excellent concurrence with the
ndings of Nakai et al. and Ekanayake et al.18,19,39 Our calculations for this
investigated path imitate the experimental ndings exactly. This dissociation
channel produces H3

+ ions because of the population of several repulsive states
with an increase in laser intensity as observed in Fig. 2 and 3.

Fig. 10 The potential energy profile for the dissociation of CH3OH+ into H3
+, CHO+, CH2

+

and H2O
+ at the M06-2X/6-311++G(d,p) level of theory. The energies in the figure are

relative to the total energy of CH3OH+.
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Further, to understand the enhancement of the yield of other smaller frag-
ments such as CH2

+ with the increase in laser intensity, other dissociation
channels are also investigated. In another dissociation channel (CH3OH

+ /

CH2 + H2O
+), the migration of hydrogen takes place inside CH3OH

+ and
a hydrogen atom transfers from the methyl group to the –OH group via transition
state TS4, leading to the formation of CH2OH2

+. This process overcomes an energy
barrier of 27.95 kcal mol�1 and then CH2OH2

+ dissociates into CH2 and H2O
+. The

calculated energy gap between CH2OH2
+ and CH3OH

+ is comparable and close to
that observed by the Radom and Wu groups.36,67–69 Our IRC calculations further
conrm that TS1, TS2, TS3 and TS4 are the correct TSs that accurately link the
reactant and the product. We have observed H2O

+ formation in the experiments
as well, and the peak corresponding to H2O

+ is marked in Fig. 2, 4, 5, 7, and 8. We
are, however, only focusing on Hn

+ (n¼ 1–3) formation in this study, and therefore
we have not discussed H2O

+ formation in the experimental section.
We have further estimated and calculated two more dissociation channels as

the positive charge can be assigned to either part of CH2 + H2O
+ and H3

+ + CHO as
shown in Fig. 10. On the basis of the comparison of the different dissociation
channels, it seems that the dissociation of CH3OH

+ to CH2
+ + H2O and H3 + CHO+

is preferred. Here, DFT calculations using the M06-2X functional seem to be very
helpful in providing invaluable insight into the dissociation processes in CH3OH

+

and further offering guidance to explain the experimentally observed results even
without the excited state calculations.

5 Conclusions

To summarize, we have studied the strong-eld ionization of CH3OH molecules
and experimentally investigated the formation of H2

+ and H3
+ ions from ionized

CH3OH. The impact of different laser parameters like intensity, pulse duration,
wavelength, and polarization on fragmentation and the yield of Hn

+ (n¼ 1–3) ions
have been discussed. Our key results can be summarized as follows:

� Low-intensity pulses resulted in a higher yield of heavier fragments like
CHnO

+ (n ¼ 0–4) in the TOF spectra. At high intensities, CH3OH is ionized to
multiply-charged states which are highly repulsive and dissociate into smaller
fragments like Hn

+ (n ¼ 1–3), CHn
+ (n ¼ 0–3), C2+, and O2+.

� Stretched pulses (195 fs) were found to cause enhanced fragmentation and
resulted in a higher yield of small fragment ions, compared to shorter pulses (29
fs). Similarly, in CD3OH, the yield of H+, D+, DH+, D2

+, D2H
+, and D3

+ ions was
enhanced as the pulse duration was increased from 29 fs to 290 fs.

� Photodissociation of CH3OH by shorter wavelength pulses (800 nm) resulted
in enhanced fragmentation in comparison to longer wavelength pulses (1300
nm).

� Linear polarization caused more fragmentation and higher ion yield from
CH3OH, as compared to circularly polarized pulses. This was observed for both
800 nm and 1300 nm pulses.

� In the photoionization of CD3OH, we have observed that the DnH
+ (n ¼ 1, 2)

ion yield as a function of laser intensity follows a similar trend to the Dn
+ (n¼ 2, 3)

ion yield.
� Quantum chemical calculations were performed to predict the dissociation

channels of singly ionized CH3OH and understand the mechanism of
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intramolecular hydrogen migration. Our calculation results show that the neutral
H2 formed from CH3OH

+ plays an essential role in forming H3
+ ions.

We conclude that the laser parameters (intensities, pulse widths, wavelengths,
and polarization) can directly serve as a control for the dissociation of methanol
and the yield of Hn

+ (n ¼ 1–3) ions.
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Strong-field ionization of CH3Cl: proton migration
and association†

Rituparna Das, ‡a Deepak K. Pandey, b Swetapuspa Soumyashree,a

Madhusudhan P.,‡a Vinitha Nimma, a Pranav Bhardwaj,‡a

Muhammed Shameem K. M.,a Dheeraj K. Singh b and Rajesh K. Kushawaha *a

Strong-field ionization of CH3Cl using femtosecond laser pulses, and the subsequent two-body

dissociation of CH3Cl2+ along Hn
+ (n = 1–3) and HCl+ forming pathways, have been experimentally

studied in a home-built COLTRIMS (cold target recoil ion momentum spectrometer) setup. The single

ionization rate of CH3Cl was obtained experimentally by varying the laser intensity from 1.6 �
1013 W cm�2 to 2.4 � 1014 W cm�2 and fitted with the rate obtained using the MO-ADK model.

Additionally, the yield of Hn
+ ions resulting from the dissociation of all charge states of CH3Cl was

determined as a function of intensity and pulse duration (and chirp). Next, we identified four two-body

breakup pathways of CH3Cl2+, which are H+ + CH2Cl+, H2
+ + CHCl+, H3

+ + CCl+, and CH2
+ + HCl+,

using photoion–photoion coincidence. The yields of the four pathways were found to decrease on

increasing the intensity from I = 4.2 � 1013 W cm�2 to 2I = 8.5 � 1013 W cm�2, which was attributed to

enhanced ionization of the dication before it can dissociate. As a function of pulse duration (and chirp),

the Hn
+ forming pathways were suppressed, while the HCl+ forming pathway was enhanced. To under-

stand the excited state dynamics of the CH3Cl dication, which controls the outcome of dissociation,

we obtained the total kinetic energy release distributions of the pathways and the two-dimensional

coincidence momentum images and angular distributions of the fragments. We inferred that the Hn
+

forming pathways originate from the dissociation of CH3Cl dications from weakly attractive metastable

excited states having a long dissociation time, while for the HCl+ forming pathway, the dication dissoci-

ates from repulsive states and therefore, undergoes rapid dissociation. Finally, quantum chemical calcu-

lations have been performed to understand the intramolecular proton migration and dissociation of the

CH3Cl dication along the pathways mentioned above. Our study explains the mechanism of Hn
+ and

HCl+ formation and confirms that intensity and pulse duration can serve as parameters to influence the

excited state dynamics and hence, the outcome of the two-body dissociation of CH3Cl2+.

The interaction of intense ultrashort laser pulses with atoms
and molecules removes electrons from the valence or inner-
valence orbitals. This phenomenon, known as strong-field
ionization (SFI), has been studied in atoms and molecules for
many decades.1–3 The large number of degrees of freedom in
molecules, along with the coupling of the electronic and
nuclear motions, renders the understanding of light-induced
ultrafast processes in molecules extremely challenging. Once a
molecule is ionized, it is transferred from the ground state to
either a ground or excited ionic state. These ionic states may be

stable, metastable (having a longer lifetime), or dissociative.
In the excited dissociative potential energy surfaces (PESs), the
molecular ion undergoes structural changes and geometrical
deformation as it tries to gain stability. This leads to various
ultrafast processes like bond-breaking, association, and iso-
merization, before fragmentation of the molecule. Using ultra-
short pulses (having durations B tens of fs or shorter), it is
possible to study the nuclear and electron-nuclear dynamics
in real-time, which will enable us to control the reactions.
By ionizing the molecules from the valence or inner-valence
orbitals and controlling the population of the ionic states, it is
possible to control the dissociation pathways of the molecule.

