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Abstract

The dynamics of molecules and molecular reactions that generate chemistry such as

bond breaking, bond formation or bond rearrangement occur on the femtosecond

(10−15 s) time scale. Real-time observations and investigations of these reactions are

fundamental to understanding these dynamics. Ultra-fast laser pulses with intensities

around 1014 W/cm2, impact on the electronic and nuclear motion on femtosecond

timescale. In order to understand the region of transition states between the initial

and final state of a reaction, that determines the fate of the products, detailed

experimental investigations are necessary.

This work focuses on three separate investigations, one addressing the strong field

control of the electronic dynamics in the hydrogen molecule and two addressing the

strong field ionization dynamics in small but complex hydrocarbon molecule acetylene

(C2H2). The pump-probe approach is applied to observe the real-time femtochemistry.

The first part of this thesis deals with the strong field dissociation of H+
2 . The goal

is to control the dissociating dynamics by utilizing the control capability of the carrier-

envelope phase (CEP) in a pump-probe approach. The work shows the response of

the bound electron during the dissociation process. The timing of the electron lo-

calization and time-dependent distribution of the inter-nuclear separation is retrieved.

Second and third part of this thesis deals with the investigations of the fragmen-

tation dynamics in acetylene in the strong laser field. Time-resolved vibrational

dynamics and enhanced ionization (EI) are studied by using the pump-probe ap-

proach with reaction microscope in the second part. A wave-packet is launched onto

the acetylene cation by the pump pulse and vibrational dynamics are traced by the

probe pulse in di-cation fragmentation of the acetylene. Whereas laser parameters

to control particular fragmentation and bond breaking are investigated in the third
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section of the thesis. This is illustrated by taking the experimental measurements at

different laser intensities and ellipticities and parameters that govern the ultra-fast

proton migration in acetylene dication are investigated. It is found that C-C bond

breaking after proton migration in acetylene dication is favored in circularly polarized

laser fields over C-C bond breaking without proton migration.
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Chapter 1

Introduction

The interaction of the intense ultra-fast laser pulses with atoms and molecules is an

ongoing and active field of research since 1980s. That is when such pulses became

available with the development of new broadband laser materials and mode-locking

techniques [1] and at the same time technological advancement in optics allowed

dispersion control [2] and chirped pulse amplification [3]. Those advances permitted

for the first time generation of femtosecond pulses with intensities higher than 1×1015

W/cm2 [4]. More recently the measurement and control of carrier-envelope phase

(CEP) [5] allowed generating CEP-stable ultra-fast and intense laser pulses in many

laboratories. These unique properties of laser light are useful for exploring the

dynamics of light-matter interactions and nowadays it is the subject of investigation

in a large variety of experiments.

The understanding of physics involved in the interaction of these strong laser pulses

with matter opens the doors of many new and interesting nonlinear effects that

were observed with mainly atoms used as a target. The most important strong-

field phenomenona include above-threshold ionization (ATI) [6], the generation of

high-order harmonic radiation (HHG) [7] [8], tunneling ionization [9], non-sequential

double ionization (NSDI) [10], and the generation of attosecond pulses in the extreme

ultraviolet radiations (XUV) regime from HHG [11].

In the last couple of decades, the attention has turned to more complex targets

such as molecules and nanostructures [12] and understanding their dynamics in

strong laser field has progressed extensively [4] [13] [14] [15]. Studying molecules in

a strong laser field provides an opportunity to control molecular transformation in

various physical, chemical, and biological reactions which ultimately lead to advance

improvements in engineering the molecular structure. The dynamics of the atoms

and molecules typically include ionization, fragmentation, and dissociation [16] but

1
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in molecular targets, as opposed to atoms, the presence of additional vibrational and

rotational degrees of freedom makes it more complicated to treat both experimentally

and theoretically. The dynamics of molecules in strong laser field such as chemi-

cal bond breaking, bond formation or bond rearrangement, molecular vibrations,

and rotations take place on several time scales ranging from femtosecond (10−15s)

to picosecond (10−12s) and their control is more complex and challenging. With

the birth of femtochemistry in 1980s, many ultra-fast spectroscopic techniques for

understanding these dynamics of atoms and molecules were introduced. One such

technique is “pump-probe”, which captures the molecular dynamics and enables one

to access the evolution of the target in real time. It opened a new route to investigate

and control molecular dynamics and properties in strong laser fields and allows to

initiate and probe the molecular dynamics from ionization to vibration and finally

fragmentation [16] [17] [18] [19] [20] [21].

The work presented in this thesis focuses on the interaction of strong laser field

with small molecules where extremely short few-cycle pulses are interacting with the

molecular targets. This chapter serves to present a general overview and introduction

to the topics covered in this thesis by giving a background on the strong laser field

and its interaction with atoms and molecules. It is organized in the following manner:

first in section 1.1 the generation of ultra-short laser pulses is summarized covering

the properties and description of electromagnetic fields in optical resonators. The

key technique of mode-locking in modern pulse generation, particularly Kerr lens

mode-locking in Ti:Sapphire is the focus since these represent the standard tabletop

system used in many laboratories including in the experimental system used in this

work. In section 1.2, the interaction of these ultra-short pulses with atoms and

molecules are described and the basic theories developed in the last few decades

are summarized. The common classification of strong field ionization process by

the definition of the Keldysh parameter is presented. The interaction of molecular

hydrogen in a strong laser field is treated in section 1.3. Motivation and thesis

structure are outlined in section 1.4 of this chapter.
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1.1 Generation of ultra-short laser pulses

One approach to studying the fundamental dynamics of atomic and molecular systems

is through the use of ultra-short intense laser pulses. The creation of ultra-short

laser pulses is strongly linked with the topic of strong field physics. A laser field

is considered to be strong (intense) when it is comparable in value with electric

field inside the target system. The realization of Kerr-lens mode-locked Ti:Sapphire

oscillators in the 1980’s introduced ultra-fast laser systems [22]. This nonlinear

process dramatically increased the maximum output power of ultra-short pulses

allowing high intensities to be reached with tightly focused pulses of moderate powers

(few ten’s of mW) at which laser-atom interaction energy is comparable to the atomic

potential and strong field effects begin to emerge. On the other side, reducing the

pulse duration to the femtosecond regime allows the atomic and molecular dynamic

process to be resolved and controlled in the femtosecond time domain. It opens the

doors to new challenges for treating atomic and molecular process in ultra-short laser

pulses. The work presented in this thesis focuses on the interaction of molecules with

these short pulses of duration around 5 fs at infrared wavelength ≈ 800 nm. This

section gives a short summary of the description of the generation of these short

laser pulses following the description that can be found in the standard laser physics

textbooks, e.g [23] [24] [25] and particular information about ultra-short laser pulses

and associated phenomenona reviewed in e.g [4] [26] [27].

Optical resonator

For the generation of ultra-short pulses, the laser cavity introduces the boundary

condition for the electromagnetic waves oscillating in the cavity. The waves are

reflected from the walls of the cavity and interfere with each other. A stationary

field configuration is only possible if this superposition results in a standing wave.

These standing waves are called cavity modes or more commonly known as resonator

modes. In a resonator of optical length L, within infinitely large planar end mirrors

the boundary condition is given as,

ω =
cπq

L
(1.1)
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where c is the speed of light and q is any positive integer. These resonator modes

can be fully characterized by this number q. However, for finite mirror diameters

in resonators, due to continuous diffraction loss which depends upon the length

and axis of the resonator, the waves are no longer resonator modes. In the case of

spherical mirrors where L is twice the focal length of the mirrors, solutions have been

found and characterized by three positive integer numbers m,n,q and referred to as

transverse electromagnetic modes (TEMm,n,q). The frequency difference between the

two consecutive fundamental modes oscillating in the resonator is given by,

δω

2π
=

c

2L
(1.2)

The overall electric field is obtained from the contribution of all the resonator modes

in a certain spectral range. By assuming the Gaussian emission spectrum of the

medium and the phase relation between the consecutive modes is constant i.e δφ = 0

[25], the total field equation can be written as,

E(t) = A(t) exp(iωo(t)) (1.3)

Here E(t) is the oscillating electric field with a carrier frequency ωo and A(t) is

the time-dependent amplitude that acts as a carrier-envelope. Also the separation

between the two consecutive pulses is given as,

T =
2π

δω
(1.4)

The round trip of the laser pulses through the resonator can determine the repetition

rate of laser system by using Eq. 1.2 and Eq. 1.4,

T =
2L

c
(1.5)

where c is the speed of light. The pulse width or duration can be determined by the

number of phase locked modes and is inversely proportional to the spectral bandwidth

δω. The peak intensities are proportional to the number of contributing phase locked

modes. In this way Fourier limited pulses are generated by the superposition of

resonator modes with constant phase difference of consecutive modes. This is known
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as a mode-locked laser system. The spectral bandwidth in some gain mediums

such as a Ti:Sapphire crystal is large enough to produce pulses in the order of the

oscillation period of the electromagnetic waves. Such pulses are known as few-cycle

pulses.

Kerr lens effect and dispersion in matter

Ultra-short pulse duration and laser technology has been revolutionized by the

discovery of self mode-locked lasers and several techniques have been used for its

development. More information and associated phenomenon have been reviewed

in many publications (e.g in [4] [26] [28]). While there are many approaches to

self mode-locked lasers, mode-locking through the translation of the self focusing

introduced by the Kerr effect will be discussed here as it is the technique used in

the ultra-fast system related to these studies. This technique is termed as Kerr-lens

mode-locking (KLM) and is widely exploited in the Ti:Sapphire laser mediums. A

schematic picture of KLM is depicted in figure 1.1.

Figure 1.1: The operational principal of kerr lens mode-locking.

KLM is a passive mode-locking technique which relies on refraction rather than

absorption. For strong laser fields at high intensities, the refractive index of the

optical material like Ti:Sapphire is modified and shows an additional dependence on

the intensity that is generally written as n = n(I). By using Taylor expansion first
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term can be written in Eq. 1.6,

n = no + n2I. (1.6)

Here n2 is the second order index of refraction which is small positive coeffi-

cient whose value depends on the material. Typical values for sapphire are n2
∼=

3.45× 10−16cm2/W and I is the average intensity per cycle. For low intensities, the

second order term is negligible, however, for high intensities, its influence can become

significant in strong fields. This phenomenon is known as the optical Kerr effect.

Now if a Gaussian beam whose intensity profile is non-uniform travels through a Kerr

medium inside the resonator, then according to Eq. 1.6 a nonlinear refractive index

change is induced. A kind of spherical lens is induced in the resonator by the Kerr

effect and focuses the beam towards the resonator axis. This phenomenon is known

as self-focusing. In practice, an aperture is not required and resonator geometry is

chosen so that the transverse gain profile of the laser cavity can be altered to favor

self-focusing. Advantages of KLM are the almost instantaneous time response of the

medium and for particular Ti:Sapphire laser systems, the crystal itself serves as a

nonlinear medium for the optical Kerr effect. This is current state-of-the-art in the

passive mode-locking.

Cavity dispersion in the matter plays an important role which may lead to

the temporal broadening of the short pulses and has to be compensated or pre-

compensated. Appropriate control of the dispersion within the cavity enables pulse

durations much less than 100 fs in Ti:Sapphire laser systems to be achieved. A

negative group delay dispersion (GDD) is introduced to the cavity with a pair of

prisms to compress the pulse and spectral bandwidth is broadened by the mechanism

of Kerr induced self-phase modulation. Their combined effect results in an efficient

mechanism of pulse shortening, and a stable solitary mode-locked system is generated.

One limitation in pulse shortening arises from higher order dispersion. Mode-

locking becomes increasingly unstable in the presence of third order dispersion (TOD).

This limitation is overcome by the development of the chirped multi-layer dielectric

mirrors [2]. Several dielectric material layers are coated on these mirrors. Each layer



CHAPTER 1. INTRODUCTION 7

reflects a different wavelength and thus introducing a wavelength dependent phase

delay. With these devices, resonators are able to compensate third order dispersion

as well as produce a constant negative GDD over the entire range of wavelength

' 600-1000nm. These lasers are referred to as compact mirror dispersion control

(MDC). Kerr lens mode-locked lasers typically use Ti:Sapphire crystals of central

wavelength 800nm and are able to generate high quality pulses below 6 fs.

1.2 Ionization in strong, ultra-short laser pulses

The interaction of intense ultra-short pulses with atoms and molecules is a topical

field and has led to discovery of several physical phenomena (see for example [13]

[27] [29]). However, a common starting point for a rich set of physical phenomenona

associated with strong field physics is ionization. When a weak laser field interacts

with an atom or molecule, the most important and conventional theoretical treatment

is often possible by minimum order time-dependent perturbation theory which allows

to understand and describe field associated dynamics [30] [31]. The reason for this

is that external fields acting on the particles are sufficiently small compared to the

atomic fields. However, in case of intense ultra-short laser pulses, the strong field

of the laser is comparable in strength to the electron binding field and sometimes

even larger. For example, the electric field strength associated with an intensity

of 1015 W/cm2 commonly available from modern table top laser systems is 107

V/m. In strong laser fields, typical photon energy delivered by the laser system is

smaller than the ionization potential of atoms or molecules. Thus single photon

ionization is simply impossible. In such situations, the ionization process depends on

the intensity and the wavelength of the laser system. Keldysh presented the first

fundamental understanding of the strong field ionization process and mainly three

ionization regimes are classified by the Keldysh parameter [9] commonly known as

tunnel ionization [32] [33], multiphoton ionization [34] [35] [36] and over the barrier

ionization (OBI) [37]. The Keldysh parameter γ, is defined as,

γ =

√
IP

2UP
(1.7)
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IP in the expression is the ionization potential of the target and UP = E2

4ω2 is the

ponderomotive energy in atomic units [38] defined as cycle averaged energy of free

electron oscillations in the laser field, where E and ω are the amplitude and angular

frequency of the laser electric field. Thus γ can be calculated as a function of intensity

and wavelength of the laser field. The three different ionization mechanisms are

discussed in greater detail in the following subsections.

Multiphoton ionization

The multiphoton ionization regime corresponds to a weak field regime when γ � 1.

Electron is pushed to the continuum by simultaneous absorption of several photons

n, n+1, n+2 etc where n being the smallest number of photons required to reach

continuum and it overcomes the Coulomb potential barrier binding the electron to

the atom. The ionization rate or cross section with n photons depends upon the

intensity according to the power law [39] and is given as,

Γ = σnI
n (1.8)

where σ represents the cross section, I intensity, and n is number of photons absorbed.

Ionization by multiphoton process is well treated by lowest order perturbation theory

and experimental ionization rates are reproduced very well. However, for higher

intensities experimental results indicate that perturbation approach is inappropriate

and intensity dependence predicted in Eq. 1.8 can only be observed for fairly low

intensities [40] [41] [42].

Tunneling ionization

A transition from multiphoton to tunneling regime can be thought to occur at high

intensities when γ < 1. In contrast to multiphoton, the electron is freed in tunnel

ionization by an extensive, time-varying modification of the binding potential. Due

to the comparable laser field strength and the atomic binding potential, the combined

potential barrier is much smaller such that the bound electron can tunnel through

the barrier into the continuum.
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This regime is dominant at low laser frequency such that the electron has time

to tunnel through the barrier during one laser cycle. Now during the subsequent

oscillations of the laser field, energy of the electron is changed [43]. This motion of

the electron and particularly, the possibility of its re-collision with the parent ion

gives rise to a number of interesting phenomena discussed in section 1.2.1.

Over-the-barrier ionization

Over-the-barrier ionization process occurs at very high intensities. In the case of

tunnel ionization, the intensity is high enough to deform the binding potential. If the

intensity continues to increase such that the Coulomb potential barrier is completely

suppressed, the electron can simply leave the atom above the barrier, resulting in the

third possible mechanism - the over-the-barrier ionization [4]. For the over-the-barrier

ionization the threshold electric field necessary to permit the bound electron to escape

is [44],

EOBI =
I2P
4Z

(1.9)

Here IP is the ionization potential and Z is the charge.

Although different ionization regimes are presented depending on the Keldysh

parameter, it should be noted that the contribution from all regimes is possible at

different intensities and the choice of the particular regime is quite ambigous for

intermediate values of the Keldysh parameter. Nevertheless, γ may serve as a simple

useful gauge to determine roughly what regime is contributing the most. Accessible

values for γ are limited in an experiment if only the intensity is varied and the laser

frequency is fixed as mentioned in [13]. According to Eq. 1.7, very low intensities are

required for a large value of γ which results in low count rates and eventually long

measurement times are required for suitable statistics. On the other hand, a small

γ needs very high intensity where ionization saturation effects complicate things

further. In fact, typically strong field experiments are performed in the gray area

where γ ≈ 1 and both multiphoton and tunneling ionization are expected to occur.
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1.2.1 Double ionization

To understand many-electron systems, strong field double ionization of atoms is one

of the simplest and most fundamental processes. Two electrons can tunnel out of the

atom one after the other at different phase points of the pulse and if the field is strong

enough to suppress the Coulomb potential barrier, they can escape even without

tunneling (over-the-barrier process) at different times during the laser pulse. These

mechanisms are commonly known as sequential double ionization and ionization is

mainly due to the laser field. Another route to double ionization was suggested after

it was discovered that double ionization yields for noble gases exceeded the values

expected for sequential ionization mechanism by orders of magnitude. Corkum’s

three-step model explained the key physics behind the process determining the path

of second ionization [8]. After the tunnel ionization induced by linearly polarized

light, the continuum electron appears in the vicinity of a singly ionized ion core. It

is assumed that the electron velocity at the moment immediately after it emerges

is zero, see e.g [8] [13] [45] [46] [47] [48]. However, after tunneling, the electron is

able to gain energy from the laser field and, depending on the phase at which it was

ionized, either escapes with a finite velocity or re-collides with the parent ion left in

its ground electronic state releasing the excess energy it has gained from the laser

field. This ionization and re-collision process can be presented in three step model

as proposed by [8] and shown schematically in figure 1.2. This model provides the

explanation of several strong field processes including HHG, NSDI and ATI.

Step 1: Ionization The strong electric field distorts the Coulomb potential and

the electron tunnels out with vanishing kinetic energy.

Step 2: Field acceleration The electron is accelerated by the laser field and

gains kinetic energy.

Step 3: Recollision The electron re-collides with its parent ion.

The ionization step in this model is treated quantum mechanically during the

tunneling process while the other two steps can be described classically. Therefore
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this model is often referred to as semi-classical [45]. In the last step of this model

energy is released depending in general on the trajectory of the individual electron

and Up. Often this energy is large enough to initiate further ionization of the system

by non-sequential double ionization (NSDI) process [29] [45] [49]. If the re-scattered

electron has not gained enough energy to knock out the second electron, it might

only excite the second electron that is subsequently ionized by the field. This process

is called re-collision excitation with subsequent ionization (RESI) [50]. There is also

the possibility that the electron recombine with the parent ion emitting the high

energy radiation which could then be utilized in high harmonic generation techniques

and connected to the creation of attosecond pulses [51]. The re-scattering of an

electron depends on the laser polarization. Switching the polarization of the pulse

from linear to circular inhibits the re-scattering phenomenon since the rotating field

in circular polarized light does not drive the electron back to its origin [52].

Figure 1.2: An electron from the atom is extracted through tunnel ionization

in strong laser field in the first step. The electron is accelerated in the laser

field in the second step and recombines with the parent ion, emitting any

excess energy in the form of photons in third step. Figure is adapted from

[53].

1.3 Hydrogen molecule H2 in intense laser field

It is evident from the discussion in previous sections that the interaction of a strong

field with atoms is a complex process. This becomes even more complicated if instead
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of atoms, molecular targets are exposed to the strong laser field. For example, the

presence of two nuclei in a hydrogen molecule H2, which is considered the simplest

of all molecules, introduces an additional parameter, the inter-nuclear separation

(R), that acts as an extra degree of freedom in molecules compared to atoms. This

separation affects the energy levels of the system within the Born-Oppenheimer

approximation [54] which allows the Schrödinger equation to be solved for nuclear

and electronic coordinates separately [55]. The associated Schrödinger equation for

each fixed inter-nuclear separation R, can be solved numerically and depending upon

the electronic state, the total energy of the system can be calculated. Therefore

it can be used as a model system to test and validate the numerical methods

before approaching the more complicated molecules. Single ionization of a hydrogen

molecule produces H+
2 , for which the calculations have been performed by [56].

Double ionization of H2 leads to two protons (2H+) however, repulsive Coulomb

force between two protons leads to rapid Coulomb explosion [13]. The phenomenon of

enhanced ionization at large critical inter-nuclear distances of the molecular fragment

ions has been investigated extensively both theoretically and experimentally in the

last few decades showing the importance of inter-nuclear separation.