The formation of H2
+ and H3

+ ions during the photo-
dissociation of polyatomic molecules is ubiquitous and is of
much importance.4,5 H3

+ formation involves intramolecular
proton migration,6,7 is complex and has been studied in many
hydrocarbons.3,8–10 In recent studies, it has been found to be a
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two-step process. The first step involves the double ionization
of the molecule, followed by the breakup of two C–H bonds and
the formation of a neutral H2 molecule. In the next step, the
neutral H2 roams on the PES in the vicinity of the precursor and
extracts a proton to form H3

+.11–17 H2
+, on the other hand, is

formed by the long-range electron transfer from the neutral
H2 to the parent dication by a process known as ‘‘inverse
harpooning’’.11 The timescale of such intramolecular hydrogen
migration has been reported to be B100 fs.18,19

Methyl chloride (CH3Cl) is one of the most significant
contributors (15%, according to the World Meteorological
Organization) of stratospheric ozone depletion among the
various chloride compounds present in the atmosphere, origi-
nating from both natural20,21 and anthropological22 sources.
In the stratosphere, photodissociation of methyl chloride gene-
rates chlorine radicals (which lead to ozone depletion) and
numerous fragments like Hn

+ (n = 1–3), Cl+, HCl+, CH2Cl+,
CHCl+, and CCl by various dissociation pathways. In addition,
methyl chloride has been found in a stable form in the
interstellar medium.23

The fragmentation of CH3Cl has been studied extensively
using ion bombardment,24,25 synchrotron radiation,26–29 and
femtosecond lasers.30–32 Hn

+ (n = 1–3) and HCl+ formation
during the photodissociation of CH3Cl has been of interest
for many years. Duflot et al. studied the various two- and three-
body dissociation channels of the CH3Cl dication using the
complete active space self-consistent field (CASSCF) method.33

A similar study was performed by Ruhl et al.34 on the cleavage
of the CH3Cl dication by the PEPIPICO method. In ref. 10, H3

+

formation from the CH3Cl dication was proposed by three C–H
bond breakups followed by the three H atoms coming close to
each other and forming H3

+ ions, in contrast to the roaming
mechanism of H3

+ formation proposed by Ekanayake et al.15

The mechanism by which the stable HCl+ ion is formed in CH3Cl
following Auger decay has also been studied.35 Additionally,
two-color asymmetric fields have been used to study the angle-
and momentum-resolved ionization and Coulomb explosion of
CH3Cl.36 The head-to-tail ionization asymmetry in the ejection
of CH3

+ and X+ from methyl halide dications (CH3X2+, X = F, Cl,
Br, and I) was investigated experimentally by controlling the
phase between the fundamental and second-harmonic fields.
Furthermore, Ma et al. used 800 nm and 400 nm pulses of
duration 50 fs to study the ultrafast H migration and Coulomb
explosion (CE) in CH3Cl along various two-body breakup
channels of the parent dication and trication.31

In this work, we have investigated the strong-field ionization
of the CH3Cl molecule. The effect of intensity and pulse
duration on the single and double ionization of CH3Cl has
been determined. To understand the effect of these parameters
on the fragmentation of CH3Cl2+ and the formation of Hn

+

(n = 1–3) and HCl+ ions, photoion–photoion coincidence has
been performed. This has further helped us to understand the
contribution of the singly and doubly ionized CH3Cl molecules
in producing these fragments. We have also identified four two-
body breakup channels of CH3Cl2+ as follows: H+ + CH2Cl+, H2

+

+ CHCl+, H3
+ + CCl+, and CH2

+ + HCl+. The yield, kinetic energy

releases, and two-dimensional coincidence momentum distri-
bution of the fragments (Hn

+ and HCl+) have been measured
as a function of pulse duration. Furthermore, the anisotropy
hcos yi in the angular distribution of Hn

+ and HCl+ ions has
been obtained, which helped us to understand the lifetime of
the precursor. Our study suggests that it is possible to control
the ultrafast dynamics of the parent dication in the excited
potential energy surfaces and hence, the outcome of its disso-
ciation by using laser intensity and pulse duration.

1 Experimental methodology

The setup consists of a Ti:sapphire laser (Coherent), which
produces 29 fs, 10 mJ pulses at 1 kHz, having a central
wavelength of 800 nm. A portion of the beam (B1.5 mJ)
is used for performing photodissociation experiments in a
home-built cold target recoil ion momentum spectrometer
(COLTRIMS) setup. The schematic diagram of the experimental
setup is shown in Fig. 1. A commercial SPIDER setup (APE
Germany) was used for pulse characterization. A half-waveplate
(Altechna) and polarizer (Altechna) combination was used for
controlling the laser power. The polarization of the beam was
kept parallel (y-axis) to the detector throughout the experiment.
A 2-inch concave mirror (effective focal length = �10 cm,
Newport) mounted inside the COLTRIMS chamber was used
to focus the pulses on the molecular beam at the ionization
region. The beam diameter at the focus was measured to be 38
mm using a Beamage-4M, Gentec-EO. The intensity of the beam
was estimated using the average power, pulse duration, and
spot size. SF11 glass plates with thicknesses of 5 mm, 10 mm,
and 20 mm were used in various combinations to perform
photoionization experiments with stretched pulses of different
durations.

The COLTRIMS setup is operated under the Wiley McLaren
condition.37 It consists of 9 electrodes (annular rings) on either
side of the ionization region. A weak homogeneous electric
field (35 V cm�1) directs the positive and negatively charged
ions and electrons, respectively, to the opposite ends of the
setup. MCP detectors (Roentdek, Germany) on both ends of
the setup were used to determine the times-of-flight (TOFs) of

Fig. 1 Schematic diagram of the experimental setup and the femtose-
cond pulse characterization (SPIDER) unit.
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the ions and electrons. A position-sensitive delay line detector
(DLD) determines their (x, y) positions on the ion side.

CH3Cl (Sigma Aldrich, purity of Z99.5%) in the gas-phase
was effused into the COLTRIMS chamber using a needle having
an orifice diameter of 250 mm. The COLTRIMS chamber pres-
sure was maintained at B9 � 10�8 torr at room temperature.
This ensured that the event rate was less than 300 Hz, which is
essential for avoiding false coincidences and the space charge
effect.

For intensity and pulse duration-dependent studies, the
TOFs and (x, y) positions on the detector of the fragments were
recorded (4106 counts), while keeping all other laser para-
meters constant, using a TDC8HP card (Roentdek). The MCP
and DLD signals were first sent to an ATR-19 (preamplification
and CFD). NIM signals generated by the ATR-19 were then sent
to the TDC8HP card. The COBOLD PC software was used for
both data acquisition and analysis (offline mode).

2 Theoretical methodology

The theoretical ionization rate of CH3Cl+ was obtained using
the molecular Ammosov–Delone–Krainov (MO-ADK) theory
and compared with experimental results. The details of this
theory are given in ref. 38 and 39. Here, we briefly introduce the
essential equations used for getting the theoretical ionization
rate.

Assuming the molecular axis to be aligned parallel to the
external field, the rate of tunnelling ionization for a molecule
can be expressed as:38–40

oMO-ADKðF ; 0Þ ¼
B2ðmÞ
2jmjjmj!

1

k

2Zc

k� 1

2k3

F

� � 2Zc

k� jmj � 1� exp
�2k3
3F

� �

(1)

where,

BðmÞ ¼
X
l

ClQðl;mÞ; (2)

F is the laser field strength, l is the azimuthal quantum
number, m is the magnetic quantum number along the mole-

cular axis, Zc is the effective Coulomb charge, and k ¼
ffiffiffi
I
p

p

where Ip denotes the ionization potential for the given valence
orbital. Cl is the structure co-efficient for the valence orbital
whose values are tabulated in Table 1.41

For an arbitrary alignment, R of the molecular axis with
respect to the laser field, B(m) can be expressed as:

Bðm0Þ ¼
X
l

ClD
l
m0;mðRÞQðl;mÞ (3)

where Dl
m0;mðRÞ is the rotation matrix, and R represents the

Euler angles between the molecular axes and the laser field
direction. Therefore, the ionization rate in a static field is given
by:38–40

oMO-ADKðF ;RÞ ¼
X
m0

B2ðm0Þ
2jm0 jjm0j!