1.3.1 Strong field ionization and dissociation

Strong field dissociation of molecular hydrogen was a subject of many theoretical

and experimental studies [13] [57] over the past few years. Considering the potential

curves shown in figure 1.3, basic different ionization and dissociation scenarios will

be discussed here.

Hydrogen molecule in the presence of strong laser field may be singly ionized in

the process H2 → H+
2 + 1e−, leaving the system into a two state model restricted to

gerade 1sσg or ungerade state 2pσu. The gerade state represents a bound state in

various vibrational states, leading to the formation of a stable ion. The ungerade

state is purely repulsive, and the molecular ion in this state dissociates into a neutral

hydrogen atom and a proton. Double ionization of hydrogen molecule is another

possible channel, resulting in two protons and two electrons. It is commonly known

as Coulomb explosion of the molecule.
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Figure 1.3: Potential energy curves for a hydrogen molecule in ground state

(green) and two lowest electronic states shown in red and blue for single

ionization and dissociation channel and in black is Coulombic curve followed

by Coulomb explosion. Figure is adapted from [58].

The energy of the fragments contains information about inter-nuclear separation

at which ionization occurs and can, in principle, be distinguished from the dissociation

of hydrogen by the number of particles produced and high kinetic energy release

(KER) of the protons [59]. Also the ionization rate is anomalously enhanced as inter-

nuclear separation reaches a certain range and experiments show that KER of H+

fragments is much lower than expected from Coulomb explosion at the equilibrium

separation [57]. This observation is explained by a phenomenon commonly known as

enhanced ionization which was discovered theoretically by A.D Bandrauk et al [60]

[61].

Semi-classical model of enhanced ionization

The ionization process of hydrogen molecule H2 → 2H+ + 2e− → H+ +H+ lead to

the formation of two protons that repel each other by Coulomb force. During this

Coulomb explosion process, the Coulomb energy is distributed among the protons

CE = 1
2R

where R is the inter-nuclear separation in atomic units at the moment

of ionization. The measured Coulomb energy of the protons is 2-4 eV [62] which is

considerably smaller than the expected energy of about 7 eV if the ionization took
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place at the equilibrium inter-nuclear separation. A semi-classical model was adopted

to solve this discrepancy in which an electron is considered in the electrostatic

potential of the two protons and the constant electric field [63] [64].

U(x,R,E) = − z1

|x+ Rc

2
|
− z2

|x+ Rc

2
|
− Ex (1.10)

Here U is the potential, Rc critical inter-nuclear separation, z1 and z2 are the charges

of the fragments and E is the laser electric field. When the inter-nuclear separation is

small, the inner potential barrier is low and the electron can freely oscillate between

the two nuclei. As the inter-nuclear separation increases, the inner potential barrier

starts to rise which restrains the charge transfer between the wells. During half of

an optical cycle, the probability of tunneling through the inner barrier decreases and

the electron is localized to one potential well. This localization of the electron is a

crucial element of this model. The electron energy level in the double potential well

can be determined by the expression [63],

Ve =
(−Ip1 − z2

Rc
) + (−Ip2 − z1

Rc
)

2
(1.11)

In the above expression Ip1 and Ip2 are the ionization potentials of ions, lowered by

z
Rc

which is the Coulomb potential of the neighboring ion. Since in each half optical

period, the electric field changes its direction, the localized electron with a maximum

shift of ER
2

will be periodically raised and lowered. Thus upper and lower states

will be equally populated. When the electron is in the upper state the tunneling

probability is high through the inner barrier into the continuum. Therefore in the

intermediate range of inter-nuclear separation, the ionization rate is enhanced. For

large inter-nuclear separations, the inner potential barrier broadens, so the ionization

probability is again atomic like. This classical model was developed for multi electron

diatomic molecules and multiple ionizations in [65].

Quantum-mechanical model of charge resonance enhanced ionization

Ionization of molecular hydrogen is studied in the theoretical model of Zuo and

Bandrauk [60] as a function of inter-nuclear separation by numerically solving the

3D time dependent Schrödinger equation. Figure 1.4 shows the calculated ionization
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rate as function of inter-nuclear separation for a linearly polarized short pulse of

wavelength 1064nm and an intensity of 1014W/cm2. The molecular axis is assumed

to be parallel to laser field.

Figure 1.4: Ionization rate of H+
2 molecular ion linearly polarized light of

1064nm wavelength and 1014W/cm2. The data was taken from [60].

The ionization rate is increased by one order of magnitude for inter-nuclear

separations in the range from 5 a.u to 12 a.u with two maxima around 7 a.u and

10 a.u. The peak at large inter-nuclear separation can be explained in the static

field where dipole matrix diverges linearly as R
2

. The two states are strongly coupled

for large R by the laser field and are known as charge resonance states [60]. The

asymmetric charge distribution in the two potential wells in the presence of an

oscillating electric field is attributed to the maximum around 7 a.u in figure 1.4.

This phenomenon is known as laser induced electron localization due to tunneling

suppression. The maximum electron localization around 7 a.u will lead to an

enhancement in ionization. The experimental confirmation of this double peak

structure in R-dependent ionization rate of H+
2 is presented in [20] by performing a

pump-probe experiment.
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1.4 Motivation

Pioneering work of Ahmad Zwail in femtochemistry lead to the invention of spectro-

scopic techniques that utilized table top sources of ultra-short intense laser pulses

and many new experimental techniques were introduced over the next few decades.

High energy femtosecond laser sources allowed for the study of atomic and molecular

structure in the presence of an electric field. In such intense laser pulses, perturbative

theoretical approaches break down and leading to the strongly nonlinear phenomena.

A better understanding of the structure and dynamics of atomic and molecular

systems can lead to the precise control of those systems. Deeper understanding of

such fundamentals can be a stepping stone for new technologies that have a major

impact on both a local and global scale.

In strong field physics poly-atomic molecules, particularly hydrocarbons, are now

the focus of research. These molecules are the building blocks in molecular machines

for energy storage, structural classification of proteins, and in quantum information

applications. Controlling the formation and breaking of chemical bonds in these

molecules, opens new pathways for the field driven synthesis of chemical products

and offer opportunities to test more complicated molecular systems. Breaking and

formation of the C-H bond in the hydrocarbon molecules is a global process during

laser induced processes. Acetylene is an ideal molecule for this study as its interaction

with short laser pulses results in dissociative ionization and isomerization resulting in a

variety of reaction products. Steering the breaking of this C-H bond in deprotonation

of symmetric acetylene is demonstrated in [66], where they utilized CEP tagged

REMI (reaction microscope) to get control the deprotonation of acetylene. However,

the evolution of this system from its initial to final state, as it progress in time, is

unknown. Time resolved measurements are necessary to resolve these mysteries in

molecules. One of the aims of this work is to study the time resolved dynamics of

ionization and making and breaking of bond in acetylene. Starting with most simple

existing molecule, Hydrogen, similar investigation is performed [21].
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1.5 Thesis outline

In this thesis, ionization and fragmentation in small molecules induced by strong

laser fields are investigated experimentally by using a highly advanced momentum

spectrometer known as a “reaction microscope”. The goal is to identify and under-

stand the complexities of underlying physical mechanisms from resulting dynamics

of molecular fragments.

Chapter 2

This chapter introduces the specific laser system, reaction microscope and its working

principle, manipulation techniques and experimental methods used throughout the

thesis.

Chapter 3

In this chapter, CEP as a controlled tool is introduced by giving a summary of

experimental and theoretical work carried out in the past. Electron localization

in hydrogen molecule in a pump-probe measurement is presented. This chapter

concludes with the results of the experiments and their discussion.

Chapter 4

Chapter 4 treats the interaction of ultra-short laser with small yet complex molecule

acetylene (C2H2), a step forward from hydrogen. Pump-probe studies of acetylene

dication are presented and particularly laser induced two body fragmentation channels

are discussed. Theoretical interpretation and different fragmentation scenarios are

discussed in this chapter.

Chapter 5

Observation of enhanced ionization in acetylene is presented in chapter 5. Beginning

from two body fragmentation, mechanism of charge resonance enhanced ionization is

followed in triple and four body coincidence by using Coulomb explosion imaging.
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Chapter 6

Parameters of the ultra-short laser pulses are important key factors in controlling

the photo induced chemical reactions. In chapter 6, measurements are presented

where effect of laser parameters, laser polarization and intensity, are examined on

the two body fragmentation of the acetylene dication.

Chapter 7

The results of all the experiments presented in this thesis are summarized in chapter

7, where directions for future work are also outlined.



Chapter 2

Experimental setup and techniques

In this section of the dissertation, we introduce the light sources and various techniques

used in the experiments presented in the following chapters of this thesis. The chapter

begins with a description of a few-cycle laser system, titanium-doped sapphire

(Ti:Sapphire) femtosecond laser which is considered the “workhorse” of the ultra-

fast community. In section 2.1, standard operation of each optical section of the

laser system is outlined. The carrier-envelope phase and its control are discussed

in section 2.2. The reaction microscope is presented in section 2.3, which is the

detection technique used to detect the charged particles emitted during the strong

field ionization processes in the experiments presented in the later chapters of this

thesis and also underlying fundamentals of how apparatus works. Pulse manipulation

techniques used in this work are discussed in section 2.4. In addition, we also describe

the pulse characterization, measurement mechanism and estimated peak intensity

measurements.

2.1 The table-top Ti:Sapphire laser system

Two laser systems were used in the work discussed in this dissertation. Femtolaser

(Femtolaser CompactPro CEPhase) reside in the Australian Attosecond Science

Facility at the Griffith University. It is a commercially available laser system and is

capable of producing pulses of light that are a few oscillations of the electric field.

The Ludwig Maximillian University (LMU) laser is located at the LMU research

campus in Garching, Germany. Both lasers have Ti:Sapphire based oscillator and

amplifiers and thus have the same basic components. Therefore, in this section, a

brief general description of Ti:Sapphire laser system is presented keeping particularly

Femtolaser in focus where most of the experiments were performed. Figure 2.1

depicts the optical layout of the Femtolaser system.

19
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Figure 2.1: Optical layout of FemtoPower Compact Pro. Figure is adapted

from [67].

There are four major optical sections of the laser system.