1

k

2Zc

k� 1

2k3

F

� � 2Zc

k� jm0j � 1

� exp
�2k3
3F

� �

(4)

In a pulsed laser field, the electric field has the form of:

F(t, r, z) = F0 exp(�2ln 2t2/t2)exp(�2ln 2r2/W(z)2) (5)

where F0 is the laser field peak strength and t is the FWHM of
the pulse. W(z) is given by w0

ffiffi
ð

p
1þ z2=zR

2Þ, where w0 is the
beam spot size and zR is the Rayleigh range, given by pw0

2/l. l is
the laser wavelength. Ionisation rate is given by the following
equation:

PðF ;RÞ ¼ 1� exp

ð
wðF ;RÞdt (6)

Theoretical ionization rate is obtained using the in-house
developed program in MATLAB. The laser electric field strength
was calculated from the experimental intensity value varying
from 1.4 x 1013 to 24.2� 1013 W cm�2. The focal volume average
was taken into account by integrating over the spatial compo-
nents (i.e., integrating over r and z). r was integrated from
�45 mm to 45 mm, and z was integrated over 0 to zR. The
measured w0 was 19 mm. The Rayleigh range for this case was
calculated to be 1.42 mm. The ionization rate was calcu-
lated using eqn (6) integrating over t from �29 fs to 29 fs.
The obtained MO-ADK curve is discussed in the results section.

3 Computational methods

GaussView 6 software was used to create initial input geo-
metries for all molecular ions (CH2

+, CH2Cl+, HCl+, CHCl+,
CCl+, H+, H2

+, and H3
+), intermediate complexes, and multiple

transition states (TSs) of CH3Cl and doubly ionized
chloromethane.42 To acquire a better understanding of the
probable mechanism of hydrogen migration and dissociation
processes in the chlromethane dication (CH3Cl2+) and produce
various molecular ions (H+, H2

+, H3
+, and CH2

+), density
functional theory (DFT) calculations were executed using the
Gaussian 16 quantum chemistry package.43 DFT calculations
have recently been employed to assess the characteristics of
several chemical entities and their potential uses in diverse
fields.44,45 The meta-generalized gradient approximation-based

Table 1 Clm structure coefficients for the HOMO of CH3Cl used in the
theoretical model from ref. 41

Molecule Ip (eV) C1�1 C2�1 C2�2

CH3Cl (HOMO1) 11.3 0.58i 1.72i 0.21

C3�1 C3�2 C4�1

�0.36i �0.27 0.54i
C4�2 C5�1 C5�2
0.24 �0.13i 0.17
C6�1 C6�2

0.06i 0.09
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global Minnesota hybrid functional (M06-2X) with the 6-
311++G(d,p) basis set was used to fully optimize the geometries
of different monomers of CH3Cl2+, multiple fragmented pro-
ducts, and TSs without any constraint at the PES.46,47 The same
level of theory has previously also produced reliable and
accurate results by supporting the experimentally observed
results for dissociation processes.3 In order to understand the
intramolecular hydrogen migration process in CH3Cl2+, four
different pathways were designed and then further computed
on the CH3Cl2+ PES in which CH3Cl2+ can be dissociated into
multiple fragments. Furthermore, vibrational frequencies were
computed at the same level of theory (M06-2X/6-311++G(d,p)) to
confirm that the resulting geometries correspond to minima or
TSs on the PES and to attain zero-point energies. The presence
of one imaginary frequency throughout the specified dissocia-
tion reaction routes confirms the presence of TSs, whereas
the optimized geometries were confirmed as minima without
imaginary frequencies. Furthermore, the transition states were
evaluated using the intrinsic reaction coordinate (IRC) method
at the same level of theory to compute the connection between
the reactants and intermediates/products on the potential
energy diagrams (PEDs). The optimized ground state/transition
state geometries of all the computed structures were visualized
using GaussView 6 software.42

4 Results and discussion
4.1 Experimental results

The TOF spectrum of CH3Cl recorded using 29 fs, 800 nm, and
linearly polarized pulses having an intensity of 4.2 � 1013 W cm�2

is shown in Fig. 2. The yield of CH3Cl+ ions is the maximum,
which indicates that for the moderately intense pulses
(1013 W cm�2) used here, the single ionization of CH3Cl is
predominant. In addition, there is a small yield of smaller
fragments like Hn

+ (n = 1–3, shown in the inset) and CHn
+

(n = 0–3) for the given laser parameters. These fragments are
formed from the dissociation of both CH3Cl+ and CH3Cl2+ ions.
Among the Hn

+ ions, H+ has the highest yield (the ratio of the
H+ yield with respect to the CH3Cl yield is 11%), which is
expected due to the ease of C–H bond breakup. H2

+ (1%) and
H3

+ (2%) formation has a lower cross-section as they require
bond association and, therefore, have a comparatively much
lower yield. It is also interesting to note that despite H3

+

formation being a complex process requiring bond associa-
tion between three H atoms, its yield is slightly higher than
H2

+. This observation is in contrast to previous studies on Hn
+

formation in other hydrocarbons.48,49 Duflot et al. reported
that H3

+ formation is energetically easier (potential barrier is
lower) compared to H2

+ in the two-body breakup of CH3Cl2+.
In fact, the potential energy of the final state (H3

+ + CCl+)
is lower than the energy required for the double ionization
of CH3Cl. This was even confirmed in our theoretical
calculations, as seen in Fig. 14 and 15. Duflot et al. also
suggested that the second ionization occurs from the Rydberg
states of CH3Cl+, resulting in the lower potential energy

barrier for the H3
++ CCl+ pathway, and hence, the H3

+ yield
is higher than that of H2

+.
Firstly, we have investigated the effect of laser intensity on

(a) the strong-field single ionization of CH3Cl and (b) the yield
of Hn

+ ions, by varying the intensity from 1.6 � 1013 W cm�2

to 2.4 � 1014 W cm�2, while keeping all other parameters
constant. Fig. 3(a) shows the experimental (blue) intensity-
dependent yield of CH3Cl cations compared with the ionization
rate predicted by the MO-ADK theory (red). It can be seen from
the figure that as the intensity is increased from 1.6 �
1013 W cm�2 to 8 � 1013 W cm�2, the yield of CH3Cl cations
increases monotonically. At these moderate intensities, ioniza-
tion of the molecule takes place in the MPI (multiphoton
ionization, Keldysh parameter g 4 1) regime50 by the absorp-
tion of multiple photons. In this regime, the rate of single
ionization of CH3Cl is higher than that of double or triple
ionization. As the intensity is increased, the single ionization
rate increases monotonically and then saturates at intensities
beyond 1.2 � 1014 W cm�2 (in agreement with Grugan et al.51).
This saturation intensity Isat, which can be attributed to the
depletion of ground states at high intensities,52 depends on the
ionization potential (Ip) of the molecule. For the photoioniza-
tion of CH3Cl (Ip = 11.28 eV), saturation in the ionization rate
occurs at intensities above 1.2 � 1014 W cm�2, which lie in
the tunneling regime (g o 1). Although the single ionization
rate saturates in this regime, the tunnel electron recollision
produces highly charged states (2+, 3+, 4+, etc.) of CH3Cl. The
ionization rate predicted by the MO-ADK theory (red curve)
scaled with a factor of 0.12 agrees well with the experimental
result at high intensities (above 1 � 1014 W cm�2), but shows
some deviation at low intensities (MPI regime). Since the

Fig. 2 The normalized TOF spectrum of CH3Cl recorded for 29 fs,
800 nm, and linearly polarized pulses having an intensity of 4.2 �
1013 W cm�2. Normalization has been performed with respect to the total
counts in the spectrum.
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MO-ADK theory gives us the tunnelling ionization rate, the
theory breaks down in the low-intensity multiphoton absorp-
tion regime, which explains the deviation. Tong et al.39 have
reported a similar discrepancy between the ionization rates of
SO molecules obtained experimentally and using MO-ADK
theory at low intensities.