(I): The oscillator and stretcher which produces few-cycle pulses in a Ti:Sapphire

crystal and stretches the seed pulse to picosecond time scale. (II): A multi-pass

amplifier, which amplifies the stretched pulses through a second Ti:Sapphire gain
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medium. (III): A prism compressor to de-chirp and compress the pulses back to

multi-cycle regime and (IV): a hollow core fiber with broadband double-chirped

mirror set to spectrally broaden the amplified pulses to the few-cycle regime. The

systems are capable of producing carrier-envelope phase controlled pulses with a

duration < 5.5 fs.

2.1.1 Mode-locked oscillator and stretcher

The oscillator houses the mode-lock cavity which facilitates the spectral bandwidth

≈ 240 nm centered around central wavelength 790 nm and short temporal duration

at a high repetition rate of 80 MHz. It is a Kerr Lens Mode-locked system with

mirror dispersion control (model: Femtolasers Rainbow) [68]. The gain medium used

in the oscillator is a doped Ti:Sapphire crystal whose temperature is controlled by

water cooling system and maintained at 292 K. It is pumped by a Coherent Verdi V-5

laser of pump power ∼ 3 W with a wavelength of 532 nm at Brewster’s angle after

passing through the acousto-optic-modulator AOM (model:AFM-405A1). The AOM

serves the purpose of intensity modulation for locking the carrier-envelope offset

frequency discussed in section 2.2.1. The schematic arrangement of the oscillator

optical cavity is shown in the figure 2.2.

The laser cavity is composed of two asymmetric arms which include an arrange-

ment of two focusing mirrors, an end cavity mirror, and an output coupler. The

output coupler is a partially transmissible mirror placed at 10◦ to avoid back reflection.

A matching wedge is then placed just behind the output coupler to optimize the extra

cavity group delay dispersion (GDD). A pair of double chirped multilayer dielectric

mirrors (DCM’s) are used to provide the extra static negative GDD and a pair of fused

silica wedges on a translation stage allow for the fine control over the cavity dispersion.

An unstable mode-lock or CW spikes in the frequency spectrum indicates the

poor alignment of the cavity. Cavity alignment is performed normally by cleaning

the crystal and with the output coupler and end cavity mirror in such a way that

optical power output is maximum while it is operating in CW mode (> 450mW ). If

this simple procedure is not enough to get a stable mode-lock then the position of
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the gain medium needs to be adjusted.

APD 

AOM 

Coherent Verdi V5  
pump laser 

Ti:Sapphire 
crystal 

PPLN 

BS 

Wedges 
Output coupler 

End cavity mirror 

periscope 

Crystal  
position 

Stability  
range 

start 

Drop in mirror 

DCMs 

 oscillator diagnostics 

To stretcher 

APD: Avalanche photodiode 
PPLN: Periodically poled lithium  
            niobate crystal 
AOM: Acousto-optic modulator 

fceo 

Cep locking 
electronics 

VAOM 

Figure 2.2: Schematic diagram of Oscillator. The gain medium is pumped by

Verdi V5. The output light is directed into stretcher after passing through

PPLNG crystal. Small fraction of light is sent into APD to produce CEP

offset frequency signal which is processed by locking electronics and send a

feed back to the AOM.

To endorse Kerr lensing, crystal position is wound in towards the pump laser in

such a way that CW optical power drops down 20-40 mW indicating that crystal

has been translated enough. Then stability range mirror is wound in to shorten the

cavity length until the cavity CW power drops to 200 mW. This sets the cavity for

mode-locking. KLM mode-locking is then achieved by pushing the start button in

and out attached to the end cavity mirror of short arm to introduce the perturbation

in the cavity. The output of the oscillator is 2 nJ sub 7 fs pulses with a repetition

rate of 80 MHz.

The laser beam is then focused onto a periodically poled magnesium oxide doped

lithium niobate (PPLN), frequency doubling crystal. A small fraction of the light
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is used in the f-2f interferometer for the CEP locking system see section 2.2.1. An

indium-gallium-arsenide InGaAs (MenloSystem FPD510) avalanche photodetector

(APD) is interfered with the fraction of the light to produce the carrier-envelope

offset frequency signal. The locking electronics (Menlo XPS800) is used to process

the offset signal, which provides a feedback signal to the AOM on the pump beam.

A magnetic mirror is used to direct the light to the diagnostic spectrometer (Ocean

Optics USB4006) to ensure the correct spectrum for operation and also to the thermal

power meter for measuring the optical power. The remaining oscillator output is

steered towards the stretcher section to prepare the seed beam for amplifier.

The stretcher is used to chirp the pulses by increasing the pulse duration from

femtosecond time regime to picosecond regime, the first step in the method known

as chirped pulse amplification [69]. In this way the peak power of the pulse drops

but the energy remains the same to avoid damage to the amplifying medium in the

amplifier. The pulse stretcher section is shown in the figure 2.3.

Figure 2.3: Schematic layout of the pulse stretcher. The output from the

oscillator is prepared in the stretcher section to inject into the amplifier. After

passing through the stretcher, pulse train is temporally broadened. TOD

mirrors are pre-compensating the third order dispersion. A photodiode is

used to measure the oscillator repetition rate.

Seed pulses are initially passed through two pairs of factory tuned third order

dispersion compensating mirrors and then temporally broadened by retro-reflection
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through a 5 cm of Schott SF57 glass. The pulse is temporally stretched ≈ 90

picosecond by the positive GDD of the glass. The laser beam is then again passed

through the compensating mirrors for pre-compensating the third order dispersion

collected by the amplifier. A fraction of the beam is incident into the fast photodiode

to measure the oscillator repetition rate and synchronizing timing signal for CEP

lock and amplifier. The pulses are then injected into the multi-pass amplifier.

2.1.2 Amplifier

The pulse amplification is the second section of the few-cycle laser system. It works

on the principle given in [3] [70] to amplify the seed beam from the oscillator. The

optical layout of the amplifier is depicted in the figure 2.4.

Figure 2.4: Schematic optical layout of the amplifier. From the stretcher a

temporally broadened pulse train is injected into the multi-pass amplifier in

which a Ti:Sapphire crystal is used as a gain medium. The pulse train from

the oscillator is amplified.

The gain medium in the amplifier is a Ti:Sapphire crystal which is enclosed in a

vacuum chamber and placed on a peltier to keep the temperature 238 K for optimal

gain. A Nd:YLF Q-switched laser system (model: Coherent Evolution-15) working

at a 1 KHz repetition rate and an average power of 8 W is used to provide the

pump power for amplifier gain medium through the Brewster windows attached to



CHAPTER 2. EXPERIMENTAL SETUP AND TECHNIQUES 25

the vacuum chamber of the crystal. There are a total of nine passes through the

amplifier crystal, wherein an entire 80 MHz train from the oscillator is amplified in

the first four passes followed by a pass through Pockels cell. A single pulse is isolated

and amplified in the remaining five passes by using a polarizing beam splitter (PBS)

and high voltage Pockels cell which also reduces the repetition rate of the laser to

1 KHz. This particular placement of the Pockels cell helps to reduce the amplified

spontaneous emission contribution. The picked off and rejected pulse contrast is

tuned by a Berek compensator, and a 10000:1 contrast is achieved by the system. A

photodiode and neutral density attenuation filters are used to measure the contrast

ratio. Following the Pockels cell, the beam is re-injected into the amplifier crystal for

further five passes. The ultimate output of the amplifier is 1.1 mJ energy, chirped

pulses. The peak output from the amplifier is achieved by maximizing the output

power typically yielding to 1.1 W measured by a thermal power meter.

2.1.3 Prism compressor

The optical layout of the prism compressor is shown in figure 2.5 which comprises the

third section of the femtolaser system. Two Brewster angled glass prism pairs [71]

separated by an air path of ∼ 5m are used to re-compress the amplified pulse back

to the fs regime. The characteristic of these prisms is that it introduces a low GDD

and TOD into the beam path and reducing the pulse duration to approximately

28 fs. To ensure that introduced spatial dispersion is properly reversed, the pulses

are retro-reflected back through the prism. The prism pair is placed on an angular

translation stage that allows for the amount of GDD introduced to be adjusted. The

output from the prism compressor is 850 mJ and < 30 fs pulses.
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Figure 2.5: Schematic diagram of prism compressor. It compress the pulses

from the amplifier to the femto-second regime by using the prisms and

dispersion compensating mirrors. Pulses are then directed towards the hollow

core fiber.

2.1.4 Hollow-core fiber with DCM’s set

The output of the Ti:Sapphire laser is then further compressed from < 30 fs to

few-cycle fs regime in this section of the laser through a neon or argon filled 1 m

long hollow core fiber (HCF) and dispersion compensating mirrorss [2] [72] [73].

The process of self-phase modulation (SPM) is used for the spectral broadening

which is a nonlinear phenomenon caused by Kerr effect [74] [75]. A large amount of

positive dispersion is gained during spectral broadening inside the HCF, which is

then compensated by a set of multi-layered chirped mirrors at the exit of the HCF.

A 1 m long fused silica capillary mounted to a machine v-groove placed inside

a vacuum tube filled with neon gas acts as a fiber. A lens f = 1000 mm is used

to focus the pulse train inside the fiber through thin viewports at Brewster angle

on either side of the vacuum tube. Neon gas is used as the nonlinear medium for

the self-phase modulation because the high ionization potential of neon helps to

minimize the multi-photon processes inside the capillary which is sub-optimal for

the self-phase modulation procedure.
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Figure 2.6: Schematic diagram of fiber with DCM set used to shorten the

pulses into the few-cycle regime.

The pressure inside the tube is set 1.2-1.5 bar above the atmosphere and is

controlled by a regulator directly attached to the gas cylinder. The entire vacuum

tube is connected via a valve to a Pfieffer MVP015-2 diaphragm pump to evacuate

in order to reduce impurities which can affect the spectral broadening process. The

coupling of the fundamental mode to the fiber entrance can be affected by the beam

pointing fluctuation which is a major source of beam instability through hollow core

fiber. Also, the focused beam can damage the fiber input easily, a beam stabilization

system is used to maintain the input beam at a steady position. Two sets of a

Thorlabs apt-quad photodetectors and Newport FSM-300 series fast steering mirrors

are used for stabilization. One set is placed at the exit of the beam from the prism

compressor and another steering mirror is mounted before the entrance of the beam

into the fiber. For the alignment of the focused beam inside the fiber, a pair of x-y

translators are attached to the vacuum tube.