Fig. 3(b) shows the variation in the Hn
+ (n = 1–3) yield as a

function of laser intensity. It should be noted that these ions
are formed by the fragmentation of CH3Cl cations, dications,
and all highly charged ions. The H+ yield is 10 times lower than

the CH3Cl+ yield up to 8� 1013 W cm�2. In fact, the H2
+ and H3

+

ions have a negligible yield below an intensity of 3.6 �
1013 W cm�2. The low Hn

+ yield in the MPI regime can be
ascribed to the low rates of fragmentation of the cation and
double ionization of the parent. Single ionization of CH3Cl
from the HOMO by the absorption of multiple photons is
prevalent here and the resulting cations populate the CH3Cl+

ground state, which is highly stable, and do not fragment
much. However, some molecules are singly ionized by the
absorption of an excess number of photons, leading to the
removal of an electron from the HOMO�1 or HOMO�2 (inner
valence) orbitals. The resulting ions populate the excited states
of CH3Cl+, which are repulsive in nature. Furthermore, few
molecules are doubly ionized and it is these CH3Cl dications
and the cations populating the excited states that dissociate to
produce Hn

+ ions in the MPI regime. For intensities beyond
1.2 � 1014 W cm�2, CH3Cl is ionized by tunneling, as men-
tioned above. Multiply charged molecules are produced, which
are highly unstable in nature and undergo fragmentation. As a
result, the Hn

+ yield increases steadily as a function of intensity
in this regime, and continues rising even after the CH3Cl+ yield
saturates.

To ascertain the different fragmentation pathways of CH3Cl2+

contributing to the formation of Hn
+ ions, we have obtained the

photoion–photoion coincidence (PIPICO) of CH3Cl for 29 fs,
800 nm pulses at an intensity of I = 4.2 � 1013 W cm�2 in
Fig. 4(a). Various islands corresponding to the two- and three-
body dissociation channels can be seen in the figure. The two-
body fragmentation of CH3Cl2+ results in the two fragments
having anti-correlated momenta and they are characterized by
islands having a slope of �1 (due to momentum conservation).53

Here, we have investigated the effects of intensity and pulse
duration variations on the following two-body breakup channels
of CH3Cl2+:

CH3
35Cl2+ ) H+ + CH2

35Cl+ (7)

CH3
35Cl2+ ) H2

+ + CH35Cl+ (8)

CH3
35Cl2+ ) H3

+ + C35Cl+ (9)

CH3
35Cl2+ ) CH2

+H35Cl+ (10)

While eqn (7)–(9) show the Hn
+-forming pathways, eqn (10)

corresponds to the H35Cl+ formation pathway. HCl+ is formed
by the intramolecular hydrogen migration from C to Cl atoms,
followed by H–Cl bond formation before the C–H bond breakup
occurs (shown in the inset of Fig. 4(a). From here on, we shall
refer to the H35Cl+ ion as HCl+. The islands corresponding to all
the four pathways in the PIPICO have a slope of �1, thereby,
confirming the two-body breakup of CH3Cl2+. Fig. 4(b) shows
the PIPICO obtained for 510 fs pulses of intensity I. We shall
discuss the effects of pulse stretching on the two-body frag-
mentation of CH3Cl2+ later.

We discussed the variation in the normalized Hn
+ yield from

all CH3Cl ions (1+, 2+, 3+, etc.) as a function of laser intensity
in Fig. 3(b). We now use the photoion–photoion coincidence
to determine the contribution of CH3Cl cations (red) and

Fig. 3 Intensity-dependent yield of (top) CH3Cl cations (maximum error is
2% for CH3

35Cl+) and (bottom) Hn
+ (n = 1–3) ions (maximum errors are 5%

for H+ and 4% for H2
+ and H3

+) for 29 fs, 800 nm, and linearly polarized
pulses. The ion yields were normalized by the total counts of all ions in
each TOF spectrum.

PCCP Paper



This journal is © the Owner Societies 2022 Phys. Chem. Chem. Phys., 2022, 24, 18306–18320 |  18311

dications (blue) in the normalized Hn
+ yield as a bar plot in

Fig. 5. The y-axis represents the normalized yield of Hn
+ ions

and the x-axis represents the ions. As seen in the figure, CH3Cl
dications have a higher contribution to the Hn

+ yield (B2 times
for H+ and H2

+ and 1.4 times for H3
+ ions) than the cations.

As previously mentioned, the PESs predominantly populated by
the CH3Cl+ ions are stable and have a long lifetime, so they do
not fragment much and have very little contribution to Hn

+

formation. On the other hand, the CH3Cl2+ ions are unstable
(confirmed from the very low yield of CH3Cl dications experi-
mentally) because the populated dication states are primarily
repulsive and they undergo fragmentation. Therefore, the
parent dications have a higher contribution to the Hn

+ yield.

Finally, to examine the effect of laser intensity on the yield of
the dissociative pathways (7)–(10) and investigate if intensity
can serve as a parameter to control the dissociation of CH3Cl,
we have obtained the yields of the channels as a function of
intensity in Fig. 6. The x-axis represents the four fragmentation
pathways, while the y-axis represents the normalized yield
of the pathways. The yields for three values of intensity are

Fig. 4 Photoion–photoion coincidence plots of CH3Cl recorded for
800 nm, linearly polarized pulses of intensity 4.2 � 1013 W cm�2 and
durations (a) 29 fs and (b) 510 fs. The dissociation pathways (7)–(10) are
shown in expanded form in both (a and b). However, as seen in (b), the
pathways (7)–(9) are completely suppressed, while the yield of pathway
(10) is enhanced for 510 fs pulses.

Fig. 5 Comparative yields of Hn
+ (n = 1–3) ions and CH3Cl mono- and

dications. The yield of the Hn
+ ions has been normalized with respect to

the total ion yield in each case.

Fig. 6 Normalized yields of the dissociation pathways (7)–(10) for the
intensities 4.2 � 1013 W cm�2, 6.6 � 1013 W cm�2, and 8.5 � 1013 W cm�2.
The other laser parameters like pulse duration (29 fs), polarization (linear),
and wavelength (800 nm) were maintained constant in all three cases. The
% yield represents the ratio of the number of counts in a particular pathway
and the total number of coincidence events.
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considered �4.2 � 1013 W cm�2 (black), 6.6 � 1013 W cm�2

(red), and 8.5 � 1013 W cm�2 (blue) – and shown as bar plots.
It is evident from the figure that as the intensity is doubled,
all four pathways are suppressed (the reduction in H+ yield
is 5 times, 3 times for H2

+, 4 times for H3
+, and 2 times for

HCl+). The three intensity values chosen in this experiment are
in the MPI regime, so the double ionization of CH3Cl takes
place essentially by multiphoton absorption in all cases. At high
intensities, the rate of ionization of molecules is higher than
that of dissociation.54 It is known that the ionization rate of
molecules depends on the internuclear separation54,55 and at
separations much larger than the equilibrium separation, the
ionization rate has been found to be enhanced by a few times.
This phenomenon known as charge resonance-enhanced ioni-
zation (CREI) is attributed to the coupling of pairs of electronic
states by the laser field, leading to charge localization and
enhanced ionization. As the laser intensity is increased to
8.5 � 1013 W cm�2, the dication evolving on the excited PES
undergoes further ionization at a critical internuclear separa-
tion (Rc) before the dication can dissociate, thereby producing
triply ionized molecules. As a result, the yield of the disso-
ciation pathways decreases with increasing intensity. This
observation suggests that varying the intensity leads to changes
in the excited state dynamics of the parent ion, which in turn,
affects the yield of the pathways.