A concave spherical mirror f = 750 mm is used to collimate the laser beam exiting
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the fiber and is directed towards the two sets of DCM’s. The pulse train is then

compressed by eleven reflections on a set of double chirped mirror. Approximately

400fs2 of negative GDD to the beam is introduced by these mirrors which reduces

the pulse duration to 6 fs with a bandwidth of 260 nm and centered around 790 nm.

This negative GDD also compensates the positive GDD introduced by the beam

travel through air to experimental region.

The final output from the fiber and DCM’s is 300 µJ of energy, < 6 fs pulse duration

at a repetition rate of 1 KHz is obtained. The operating parameters at the output of

each section of the laser are shown in table 2.1.

Table 2.1: Table of typical laser parameters.

Parameter Femtolasers LMU laser
pulse duration (fs) 5.5 4.5

Central wavelength (nm) 790 790
HCF gas Ne Ar

Rep. Rate KHz 1 10
Pulse energy µ 300 200

2.2 Carrier-envelope phase stabilization

An important control parameter for few-cycle pulses is the carrier-envelope phase

(CEP). Output pulses from a mode-locked laser consists of the constructive inter-

ference between the large number of coherent longitudinal modes co-propagating in

the oscillator cavity. The difference between the maxima of the carrier and envelope

of the electric field of light pulses is referred to as the carrier-envelope phase. The

carrier wave travels with the phase velocity and pulse envelope travels with the group

velocity. A velocity mismatch is caused by the difference of phase velocity and group

velocity and hence the CEP ∆φ varies rapidly during propagation in the dispersive

media. This difference in velocities is due to dispersion and nonlinear components

in the laser cavity. The figure 2.7 depicts the three adjacent few-cycle laser pulses

exiting from the cavity demonstrating the phase variation.
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Figure 2.7: Difference between group and phase velocity responsible for CEP

to shift between consective pulses. Figure is modified from [76].

The variation in velocity of the carrier wave and pulse envelope and ultimately

phase variation occurs from the refractive index of the gain medium in the laser

cavity. This is a constant phase shift from pulse to pulse due to the periodicity of

the carrier wave. This phase shift is not a matter of concern in case of multi-cycle

laser system but the peak pulse intensity can vary significantly in case of few-cycle

laser system. The importance of the role that ∆φ plays in high-field physics is

evidenced by its ability to alter above-threshold ionization (ATI) spectra, high-

harmonic generation spectra, electron emission, and electron localization and to

generate isolated attosecond pulses [77] [78]. The optical metrology technique of a

frequency comb [79] [80] [81] is applied to measure and control the phase shift ∆φ.

2.2.1 f-to-2f interferometer for CEP locking

In order to convert the pulse train from time to frequency domain, a Fourier trans-

formation is applied and the coherent longitudinal modes of the pulse comprise the

frequency spectrum which is known as frequency comb and illustrated in figure 2.8.
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Figure 2.8: In frequency domain, the output of the mode-locked pulse train

consists of a discrete, regularly spaced series of sharp lines corresponding to

a frequency comb. This frequency is doubled by using a frequency doubling

crystal, and overlapping fringes interfere, which can be detected by a fast

photodiode and CEP offset frequency can be determined. Figure is modified

from [76].

Individual comb lines are the longitudinal modes in the spectrum and the spacing

in the modes is the laser repetition rate frep. If there is no phase shift i.e ∆φ = 0

then the first comb line would occur at f = 0 and the nth comb line would be given

by fn = nfrep. However, if there is some phase shift i.e ∆φ 6= 0 then there would

be some offset in the comb lines by an amount f0 called as carrier-envelope offset

frequency. The formula representing both f0 and frep is given by the relation [81]

f0 =
1

2π
∆φfrep (2.1)

and nth comb line is given by,

fn = nfrep + f0 . (2.2)

In order to retrieve carrier-envelope offset frequency f0, and to stabilize the carrier-

envelope phase, the frequency comb has to exceed at least one octave in frequency

space. i.e bandwidth extends from f → 2f . Second harmonic generation occurs

when this frequency comb is passed through a frequency doubling crystal and the
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frequency of the nth comb line becomes,

fn(SHG) = 2(nfrep + f0) . (2.3)

Now if the nth comb line is toward the lower frequency end of the spectrum it can

be interfered with the fundamental frequency comb line at 2n on the blue side of the

spectrum because of the octave spanning of the spectrum. So the difference would

be,

fn(SHG) − f2n = (2nfrep + 2f0)− (2nfrep + f0) = f0 . (2.4)

This f → 2f interference technique is developed by nobel laureates Hänsch and Hall

and is called f → 2f interferometer [82] [83].

In our laser system phase locking is done in two steps.

2.2.2 Fast-phase stabilization

Recent methods of locking and stabilizing the CEP are slightly different from f → 2f

interferometric technique. The phase stabilization method employed by our system

is a monolithic locking technique described in [84]. The locking scheme operates

in the RF domain where frequencies are greater than 10 KHz that is a reason it

is referred as fast phase lock. In the oscillator, difference frequency generation

(DFG) and self-phase modulation (SPM) processes are performed in a periodically-

poled-magnesium-oxide doped lithium niobate (PPLNG) crystal. An indium gallium

arsenide( InGaAs) avalanche photodiode (APD) is used to generate the beat note

signal from the interference of spectral components near 1400 nm one arising from

DFG and other from SPM processes. Locking electronics (Menlo:XPS800) is used to

input the beat signal which then produces an error signal to the AOM. The pump

laser intensity is then modulated by the AOM which ultimately affects the nonlinear

Kerr effects in the Ti:Sapphire crystal and hence the refractive index of the crystal is

changed. This change in refractive index affects the difference of group velocity and

phase velocity of the carrier wave. This affect is used to stabilize the carrier-envelope

phase. In our system the carrier-envelope offset frequency is locked to one quarter of

the repetition rate of the oscillator, ensuring that every fourth oscillator pulse has
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identical CEP. The Pockels cell in the amplifier then timed such that every amplified

pulse has the same CEP.

2.2.3 Slow-phase stabilization

The second step of CEP stabilization is performed by the f → 2f interferometer

(Menlo:APS800) located at the output of the laser. The figure 2.9 depicts the optical

layout of the interferometer. Because thermal fluctuations of the amplifier crystal

can introduce long term phase drift, this slow phase locking is required. In order to

generate an octave-spanning, a super continuum white light is created by focusing

the laser light into the sapphire plate. The white light is then frequency doubled

and mixed accordingly. The resulting spectral interferogram is measured by a USB

spectrometer. A voltage offset is generated after analyzing the interferogram by

computer software which is then applied to fast phase electronics. Phase can be

changed electronically up to 4π or this can be achieved by inserting wedges physically

inside the oscillator cavity.

Figure 2.9: Schematic layout of f-2f interferometer.

2.3 Reaction microscope (REMI)

Interaction of atoms and molecules with the strong laser field mostly leads from

ionization to dissociation and finally the creation of the charged fragments. In the

process of ionization to dissociation, these particles obtain momenta which are rich

in information and measurement of which can be used to investigate the underlying

processes. There are many reasons to determine the vector momentum of the recoil

ions after an interaction of atoms or molecules with photons. One particularly com-

pelling reason is that the momentum imparted to the ions give unique information

on the dynamical mechanism of the chemical reaction. The measurement of the ion
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momentum alone allows the determination of the final state of a chemical reaction.

Recoil ion and electron momentum spectroscopy is rapidly and still developing tech-

nique which became increasingly common in the last twenty years for investigation of

any kind of atomic or molecular reactions by measuring the vector momenta of the

charged fragments ions or electrons [85]. The efficient detection and high resolution

momentum spectrometer make REMI ideally suited for this task. It provides highly

resolved three dimensional momentum distributions and can perform measurements

for ions and electrons simultaneously. Thus coincidence measurement of particles can

be performed which is a key feature of REMI and is necessary for detailed studies

of multi-particle processes, for example double ionization in polyatomic molecules.

Extensive information about REMI (COLTRIMS) technique can be found in [85]

[86] [87] [88] [89] [90].

The reaction microscope combined with supersonic gas jet targets and position

sensitive detectors, the two most important components of COLTRIMS, gives us

a broad picture of the reaction products in momentum space, position imaging,

coincident measurements, confining maximum possible features of the final state of

the system and provide bright, high resolution images of all the possible channels

for atoms and molecules. The following section briefly outlines the basic working

principle of REMIs starting with the description of the typical setup as used in this

work and data processing procedures.

2.3.1 Experimental REMI Setup

The next element of the experimental setup is COLTRIMS. The overview of COLTRIMS

is shown in figure 2.10.
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Figure 2.10: Inside the reaction microscope, a neutral gas jet interacts with

focused laser beam. As a result charged particles (red:ion,blue:electron) are

accelerated by electric and magnetic fields towards position and time sensitive

detectors. Figure is adapted from [91].

Rapid progress in REMI made its use more common in different research areas.

For example high harmonic radiation [92], free electron lasers with single particles

[93], and interaction of femtosecond laser pulses with matter [94] electron and ion

collisions [95] [96]. Also REMI is used for the imaging of ions emitted from surfaces

[97] [98] etc. Over the past few years, many successful experiments have been per-

formed using REMI which is employed in this work, for example see [20] [21] [58]

[77] [99]. In a typical strong field experiment, a supersonic gas jet, passing through

skimmers and attenuation slits is crossed with a focused laser beam.

The REMI used here is a commercially available device from Röentdek and in-

cludes a source chamber, two intermediate chambers and a main interaction chamber

that is kept at a pressure of < 5×10−10 Torr by a Pfieffer TMU521YP turbomolecular

pump. A getter pump is installed to reduce the hydrogen background. The gas jet is
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internally cold and collimated after passing through the system of nozzle, skimmer

and attenuating slits.

The laser intensity used in the work described in this thesis is in the range of

1013-1016 W/cm2. To obtain that intensity the laser beam is tightly focused by a

spherical mirror f = 7.5 cm onto the atomic or molecular beam. The mirror is

mounted on the base plate which is connected to the main interaction chamber with

a bellow. The bellow is attached to a 3D translational stage with an external manual

control allowing the mirror alignment to be adjusted in situ.

Spectrometer and detectors

Figure 2.11 depicts the layout of spectrometer used in this work in detail.

Figure 2.11: Schematic illustration of spectrometer. DLD is delay line detec-

tors and gas jet is normal to laser beam and spectrometer axis.

Atoms or molecules in the supersonic gas jet are exposed to the laser in the

interaction region. The REMI spectrometer is a standard parallel plate spectrometer
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and consists of a series of copper plates separated by narrow gaps, connected by

resistors with holes in the middle. Ions and electrons produced are extracted to

the ion detector (top) and electron detector (bottom) by the electric field applied

to the spectrometer. The voltage is provided by the iseg NHQ214M high voltage

power supply and is varied depending on the type of fragments one want to collect

between 10 V and 3000 V. The other end of the spectrometer near the electron

detector is grounded. The spectrometer is positioned so that its extraction direc-

tion is perpendicular to both laser beam propagation direction and supersonic gas jet.

Time and position sensitive detectors (PSD) consisting of microchannel plates

(MCPs) and 80 mm square Röentdek delay line detectors RöentdekDLD80 are used

to collect the charged fragments. Position resolution is less then 0.1 mm MCP and

PSD are approximately 7 cm away from the interaction region from the short side

which is used for ion detection. The detection process essentially contains two steps:

In the first step charged particle strikes the MCPs, with bias voltages provided by

the iseg NHQ214M high voltage power supply. An electron bunch is generated and

amplified in an avalanche process triggered by the single particle impact. In the

second step of the detection scheme, the impact position of the particle is determined

by measuring the center of gravity of the electron bunch that is produced by the

MCP. A position sensitive delay line anode detector is then used to detect the 2D

position of the charged particle. It has a multihit capability. Delay lines are made

such that double spiral wire is wrapped around the base plate made of ceramics and

aluminum. One wire is the “signal” wire and other is “reference” wire. The signal

wire is maintained at a more positive voltage than the reference wire. Thus only the

signal wire gets the electron signal while both wires pickup the capacitively coupled

electronic noise. A pair of differential amplifier contained within a Röentdek ATR19

amplifier/constant-fraction-discriminator module is used to collect and process the

signal which is fed from vacuum through the Röentdek FT12. The differential

amplifier generates a signal based on arrival time difference.

Extraction of the 2D positions from the delay line signals is based on the principle

of the time delay of signals transmitting through wires. Figure 2.12 shows the
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operation of delayline detector.

Figure 2.12: A schematic of two axis delay line detector. A particle creates

an electron bunch noto the delayline anode in both ends of each wire in

both direction and is detected at its end. The measured time difference δt is

proportional to initial spatial offset. See text for detail.

The electron cloud (red dot) in the figure 2.12 produced on the MCP is incident

on the two wire grids that are paved on each other but not connected. The signal

from both end of the wires are used to determine the position. In the y-axis position,

from the impact site, the incident electrons send the signal away in both directions

along the wire. Two signals are obtained at DAQ1 and DAQ2 with a time offset δt.

This time offset is the difference of length that signal had to travel through the wires.

So position of hit can be determined by the correct calibration and measurement of

the timing unit. δt can be used to determine the position where the electron cloud

hit the wire giving position sensitive detection. In order to increase the accuracy

of detection, overlapping delay lines are utilized. The electron detection device

working principle is similar to the ion detection except it uses a Röentdek HEX75

which is three delay line detectors in a hexagonal configuration. To digitize all the

multihit signals coming from the MCP and the PSD, a signal is passed through

the Röentdek TDC8HP . This component is capable of defining the distance along
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the wire pair where the detection events occurred. This distance is then converted

into x-y coordinates of the charged particle by manufacturer calibration. The key

components collecting the position and TOF signal are following Röentdek acquisition

and control boxes. It consists of FAMP8, constant fraction discriminator CFD8c

and the ATR-19. Electronics are triggered from the fast photodiode signal. This

signal is obtained from the photodiode used to measure the pulse envelope after pulse

amplification discussed earlier in section 2.1.2 and calibrated by the manufacturer.

2.3.2 Data processing

The raw data is processed by the Röentdek software package CoboldPC which is

used to reconstruct the momentum of particles along with coincident measurement

and provides a variety of information from the raw data including mass to charge

ratio, 2D positioning and 3D momentum of detected ions and electrons. The software

is capable of displaying three variables of information at one plot, for example px,

py and ion yield. However, the software is used to record the data and export the

coincident measurements. Further data analysis and visualization are performed

with scripts written and developed for Mathworks “Matlab”. The advantage of

exporting the primary processed data from CoboldPC to Matlab, is that scripts are

able to perform operations on all events within a data file simultaneously rather than

re-reading the raw data every time.

2.4 Pump-probe technique

In our natural world, many processes occur on a very fast time scale like bond

breaking and formation, molecular vibrations etc from femtosecond to picosecond

regime which is too fast to be observed. But with the invention of the ultra-fast lasers,

experimental measurements of these fast phenomena can be performed in real time. In

order to fully understand the dynamics of various processes in matter, time-resolved

observation of these fast processes is essential. The pump-probe technique has become

a well-known method for time-resolved studies and has lead to the advancement in

many scientific fields. In this method, two optical pulses are separated by a variable

time delay. The first pulse is “pump”, which perturbs the physical system (molecule)
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from an equilibrium state and initiates the dynamics. After some time delay the

second pulse “probe” monitors the property under investigation. See for example

[100] [101]. The time delay between pump and probe pulses is controlled by changing

the path length difference between the pump and probe arms of the interferometer.

By probing the structure at different time steps after the system was perturbed

by the pump the dynamics of the pump interaction can be inferred and a kind of

molecular movie can be created by taking “snapshots” with small time steps. In

these studies, pump and probe pulses are of the same wavelength and duration. The

intensities and polarizations of pump and probe pulses may vary depending on which

kind of phenomenon one wants to investigate. A schematic drawing of the pump

and probe approach is shown in figure 2.13 where pump and probe are separated in

time. A pump pulse initiates a reaction in a molecule placed in a uniform electric

field followed by the probe pulse.

2.4.1 Mach-Zehnder interferometer

The Mach-Zehnder interferometer is a simple device used to create the pulse pair

into pump and probe arms. Starting from a single laser pulse, two identical pulses

are created by using a thin broadband beam splitter. Each pulse travels along one

of the two arms of the interferometer. The optical layout of the interferometer is

shown in figure 2.13. One of the arm is equipped with computer controlled piezo

delay stage to move the two mirrors and vary the distance x that the probe pulse has

to travel before the two beams are recombined by a second beam splitter. Irises are

placed in both pump and probe arms of the interferometer to control the diameter

and intensity of the pulses. When both pump and probe arms overlap in space and

time it corresponds to zero delay. The spatial shift of the delay stage δx leads to the

shift in time δt by the following relation.

δt = 2
δx

c
(2.5)

where c is speed of light in air.
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Figure 2.13: Schematic layout of Mach-Zehnder interferometer using pump-

probe technique.

2.5 Pulse characterization

To characterize the duration of short pulses, the most traditional technique nowadays

is the auto-correlator. In this technique, the pulse duration is defined as the full

width at half maximum of the intensity envelope of the laser pulse. This technique

overcomes the limitations of the traditionally used fast photodiode and high speed

oscilloscope pulse duration measurements. The optical layout of the inter-ferometric

auto-correlator used for determining the pulse duration in this thesis is depicted in

figure 2.14.
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Figure 2.14: Schematic of autocorrelator.

A Michelson interferometer is used in the apparatus of the auto-correlator (model:

Femtometer F1A) whose output is focused on the SHG crystal via an off-axis parabolic

mirror. A 50:50 beamsplitter of 1 mm thickness partially coated on each side is used

to split and recombine the pulses. One arm of the interferometer is fixed in position

while the other arm is connected with a piezo electrically driven translation stage

to vary the path length. The time delay τ is introduced between the two pulses by

varying the path length which introduces temporal interference of the two beams.

Once the two pulses are recombined on the parabolic mirror, it focuses them onto a

thin SHG crystal. The frequency doubled light then passes through the photodiode

followed by a short pass filter. The signal sent to the piezo stage is then controlled

by the electronic box and software provided by Femtolasers. With the measurement

of the spectrum, the software then calculates the number of fringes and the pulse

duration from the central wavelength of the pulse. Figure 2.15 shows a trace taken

while setting up the beam for experiment.
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Figure 2.15: Autocorrelator trace and spectrum of laser pulse before entering

into the interaction region in REMI. The pulse duration is 5.5 fs center around

800 nm and spectral bandwidth is 260 nm.

2.5.1 Estimated peak intensity

One of the crucial and very sensitive parameters is the laser peak intensity which

needs to be determined correctly in order to make a correct interpretation of the

experimental observations in strong field phenomena. Several methods can be used

to determine the intensity, however, we used a method based on recoil momentum

measurements which is “in situ” and sensitive to the peak intensity. Details and

theory of the method can be found in [102].

The magnitude of the drift momentum gained by the ion in the ionization process

is measured by the reaction microscope using circularly polarized laser fields and is

directly related to the strength of the electric field of the pulse [102].

Po =
√
P 2
x + P 2

y =
eEo
ω

(2.6)

where E and ω are the electric field amplitude and frequency of the circularly

polarized light respectively. Ionization yield at a given laser intensity as a function
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of drift momentum is given by the expression,

Io = cεo| Eo|2 (2.7)

where c is speed of light, εo is the permittivity in the medium respectively. The

experimental curve is then fitted with the theoretical ADK like ionization rate as a

function of the temporal profile and drift momentum at peak intensity. This method

is valid where ionization rate changes rapidly before reaching the laser peak intensity.



Chapter 3

Dynamics of electron localization in a

dissociating H+
2

This chapter presents the results obtained in the measurements where control capa-

bility of carrier-envelope phase (CEP) of few-cycle intense laser pulses is applied. By

utilizing the ability of REMI and the pump-probe technique with fs time resolution,

controlled dynamics in dissociating H+
2 is investigated. The dynamic target enables

the investigation of the molecular dissociation resulting in breaking of a chemical

bond. The direction of the electron localization is controlled by the probe pulse

within 15 fs following ionization of H2 by measuring the asymmetry as a function

of pump-probe delay. The main results and hence large parts of this chapter have

already been published in [21]. First, in section 3.1, CEP control of electron local-

ization is introduced in a general fashion by giving a summary of experimental and

theoretical work carried out in the past with particular focus on the dissociation of

H+
2 . Sections 3.2 and 3.3 present the experimental scheme and the results obtained.

Section 3.4 presents the theoretical model used to interpret the data.

3.1 Introduction

One of the most important and fundamental processes in nature is the formation and

breaking of chemical bonds between atoms in molecules. These dynamics happen at

femtosecond time scale involving the motion of the electrons and the atomic nuclei.