Next, we passed the beam through SF11 plates of different
thicknesses, while maintaining a constant intensity, which
introduced pulse stretching and a positive chirp. Due to the
chirp, the red frequency components travel faster and are
present in the leading edge of the pulse, while the blue
components are present in the trailing edge. Since SF11 plates
produce positively-chirped pulses only, we did not study the
negative chirp-dependence of the fragmentation of CH3Cl2+.
We show here that by controlling the pulse duration and the
chirp of the pulses, it is possible to control the dynamics of
CH3Cl2+ and its fragmentation. To estimate the amount of
chirp, we have calculated the group delay dispersion for SF11
of different thicknesses, which are displayed in Table 2. The
fragmentation of atoms56–58 and polyatomic molecules59–61 has
been found to be strongly affected by chirp and its control
using shaped pulses has been demonstrated in earlier experi-
ments. In addition, the laser pulse duration affects the ultrafast
excited state dynamics of the parent ion and its subsequent
fragmentation.60,62–64 For pulses with durations of B100 fs or
more, ionization and the subsequent nuclear dynamics occur

in the presence of the field. This leads to a more significant
stretching of the bond lengths, affecting the molecular restruc-
turing and fragmentation dynamics. Enhanced ionization of
polyatomic molecules at long internuclear distances has been
observed due to an energy upshift of the inner-valence shells
leading to larger coupling of multiple orbitals.63,65,66

Fig. 7 shows the yields of the CH3Cl cations and dications
for different values of chirp and pulse duration. As seen in the
figure, photoionization by 29 fs unchirped pulses primarily
produces CH3Cl cations. It should be emphasized that the
dication yield shown here corresponds to the ions populating
the metastable dicationic states, while the majority of the
dications are unstable and undergo fragmentation. However,
the low fragment yield seen in the TOF spectrum in Fig. 2 for
29 fs pulses indicates the low double ionization rate. Positively
chirping the pulses shows a reduction in the yields of both the
cations and dications. This trend can be attributed not only to
the chirp, but also the pulse stretching. Photoionization
by stretched pulses leads to larger stretching of the bonds.
As the cations and dications evolve on the excited PESs and
the internuclear separations increase, at a critical internuclear
separation (Rc), pairs of charge resonant states are coupled by
the laser field, due to which the ion is further excited or ionized
to higher charge states.55,63,65 These multiply-charged ions are
unstable and undergo fragmentation along various pathways,
as indicated by a high fragment yield in the TOF spectrum
obtained for chirped pulses. Furthermore, we investigate the

Table 2 Group delay dispersion (GDD) and stretching of the laser pulses
for different thicknesses of SF11

Thickness of SF11 (mm) GDD (fs2) P.D. (fs)

0 0 29
5 600 64
10 1650 160
15 2390 230
20 3120 300
25 4380 420
30 5330 510

Fig. 7 Pulse durations and chirp-dependent yields of CH3Cl cations and
dications (maximum errors are 0.1% for CH3

35Cl+ and 0.01% for CH3
35Cl2+).

The other laser parameters like intensity (4.2 � 1013 W cm�2), wavelength
(800 nm), and polarization (linear) of the pulses were maintained constant
throughout the measurements. The ion yields were normalized by the total
ion yield in each TOF spectrum.
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effect of chirp on the fragmentation of the parent cations and
dications, and the Hn

+ yield. The chirp and pulse stretching-
dependent normalized yields of (a) H+, (b) H2

+, and (c) H3
+ ions

are shown in Fig. 8. The blue curves in each case represent the
Hn

+ ions produced by the fragmentation of CH3Cl cations,
while the red curves represent the fragments produced from
the parent dications. As evident from the figures, while the H+

ion yield has an increasing trend as a function of chirp and
pulse duration, the H2

+ and H3
+ ion yields show a decreasing

trend. Duflot et al. showed that H+ is formed from the dissocia-
tion of the most stable isomer H2CClH2+ (the 1A0 state of this
isomer lies 34.83 kcal mol�1 below the 1A0 state of CH3Cl2+).67

This means that the H+-forming pathways are energetically
favoured compared to the H2

+ and H3
+ forming pathways.

Our study shows that photoionizing CH3Cl by chirped pulses
further favours the H+ forming pathways compared to the H2

+

and H3
+ forming pathways for larger positive chirps.

Next, we have focused on the double ionization of CH3Cl
and tried to understand the influence of the chirp and pulse
stretching on the excited state dynamics of CH3Cl2+ and the
subsequent two-body breakup of the CH3Cl dication. The
variation in the yield of the dissociation pathways (7)–(10) is

shown in Fig. 9. Pathways (7)–(9), which involve Hn
+ (n =1–3)

formation, have a decreasing trend as the pulses are stretched
and chirped. These pathways are suppressed for pulses beyond
160 fs and their yields are negligible. In contrast, pathway (10)
shows an enhancement in the fragments’ yield for stretched
and positively chirped pulses. This is an isomerization pathway
involving an intramolecular migration of the H atom to the Cl
atom, H–Cl bond formation, and finally, C–Cl bond breakup.
To explain the observed trends in the overall yields of the
four pathways, we have tried to understand the excited state
dynamics of CH3Cl2+ by determining the kinetic energies, two-
dimensional momenta, and angular distributions of the frag-
ments in each pathway.

Firstly, we discuss the kinetic energy release (KER) distribu-
tions of the pathways. The kinetic energy of fragments has
information about the potential energy surface on which the
molecular wavepacket evolution took place, the molecular
geometry, and the charge distribution on the ions just before
it underwent dissociation. Fig. 10 shows the KER (sum of
kinetic energies of the fragments in a particular channel)
distributions for the channels (7)–(10) for various chirps and
pulse durations. The KER distributions for pathways (7)–(10)
peak at 0.2 eV, 0.4 eV, and 0.6 eV, respectively. The KER peaks
and the FWHM values of the distributions of the pathways
(7)–(9) do not change as the pulses are chirped. However, the
KER peak for the pathway 10 shows a shift to lower energy
values (from 1.6 eV to 1 eV) as the pulses are chirped. This is
accompanied by a decrease in the FWHM value of the KER
distribution. Earlier studies have shown that a shift in the KER

Fig. 8 Normalized (a) H+, (b) H2
+, and (c) H3

+ yields as a function of pulse
duration and chirp. The other laser parameters like intensity (4.2 �
1013 W cm�2), wavelength (800 nm), and polarization (linear) of the pulses
were maintained constant throughout the measurements. Normalization
was done by the total ion yield in each TOF spectrum. The total Hn

+ yield is
shown in blue, while the Hn

+ ions contributed by CH3Cl cations and
dications are shown in black and red, respectively. The maximum error
in all the cases is less than 1%.