Coherent control of the chemical and physical processes is one of the ultimate goals

of the strong field ultra-fast laser science [103] [104] [105]. In order to achieve this

goal, the first step is to understand the dynamics of the involved electrons and nuclei.

With the advent of intense few-cycle phase stabilized laser pulses, coherent control

of molecular dynamics has entered a new regime. Controlled evolution and tailoring

44
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of the electric field of few-cycle laser light, through exploiting the carrier-envelope

phase allows the steering of the motion of the electrons in and around the atoms on

a subfemtosecond time scale and it has proven to be a powerful and effective tool

for engineering the dynamics of a system to achieve the desired outcome [105] [106]

[107]. In dissociation of the hydrogen, the role of the phase control has recently been

addressed in theoretical studies [108] [109] [110] and interest has been fueled since

H2 or H+
2 represents the simplest molecules with only one or two electrons and two

protons and it can be a model system for the treatment of more complex molecules.

3.1.1 Overview

Generation of the optical pulses of few-cycle duration are now possible due to progress

in femtosecond pulse generation and the shortest laser pulses that can be generated

consist of fewer than two optical cycle [111] [112] [113]. In such pulses, time variation

of the electric field E(t) = A(t)cos(ωot + ϕ) depends on the parameter ϕ which

determines the position of the carrier wave oscillating with the frequency of ωo with

respect to amplitude envelope A(t) i.e the absolute phase [4] [114]. This absolute

phase of the underlying carrier wave with respect to the envelope (Carrier-Envelope

Phase) is an important control parameter for a number of nonlinear processes [4]

[79] [82] [83] [105] [114] [115] because of the dependence of laser-matter interaction

on the electric field of the pulse. The first clear effect of the CEP of short laser

pulse on the matter is experimentally demonstrated by Paulus et al [116] in 2001

whereas CEP control of electron localization in molecules with few-cycle pulses was

first demonstrated experimentally by Kling et al [16] [117]. The most recent topical

review specifically focuses on control of electron localization in molecular hydrogen

[118].

Kling et al exposed D2 target to 5 fs pulses with 1 × 1014 W/cm2 intensity

and stabilized CEP to dissociatively ionize and measured the emission of D+ as

a probe of the location of an electron. The asymmetries in the emission direction

of D+ ions were found for KER above 3 eV which depends upon CEP. Electron

re-collision process is used to explain the findings. The disappearance of high

KER signal above 3 eV in circularly polarized laser field was an indication that
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electron-ion re-collision played a vital role for the observed phase control. A tunnel

ionized electron undergoing a collision with its parent ion under the influence of

an accelerating electric field entail re-collision [8]. The authors suggested that at

peak of the laser field D+
2 single ionization event occur and produced vibrational

wave-packet in the 1sσg electronic ground state. Laser driven electron and the parent

ion exchanged energies and promoted the D+ to the 2pσu excited state. On the

trailing edge of the laser pulse, coupling of 2pσu state and 1sσg state during the

dissociation process was the proposed mechanism for the observed field-controlled

electron dynamics. However, this achievement opened several questions which were

later investigated by others. For instance, what is the importance of first ionization

step in the asymmetry? Despite the predictions by earlier theoretical calculations

[109], why there is no asymmetry for the low dissociation energies? What is the

role of molecular orientation in the localization of electron? Can CEP be used

as a control parameter in more complex molecules? How fast electron localization

happen and can we measure the inter-nuclear separation at particular bond breaking?

Another experiment was carried out by Kremer et al [17] who answered some

of the questions. They used H2 target, 6 fs, 4.4 × 1014 W/cm2, CEP stabilized

linearly polarized laser pulses and observed asymmetric proton emission at low KER

values between 0.4 eV and 2.8 eV which were predicted by Roudnev and Esry [109]

[119]. Authors attributed these energies to bond softening and not to the re-colliding

electron which leads to high KERs. They proposed that a vibrational wave packet

is generated by the ionization of H2 molecule on the 1sσg potential energy surface

of H+
2 that propagates towards the outer turning point. The tail of the laser pulse

couples the 1sσg and 2pσu states at the inter-nuclear separation where photon energy

matches the energy gap between the two states. Later Znakovskaya et al found bond

softening channel even playing a larger role in the CEP control of D2 at mid-infrared

wavelengths [120]. Furthermore electronic and nuclear dynamics in more complex

diatomic molecules such as carbon mono-oxide, and small polyatomic molecules are

controlled by using CEP [66] [121] [122].

Apart from controlling the outcome of a laser driven chemical reaction, tracking
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the movement of electrons in atoms and molecules in real time is essential if we want

to understand the most fundamental physical mechanisms inside the excited species

and exploit these processes in applications. With fs time resolution, structures can

be probed far from equilibrium and prior to their vibrational and rotational motions.

In order to study the motion during transition state, there are some additional

requirements for molecules. First, zero of time is needed to defined precisely in

order to clock the motion. Secondly, since millions of molecules are typically used

in the recording of molecular motion, their motions must be synchronized. Time

resolved pump-probe spectroscopy with CEP stabilized pulses is the best configura-

tion to observe the controlled dynamics in the molecules. For example, during the

isomerization process in acetylene cation, a molecular movie of proton migration

has been demonstrated recently [123]. Breaking of a chemical bond during molecu-

lar dissociation is another process whose detailed dynamics is of fundamental interest.

In order to answer the fundamental question of how fast and at what inter-nuclear

distance does the electron localize and the chemical bond breaks in dissociating H+
2 ,

the pump-probe configuration with CEP-stable few-cycle pulses is employed.

3.2 Experimental scheme

In order to experimentally study the dissociation of a hydrogen molecular ion, the

pump-probe technique is applied by utilizing the ability of REMI to provide kinemat-

ically complete data by recording all the products of reaction in coincidence. CEP

stable sub-5 fs duration linearly polarized laser pulses with 750 nm wavelength are

generated at the repetition rate of 1 KHz by the Femtolaser system at the Australian

Attosecond Science Facility through compression in the neon-filled hollow-core fiber.

See section 2.1 and section 2.4 for details. To control CEP and to compensate

chirp of the short pulses inside the reaction chamber, a pair of fused silica wedges is

installed on a translational stage. A small fraction of the pulse energy is picked off

from the reflection of the front surface of the wedge pair and diverted into the f-2f

interferometer. CEP is monitored by an f-2f interferometer and used as a feedback

signal for CEP stabilization feedback loop (see section 2.2 and references ). With
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closed feedback loop, the estimated CEP noise (root mean square (rms)) is less than

360 mrad and CEP locking can be stable ∼ 2 hours for clear experimental observation

of CEP dependent effect. Pump and probe pulse pair is produced by diverting the

short pulses into the Mach-Zehnder interferometer which is designed for few-cycle

laser pulses. The delay between pump and probe pulse is controlled by a motorized

stage which can generate delay with subcycle precision (see section 2.4 for detail

pump-probe setup). The pulses are tightly focused by a f = 7.5 cm zero group delay

dispersion silver coated concave mirror inside the reaction microscope apparatus

onto a neutral hydrogen supersonic jet. The polarization axes of both pump and

probe pulses are parallel to the time of flight axis (z-axis) of the REMI and normal

to the propagation direction of the molecular gas jet (y-axis) and the laser beam

(x-axis). The field intensities of both pump and probe pulses are independently

controlled in the interaction region and in situ calibrated by using the ion recoil

momentum method [102] [124]. The duration of laser pulses is characterized using

autocorrelator and their cleenness (absence of significant pre-pulses and a pedestal)

is confirmed by measuring kinetic energy spectra of protons produced in Coulomb

explosion of molecular hydrogen. The position and time information is collected by

time and position sensitive detectors (Röendtek) inside the REMI which allow the

reconstruction of the full three-dimensional momenta of the fragment ions. Intensities

of the pump and probe pulses are adjusted in such a way that with the pump pulse

alone, maximum asymmetry modulation is obtained and probe intensity is set low

enough to avoid depletion of dissociating H+
2 by enhanced ionization and at the

same time high enough that it can change the direction of electron localization.

Zero delay between pump and probe pulse is calibrated by measuring the delay

dependent ionization of Neon (Ne) gas jet. Ne+ signal is used and yield is maximized

at zero delay that corresponds to the highest peak intensity. In order to separate the

proton emitted from dissociation channel H+
2 −→ H +H+ from other channels, a

filter is used which discards ionization events with more than one ion per laser shot

during off-line analysis and to highlight the enhanced ionization channel momentum

conservation filter is applied. Momentum conservation filter is |Pion1 + Pion2| < 5.a.u

which means that it chooses ionization events with two ions per laser shot and sum of

their momentum is < 5a.u. Then it ensures that selected proton pair is originating



CHAPTER 3. DYNAMICS OF ELECTRON LOCALIZATION IN A DISSOCIATINGH+
2 49

from the single hydrogen molecule. By applying such strong filters we can minimize

the overlap of same energy protons produced from single and double ionization

channels. However, we cannot separate those channels completely. Measurements

were taken for different values of the CEP stabilized pump-probe laser field. Data

presented and discussed here are obtained with probe pulse CEP corresponding to

the maximum asymmetry of the proton yield. Schematic illustration of experimental

scheme is shown in figure 3.1 (a) whereas ionization process of neutral H2 leading to

different channels such as dissociation, enhanced ionization and double ionization

are illustrated in figure 3.1 (b).

3.3 Asymmetry of proton emission

Neutral hydrogen is ionized at the peak of the pump pulse by emitting an electron

and a vibrational nuclear wave packet is launched onto 1sσg potential energy curve

of H+
2 . The created nuclear wave packet (NWP) starts to move along the potential

curves of H+
2 after initial ionization process and can be further dissociated by the

tail of the pump pulse radiatively coupling the states 1sσg and 2pσu when energy

gap matches the certain photon energy value. The inter-nuclear separation ‘R’ of

the propagating dissociative H+
2 gradually increases with the bound electron shared

(delocalized) between the two nuclei until ’R’ is too large so that the electron gets

trapped on one of the protons and the molecular ion eventually dissociates into H and

H+. Since the electron sharing (delocalization) is the main defining characteristic

of a chemical bond, the loss of electron sharing (localization) can be associated

with breaking of a chemical bond - the most fundamental chemical process. The

electron asymmetrically localizes on the nuclei due to the coherent superposition of

the quantum states of opposite parities dissociated from the 1sσg and 2pσu. During

the dissociation process, CEP stabilized probe pulse is introduced which drives the

electron motion and affects the direction of the electron localization. Since the probe

pulse can also induce enhanced ionization [60] [20] of H+
2 at the critical inter-nuclear

separation of dissociating nuclear wave packet, delay dependent kinetic energy release

of this channel is used for tracing time evolution of the inter-nuclear separation in
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dissociating H+
2 .