Fig. 9 Normalized yields of the dissociation channels (7)–(10) as a func-
tion of pulse duration and chirp. The other laser parameters like intensity
(4.2 � 1013 W cm�2), wavelength (800 nm), and polarization (linear) of
the pulses were maintained constant throughout the measurements. The
maximum errors are 6%, 5%, 5%, and 3% for the channels (7), (8), (9), and
(10), respectively.
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of a dissociation pathway with increasing pulse duration is due
to the parent ion dissociating from a Coulombic (or repulsive)
PES, where the bond length maps onto the total KER.55,68

Therefore, for pathway (10), the dication must dissociate from
a repulsive PES and therefore, has a rapid dissociation time.
On the contrary, the pathways (7)–(9) originate from non-
Coulombic (metastable) weakly attractive PESs having lifetimes
of the order of the rotational period of the dication, due to
which their KER distributions do not show a shift to lower
energies with pulse stretching; that is, the bond length does not
map onto the KER in this case. At the same time, the FWHM
values of the KER distributions for all the pathways are broad.
However, the FWHM value of the KER distribution for the CH2

+

+ HCl+ pathway is reduced with increasing chirp. A broad KER
distribution suggests the contribution of multiple excited elec-
tronic states69 in a dissociation pathway. Therefore, some of the
electronic states participating in the case of unchirped pulses
are suppressed with increased positive chirps. The KER distri-
butions of the four pathways as a function of intensity (I = 4.2 �
1013 W cm�2 and 2I = 8.5 � 1013 W cm�2) are not shown here.
For the Hn

+ forming pathways (7)–(9), the KER peaks showed no
variation as a function of intensity. However, there was a shift in
the KER peak observed in the HCl+ forming pathway (10) from 1.6–
1.4 eV as the intensity was increased from I to 2I. The KER values
reported by Ma et al. for the same pathways are significantly higher
than those observed here.31 It must be noted that the intensity used
in our experiment is B1013 W cm�2, which is an order of
magnitude less than that used by Ma et al.31 A previous study on
the ultrafast dynamics of H2

+ ions by He et al. reported a shift in the
KER distribution of the Coulomb explosion channel to higher
energies as the intensity was increased from 7.7 � 1013 W cm�2

to 2.5 � 1014 W cm�2.70 Therefore, the discrepancy in the KER
values may be attributed to the low intensity used in our study.

Furthermore, we have plotted the two-dimensional coinci-
dence momentum images of Hn

+ (n = 1–3) and HCl+ ions (Fig. 11).

The polarization direction is parallel to the py axis. As seen in the
figure, the momentum of H+ is the least (5 a.u.), followed by H2

+

(9 a.u.) and H3
+ (14 a.u.) ions. The distribution of HCl+ has a

lower momentum component (14 a.u.) and a higher momentum
component (27 a.u.). The two components indicate the involve-
ment of two excited states (PESs) in the HCl+ formation. The
momentum distributions of the Hn

+ ions are nearly isotropic,
while that of HCl+ is anisotropic. To quantify the anisotropy in
the ejection direction of the fragments, we have obtained their
angular distribution. It is known that the ionization rate of a
molecule depends on the relative orientation of the molecular
axis with respect to the laser polarization direction and it maps
the shape of the molecular orbital from which ionization takes
place.71,72 Since the molecular orbitals of polyatomic molecules
are very closely spaced, the interaction of the molecules with
intense fs lasers removes electrons not only from the HOMO but
also the HOMO�1 and the HOMO�2 orbitals (the inner-valence
orbitals).73–75 Therefore, the angular distribution of the ejected
fragments also depends on whether the molecule was ionized
from the valence or inner-valence orbitals. In addition, the
lifetime of the precursor ion affects the extent of anisotropy in
the ejection direction of the fragments.6,7,30,76

The angular distributions of the pathways (7)–(10) are shown
in Fig. 12. Here, y is the angle between the laser polarization
direction and the momentum vector of the fragment. I1 and
I2 stand for the intensities 4.2 � 1013 W cm�2 and 8.5 �
1013 W cm�2, respectively. The experimentally obtained distri-
butions were then fitted with the equation:

IðyÞ ¼ 1þ
X
i

aiPiðcosðyÞÞ ði ¼ 2; 4; 6Þ (11)

where ai represents the expansion coefficients, Pi(cos(y)) are
the Legendre polynomials, and I(y) represents the angular
distribution. The expansion coefficients ai for the various path-
ways are summarized in Table 3 for varying pulse durations and

Fig. 10 Kinetic energy releases of the dissociation channels (7)–(10) for
various pulse durations and chirps. The other laser parameters like intensity
(4.2 � 1013 W cm�2), wavelength (800 nm), and polarization (linear) of the
pulses were maintained constant throughout the measurements.

Fig. 11 The two-dimensional coincidence momentum images of H+, H2
+,

H3
+, and HCl+ ions produced by the two-body breakup of CH3Cl2+ along

the pathways (7)–(10) obtained with 29 fs, 800 nm, linearly polarized
pulses of intensity 4.2 � 1013 W cm�2.
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intensities. For the Hn
+ forming pathways, the angular distribu-

tion plots show that these ions are ejected in all directions (also
at 901 with respect to the polarization direction) with respect to
the polarization direction. The Legendre coefficients a2 for the
Hn

+ ions are r0, indicating their nearly uniform angular
distributions, including at 901 with respect to the polarization
direction. As discussed earlier, in the case of dissociation along
the Hn

+ forming pathways, the CH3Cl dication dissociates from
non-Coulombic PESs and therefore have a long dissociation
time. The rotation of the precursor with respect to the polariza-
tion direction destroys the anisotropy in the ejection directions
of the fragments and we observe a nearly uniform angular

distribution. On the other hand, the HCl+ fragments are
distributed primarily close to 01 and 1801. The HCl+ ions are
formed from repulsive PESs and have a fast dissociation time,
so the anisotropy in their ejection direction is not destroyed by
the rotation of the molecule.6,30 On using chirped pulses, the
angular distribution of the Hn

+ ions remains nearly unchanged,
while that of the HCl+ ions becomes more anisotropic. For
stretched pulses, electrons are removed not from the HOMO�1
and HOMO�2 orbitals,55,63,76 due to the coupling of electronic
states by the laser field at large internuclear distances. Thus,
the increased anisotropy in the HCl+ ejection direction is due to
(i) the symmetry of the inner valence orbitals from which
ionization takes place and (ii) the rapid dissociation of the
dication from the excited PESs, thereby preserving the aniso-
tropy. On the contrary, the slow dissociation of the dication
along the Hn

+ forming pathways is responsible for the isotropic
distribution of the fragments even for chirped pulses. At this
point, we can explain the results of Fig. 9. Due to the long
dissociation time of CH3Cl2+ along the Hn

+ forming pathways,
we expect that the dication absorbs more energy from the field
(which is still present in the case of stretched pulses) and is
further excited or ionized. Thus, the yields of the pathways
(7)–(10) are suppressed on stretching the pulses. On the other
hand, the CCl+ + HCl+ pathway is favoured over the H2

+ and H3
+

forming pathways because its precursor (H2CClH2+) is highly
stable. The increased yield of the HCl+ pathway with increased
chirp can be attributed to the dications populating the PESs,
which dissociate along this pathway. The angular distribution
of the Hn

+ ions for the pathways (7)–(9) reported by Ma et al.31

differ from our findings. The Hn
+ and HCl+ ions have an

anisotropic angular distribution in their study, suggesting that
the CH3Cl2+ ions populate high energy repulsive PESs. This
observation may be due to the high intensity (1014 W cm�2)
used by Ma et al. On increasing the intensity from I to 2I, while
keeping all other laser parameters constant, we do not observe
very significant changes in the angular distributions of the Hn

+

fragments. On the other hand, the HCl+ fragments show a
slightly increased anisotropy at the intensity 2I. Therefore, the
intensity and pulse duration control the excited dynamics of
the parent dication and the orbitals contributing to the double
ionization, which in turn, control the outcome of dissociation
and the overall yield.

4.2 Quantum chemical calculations

In the present study, further, comprehensive quantum chemical
calculations were conducted to have an in-depth insight into the
possible reaction mechanism of various possible dissociative
channels leading to the fragmentation process of the CH3Cl
dication, intramolecular hydrogen migration, and yielding of
multiple fragmented ions (Hn

+ (n = 1–3)). The M06-2X hybrid
functional was used to improve the precision since it provides
high-quality kinetic data when compared to the well-known and
accepted Beckes three-parameter hybrid method using the LYP
correlation functional (B3LYP).77,78 Before delving into the dis-
sociation channels that lead to the generation of Hn

+ ions, it is
necessary to first understand the initial geometries of neutral

Fig. 12 Angular distributions of Hn
+ and HCl+ ejected during the two-

body breakup of CH3Cl2+ along the pathways (7)–(10) as a function of
intensity (I and 2I, at a constant pulse duration of 29 fs) and pulse duration
(at a constant intensity of I). Here, y is the angle between the polarization
direction and the momentum vector of the fragment.

Table 3 Coefficients of Legendre polynomial ai (i = 2, 4, and 6) for the
angular distributions of the fragments formed in the two-body breakup of
the CH3Cl2+ ion. I1 and 2I stand for the intensities 4.2 � 1013 W cm�2 and
8.5 � 1013 W cm�2, respectively, and P.D. represents pulse duration

Dissociation pathways P.D. (fs) I (W cm�2) a2 a4 a6

H+ + CH2Cl+ 29 I �0.4 �0.2 0.1
64 I �0.2 �0.2 0
29 2I �0.2 �0.2 0

H2
+ + CHCl+ 29 I 0.2 �0.5 0.2

64 I 0.7 �0.6 0
29 2I 0.7 �0.5 0

H3
+ + CCl+ 29 I 0 �0.2 0

64 I 0 �0.2 0.1
29 2I 0.1 �0.2 0

CH2
+ + HCl+ 29 I 1.0 �0.1 �0.2

64 I 1.2 �0.2 �0.1
160 I 2.3 0.6 �0.1
230 I 2.4 0.8 �0.2
300 I 2.4 0.9 �0.4
420 I 2.4 1.0 0.0
510 I 2.8 1.0 �0.5
29 2I 1.5 0.2 �0.1
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and doubly ionized CH3Cl on their singlet potential energy
surfaces. The optimized ground state geometry of neutral
CH3Cl with the C3v symmetry was calculated at the M06-2X/
6-311++G(d,p) level of theory and is depicted in Fig. S1 (ESI†).
Because both bond distances (C–H = 1.086 Å and C–Cl = 1.787
Å) and bond angles (HCCl = 108.31, HCH = 110.51) are identi-
cally the same as the experimental values (C–H = 1.086 Å and
C–Cl = 1.778 Å), our estimated geometric data for CH3Cl are in
great agreement with the experimental results.79,80 Further-
more, this fact ensures the accuracy of the selected level of
theory. Furthermore, at the same level of theory, the CH3Cl2+

dication arrangement is optimized and its ground state geo-
metry is depicted in Fig. 13. The CH3 fragment acts as an
electron donor in doubly ionized CH3Cl, while chlorine acts as
an acceptor, causing a significant redistribution of charge
partition. There are significant differences in the ground state
geometry of doubly ionized CH3Cl2+ in comparison to the
neutral CH3Cl (see Fig. S1, ESI† and Fig. 13). The length of
the C–Cl bond contracted to 1.54 Å from 1.78 Å in CH3Cl. In
substituted methylene dications, this latter value, which is very
short, has already been detected.80–83

The conjugative interaction between the chlorine atom
(electron donor) and the dicationic carbon atom (electron
acceptor), according to Wong et al., is responsible for this
feature.83 The shape of the occupied MOs can be used to
illustrate the decrease in the C–Cl bond length in the dication
(Fig. S1, ESI†). The HOMO is slightly delocalized on chlorine in
CH3Cl2+, resulting in a higher electron density between the C
and Cl and a shorter C–Cl bond length. Another obvious feature
of the optimized geometry of the CH3Cl dication is the weak-
ening of the C–H bonds, which is understandable given the loss
of electrons on the methyl fragment. In CH3Cl2+, the C–H bond
distance is 1.39 Å for C2–H3 and C2–H5 bonds and 1.10 Å for
the C2–H4 bond, which is nearly equal to the case of neutral
CH3Cl (see Fig. S1, ESI†). The H3–H5 distance (0.88 Å) is close
to the experimental H2 internuclear distances (0.74 Å).84 As a
result, this structure can be thought of as H2 weakly bound to
the methyl group’s carbon atom. Following a brief look at the
ground state structures of neutral and doubly ionized CH3Cl,
we will look at the possible dissociation routes that can help us
to understand the yields of various fragments. The unimolecular

dissociation reaction of doubly ionized CH3Cl can take four
different routes, which have been described as pathways (7)–(10).
In this process, first, we have attempted to understand the
dissociation and intramolecular hydrogen migration processes
by designing pathway (7). The local minima, intermediate com-
plexes, and TSs of CH3Cl2+ engaged in this dissociation process
are all located at the same level of theory in this pathway, and
their structures and potential energy diagrams (PED) are shown
in Fig. 13. We estimated the transition state geometries pro-
duced by removing one hydrogen atom from the equilibrium
geometry of the doubly ionized CH3Cl2+ to form the H+/CH2Cl+

pair. This leads to TS1 (Fig. 13), in which the H3 atom appears to
shift towards the Cl1 atom. At i1411 cm�1, TS1 has one imagin-
ary frequency, which corresponds to the hydrogen atom posi-
tioned between the carbon atoms C2 and Cl1 with the C–Cl bond
extended to 1.61 Å (Fig. 13). Following the crossing of TS1, the
system reaches intermediate S1, where H3 moves towards the
Cl1 atom. The C2–H3 bond entirely dissociates in this process
and the H3 atom forms a new H3–Cl1 bond that separates from
the methyl group, changing the C–Cl bond distance to 1.66 Å.
The H3 atom moves away from the Cl1 atom in the next
transition stage and S1 overcomes the second transition state
TS2 with an activation energy of 3.72 kcal mol�1, resulting in
H+/CH2Cl+ complexes.

Now we will look at another essential dissection pathway (8)
that reveals information about the formation of H2

+. According
to Ruhl et al., in their PEPIPICO experiments the weakest two-
body process was the formation of a H2

+/HCCl+ ion pair.34

On the potential energy map in Fig. 14, the optimized struc-
tures of pathway (8)’s reaction coordinate are plotted. These
fragments could be created theoretically by eliminating the two
hydrogen atoms from the geometry of CH3Cl2+, where the H2

pair is weakly linked to the HCCl+, making it easier to produce
the H2

+ ion. The H3 atom migrated slightly towards the Cl1
atom in this dissociation channel (CH3Cl2+ - H2

+ + CHCl+),
without disrupting the C2–H3 bond via transition state TS1,
which is comparable to the first transition state in path (7) with
a minor energy variation of 0.01 kcal mol�1. The formation of
TS1 is endothermic approximately by 15.34 kcal mol�1. It then
moves on to the first intermediate S1, where the bond angle of
the H3–H5 atoms is +125 = 115.21 and the bond distance of the

Fig. 13 The potential energy diagram along with the optimized structures
of the CH3Cl2+, TS1, S1, and TS2 for the dissociation of doubly ionized
CH3Cl into H+ and CH2Cl+ at the M06-2X/6-311++G(d,p) level of theory.
The energies in the figure are relative to the total energy of CH3Cl2+.

Fig. 14 The potential energy diagram along with the optimized structures
of the CH3Cl2+, TS1, S1, and TS2 for the dissociation of doubly ionized
CH3Cl into H2

+ and CHCl+ at the M06-2X/6-311++G(d,p) level of theory.
The energies in the figure are relative to the total energy of CH3Cl2+.
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H3–H5 atoms is 0.88 Å, which is close to the observed H2

internuclear distance (0.741 Å). Additionally, the H3–H5 moiety
continues to migrate towards the H4 atom, resulting in the
second transition state TS2, in which the H3–H5 moiety is
found just above the H4 atom connected to the C–Cl bond. In
comparison to the doubly ionized CH3Cl2+ ground state geo-
metry, we can find significant variations in the geometric data
of TS2.

In contrast to the S1 structure, the angle between H4, C2,
and Cl1 decreased to 1141 from 131.81, while the +124
increased to 132.51 from 115.21. This intermediate dissociates
into H2

+ and CHCl+ fragmented ions after breaking through an
energy barrier of 20.04 kcal mol�1.

The most unexpected mechanism in the fragmentation of
CH3–X2+ molecules is the formation of H3

+.34,85 It does, after all,
need the dissolution of all the three C–H bonds and the
production of new H–H bonds. According to Thissen et al.,
the production of the dication results in the development of a
weakly attached H2 molecule to the carbon atom. Furthermore,
Thissen et al. demonstrated that the H3

+ ion in methylamine
was derived from the methyl group rather than the amine group
through work with deuterated species.85 The production of
CNH2

+ and H3
+ would result from the dissociation of methyl-

amine, which would provide the HCNH2
+/H2 fragment pair and

owe to the strong protonic affinity of H2 (4 eV).85 As a result,
since the ground state of doubly ionized CH3Cl is a weakly
bound complex of H2 and HCCl2

+, such a process might
potentially occur. To test this assumption and explain the
existence of H3

+, the geometry of a putative transition state
between CH3Cl2+ and CCl+:H3

+ must be determined. This is a
tough endeavor since, unlike the other mechanisms investi-
gated in this study, this geometry cannot be simply predicted.
We arranged the two hydrogen atoms in such a way that they
could be rotated around the hydrogen atom connected to the
C–Cl bond to determine the initial transition state. In this
way, we were able to create a structure A with one imaginary
frequency, i298.58 cm�1, which corresponds to the H3H5
group’s out-of-plane rotation. Fig. S1 (ESI†) depicts this struc-
ture A. We obtained structure B, which has a C2v symmetric
planar structure as illustrated in Fig. S1 (ESI†), by increasing
the H4C2Cl1 angle. It also has an imaginary frequency of
i1018.48 cm�1, which corresponds to H3 vibrations between
H4 and H5. Our SCF calculations, however, failed to produce
any stable geometry employing these structures. As a result, it
appears that following these structures will not result in the
formation of the H3

+ ion. However, while investigating the PES
of CH3Cl2+, we observed that the linear structure of CH3Cl2+ is a
potential transition state because it has a vibrational frequency,
indicating that it is a saddle point with a doubly degenerated
imaginary mode at i756 cm�1, which corresponds to the rota-
tion of the H3H5 group. CH3Cl2+ and TS1 have an energy
barrier of 17.08 kcal mol�1 (see Fig. 15). It is feasible to form
the CCl+/H3

+ pair from this structure by raising the C2–H4 bond
distance, as shown in Fig. 15, which depicts the PED of the
dissociation process of CH3Cl2+ into H3

+ and CCl+. The energy
gap between these two structures is relatively small, under

0.20 kcal mol�1, implying that a barrier-free reaction process
can be achieved. Further, tentative calculations were done by
moving the H3H5 group in TS2, which failed or led to the
structure B in Fig. S1 (ESI†) to produce more intermediates/TSs.

In this regard, our findings indicate that the formation of
H3

+ is a highly complex process compared to the formation of
other Hn

+ ions. Furthermore, when pulse duration was consi-
dered as a measure to understand the Hn

+ (n = 1, 2) ion
production, identical results were found. Fig. 8 depicts that
the yield of H3

+ ions is much lower than that of H+ ions and that
the yield decreases as the pulses are stretched. As a result, our
theoretically designed pathway (9) fully reflects the experi-
mental findings, implying that the formation of H3

+ is slightly
difficult and the yields are lower than for other hydrogen ions.

After the preliminary isomerization of doubly ionized
CH3Cl, the breakdown of CH2ClH2+ produces the HCl+/CH2

+

pair (S1 structure in Fig. 16). In the next dissociation channel
(10), we obtained the first transition state (Fig. 16), which has
only one imaginary frequency of i1295 cm�1 and corresponds to
the vibration of H5 between Cl1 and C2 atoms. The formation
of TS1 is approximately 50.99 kcal mol�1 endothermic. The
system approaches the intermediate S1 after overcoming the
TS1 due to the migration of the H3 atom towards the Cl1 atom,
where the system is stabilized by the isomerization process. The
CCl bond becomes weaker in this isomer as the bond distance

Fig. 15 The potential energy diagram along with the optimized structures
of the CH3Cl2+, TS1, and TS2 for the dissociation of doubly ionized
chloromethane into H3

+ and CCl+ at the M06-2X/6-311++G(d,p) level of
theory. The energies in the figure are relative to the total energy of
CH3Cl2+.

Fig. 16 The potential energy diagram along with the optimized structures
of the CH3Cl2+, TS1, S1, and TS2 for the dissociation of doubly ionized
chloromethane into CH2

+ and HCl+ at the M06-2X/6-311++G(d,p) level of
theory. The energies in the figures are relative to the total energy of
CH3Cl2+.
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increases to 1.66 Å from 1.54 Å (CH3Cl2+). The distance between
the CCl bond continues to grow in the next point of dissocia-
tion and the CH2 group was found 4.27 Å atoms away from the
Cl1 atom via transition state TS2. This process overcame a
56.94 kcal mol�1 energy barrier, resulting in the production of
CH2

+ and HCl+ fragmented ions.
Based on the comparison of the different dissociation

routes, it seems that all the ions can be achieved by the
intramolecular hydrogen migration process, which is also
shown by our experimental results. Even without the excited
state calculations, DFT calculations employing the M06-2X
functional appear to be highly beneficial in providing essential
understanding into the dissociation mechanisms in CH3Cl2+

and further providing assistance to interpret the experimentally
observed findings.

5 Conclusions

In conclusion, we have demonstrated the effects of laser
intensity and pulse duration on the strong-field ionization
and two-body fragmentation of CH3Cl. The single ionization
rate of CH3Cl was obtained experimentally and fitted with the
rate obtained using MO-ADK theory, which agreed well at
intensities above 1.2� 1014 W cm�2 but showed some deviation
in the multiphoton regime. Firstly, increasing the intensity
from I = 4.2 � 1013 W cm�2 to I = 8.5 � 1013 W cm�2 suppressed
the yields of the four pathways, which was attributed to an
increased ionization of the parent dication compared to disso-
ciation. On the other hand, stretching the pulses (introducing a
positive chirp) from 29 fs to 510 fs enhanced the HCl+ forming
pathway, while suppressing the Hn

+ forming pathways. The
KER distributions, two-dimensional coincidence momentum
distribution and angular distributions of the Hn

+ and HCl+ ions
revealed that the Hn

+ ions are formed by the dissociation of
CH3Cl2+ from non-Coulombic metastable PESs, so their bond
lengths do not map onto the KER. These pathways have a long
dissociation time (of the order of ps) and the anisotropy in their
ejection direction is destroyed by the rotation of the dication.
Conversely, the HCl+ forming pathways arise from the dissocia-
tion of CH3Cl2+ from Coulombic (repulsive) PESs, due to which
their KER distribution shows a shift to lower energies with
increased pulse stretching. Since this pathway has a rapid disso-
ciation time, the HCl+ ions have an anisotropic distribution.
Finally, quantum chemical calculations helped us to understand
the mechanism of the Hn

+ and HCl+ formation along the selected
pathways. Therefore, combining experiment and theory, we have
successfully demonstrated the fragmentation of the CH3Cl
dication. Furthermore, we demonstrated the control of the ultra-
fast fragmentation dynamics of CH3Cl2+ and the resulting disso-
ciation pathways using laser intensity, pulse duration and chirp.
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