Figure 3.1: (a) Schematic of the Experimental scheme using the pump-probe

pulse pair. Linearly polarized light is focused onto the H2 jet inside the REMI.

The fragments are detected by time and position sensitive detector from where

the momentum of the resulting charged particles is measured. (b) Illustration

of the different pathways for dissociation of H+
2 when the neutral molecule

interacts with the intense pump-probe laser field. At the peak of the pump

pulse, hydrogen molecule is ionized and excited into the dissociative state.

Probe pulse then steer the electron motion during the dissociation process

and induces enhanced double ionization at the critical inter-nuclear distance.

Dominant pathway of the wave-packet is indicated by black arrows. Figure is

adapted from [21].

The asymmetry parameter for H+
2 dissociation events is defined as,

Asy =
Nup −Ndown

Nup +Ndown

(3.1)

where Nup and Ndown are the number of protons ejected into up and down directions

along the laser polarization axis. The asymmetry parameter is positive for electron

localization on the upward nucleus and negative on the other site. The kinetic energy
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spectra for up and down protons are calculated separately by measuring proton

momentum for different values of the CEP. Figure 3.2 presents measured proton

momentum distributions for different delays between pump and probe with phase

stabilization.

Figure 3.2: Experimentally measured two dimensional proton momentum

distribution in the laser polarization plane with pump pulse only (left), for

pump-probe delay of 6 fs and for pump-probe delay 45 fs in a 5 fs pulse

duration phase stabilized laser field. Figure is adapted from [21].

A clear difference in up versus down emission of H+ is observed at different delays

in momentum distribution. By properly adjusting the peak intensity of the pump

pulse, a high degree of asymmetry modulation is obtained with the amplitude of

∼ 0.5 and delay scan is run by locking the CEP to the value at which the pump

pulse alone produces the negative maximum asymmetry. The KER is evaluated

from the 3D momenta. The resulting energy resolved asymmetry map as a function

of delay is shown in figure 3.3 (a) where KER is the total kinetic energy of the

ejected proton and the neutral fragment. Based on the momentum conservation

of the ejected fragments from the breaking molecule, kinetic energy of the neutral

atom is deduced. Several characteristic features can be identified in this spectrum.

The peak of bond softening (BS) [125] and above threshold dissociation (ATD) [126]

occurs in the region of (0.3-1.3 eV) which also corresponds to interfering one and

two photon processes where above threshold dissociation (ATD) and three photon

dissociation channels are overlapping in the KER region of (2-3 eV) [127]. CEP and

delay dependent asymmetry is clear and strong modulation of asymmetry with the

change of its direction is observed for short delays of less than 15 fs in the KER
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spectrum.

Figure 3.3: a) Measured Kinetic energy release vs time delay as a function of

asymmetry. b) Energy integrated yield as a function of asymmetry and time

delay between pump and probe pulse. Black arrow in figures indicates the

maximum asymmetry produced by pump pulse alone. Figure is adapted from

[21].

The strong pump pulse by itself produces negative maximum asymmetry as

indicated by an arrow in the figure 3.3 (a, b). For large delays, a comparatively weak

modulation and negative direction of the asymmetry is observed. To demonstrate it

more clearly a narrow KER region of (2.8-3 eV) is selected shown in figure 3.3 (b).

The prominent feature in this plot is asymmetry oscillations occurring as a function

of delay with the periodicity of the laser field. Such oscillations have been reported

previously in extreme ultraviolet-infrared pump-probe experiment [128]. At time τ

= 0, the first data point with only pump pulse shows asymmetry of -0.5 indicating

that the downward proton emission is dominant. The asymmetry changes from -0.5

to 0.4 at delay 6 fs which is a clear indication that the electron localization direction

has been changed and reversed completely by the probe pulse. This reverse direction

of the electron localization can be explained by the modified temporal profile of the

electric field. Since the pulse duration is almost the same ∼ 5 fs and change in the

asymmetry is happening at 6 fs almost equal to the pulse duration means that probe

pulse is still overlapping with the pump pulse. The delay dependent asymmetry

modulations are strong until the time delay of 15 fs and then they dramatically

weaken and asymmetry remains in the same direction. At τ = 45 fs asymmetry is
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back to an original value of -0.5 indicating the preferential downward proton emission.

3.4 Theoretical interpretation

In order to understand and interpret the experimental observations, our theoretical

collaboration partners Prof. Feng He and Dr. Zhichao Li from the Key laboratory

for Laser Plasmas (Ministry of Education) and School of Physics and Astronomy,

Shanghai Jiao Tong University, performed the theoretical simulation. However, in

order to reduce the complexity of experimental results, a brief description of the

general theory of CEP effects developed by Roudnev and Esry [129] [130] would

be convenient and insightful. J.J Hua and B.D Esry’s [130] two channel model is

adapted to present in this section which has relatively simple derivation and gives

insight into the origin of the observed CEP dependence. In this model, authors

started from time-dependent Schrödinger equation (TDSE) in Born-Oppenheimer

representation by including two lowest electronic states 1sσg and 2pσu of H+
2 and

keeping the inter-nuclear axis fixed along the laser polarization field. The TDSE is

written as,

i
∂

∂t
Ψ(ϕ; t) = [Ho + V (ϕ; t)]Ψ(ϕ; t) (3.2)

Here Ho is the field-free Hamiltonian and V (ϕ; t) is the laser-matter interaction in

the dipole approximation given as,

V (ϕ; t) = −d . E(t)cos(ωt+ ϕ) (3.3)

with d being the dipole operator, E(t) the electric field of the laser pulse, ω carrier

frequency and ϕ is the carrier-envelope phase. This presented TDSE in Eq. 3.3 is

periodic in the CEP ϕ, therefore wave-function can be expanded by using Fourier

transformation in terms of CEP,

F(R, t) =
∞∑

n=−∞

einϕFn(R, t) (3.4)
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Fn(R, t) is the amplitude and n is the net number of photons. This amplitude can

be rewritten as

Fn(R, t) = einωtGn(R, t) (3.5)

Substituting these expressions into the Schrödinger equation and equating the

coefficients, one can eliminate CEP dependence by a simple unitary transformation.

There are no approximations used in this derivation and it can be easily generalized

to any system in the same way. The details of such calculations are given in [129]

[130]. In case of H+
2 , the asymmetry is defined by the difference between dissociating

on the gerade 1sσg and ungerade 2pσu electronic states. To calculate asymmetry,

analysis begins with the KER spectra of the atomic channel. To find the atomic

channel KER spectra, scattering states are projected for a given momentum k onto

|Ak〉 and |Bk〉 which physically corresponds to p+H and H+p channels respectively.

Asymptotically these states can be written as superposition of outgoing plane waves,

|gE〉 on the 1sσg state and |uE〉 on 2pσu state,

|(A,B), k〉 =
1√
2

(e−iδg |gE〉 ± e−iδu|uE〉) (3.6)

here δg,u are energy dependent scattering phase shifts. The dissociation probability

and asymmetry then can be found by projecting the wavefunction on localized states.

i.e

PA,B(E) ≡ |〈(A,B)k|F 〉|2 (3.7)

After expanding the square and simplifying, total dissociation probability is,

P (E) ≡ PA(E) + PB(E) (3.8)

and asymmetry is given as,

A(E) ≡ PA(E)− PB(E) (3.9)

The derivations of Esry and coworkers can be followed in [129] [130]. From these

results it is clear that scattering phase shift do contribute to asymmetry.
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Numerical simulation

Starting with time-dependent Schrödinger equation (TDSE) presented in Eq. 3.10,

i
∂ψ(z,R; t)

∂t
= [

P 2
R

2µ
+

1

2
(Pz + A(t))2 + V (z,R) +

1

R
]ψ(z,R; t) (3.10)

where PR and Pz are nuclear and electronic momentum operators, µ is reduced

nuclear mass and A(t) is the laser vector potential given as,

A(t) = −
∫ t

0

dt
′
E(t

′
) (3.11)

Here E(t
′
) is the laser electric field.

The Coulomb potential is given as,

V (z, R) = −
∑
s=±1

1

1
α(R)
− α(R)

5
+
√

(z + sR
2

)2 + (α(R)
5

)2
(3.12)

where α(R) is the R-dependent soft core function. It is determined by fitting the calcu-

lated energies of the ground and first excited state of H+
2 to their real Coulomb values.

The function can be closely approximated by α(R) = 0.9 + 0.5806× exp(−0.5876R).

It decreases monotonically from 1.5 to 0.9 as R increases. By using the experimental

laser parameters, nuclear and electronic motions are constrained along the laser

polarization direction. A mask function cos
1
6 is set to the boundary of simulation box

for suppressing the un-physical reflection of ionized electron flux and box extends

from -1000 to 1000 a.u along z-dimension and from 0 to 100.a.u along R dimension,

whereas spatial and time steps are4z = 0.3 a.u and4R = 0.02 a.u and4t = 0.2 a.u.

Calculated energy resolved asymmetry map as a function of delay is presented

in figure 3.4 (a) and asymmetry in the KER region (2.8-3 eV) is shown in figure

3.4 (b). For delays till 15 fs asymmetry is strongly modulated while for long delays

it remains negative. Experimental results are in excellent agreement with those of

the theory simulations. In order to ensure that observed experimental dynamics

are real and not the effect of particular pulse parameter or intensity specific effect,
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simulations were performed for different pump and probe intensities. Figure 3.5 top

row from (a-d) is the calculated KER asymmetry as a function of delay for fixed

probe intensity of 6× 1013 W/cm2 and various pump intensities.

Figure 3.4: (a) Delay dependent KER as a function of asymmetry of proton

emission and (b) Asymmetry of proton emission for KER from 2.8-3.0 eV.

Figure is adapted from [21].

Figure 3.5: The top row from (a-d) is calculated delay dependent KER as a

function of asymmetry of proton emission for a fixed probe intensity 6× 1013

W/cm2 and varying pump intensity (a)6× 1014 W/cm2 (b) 4× 1014 W/cm2

(c) 3× 1014 W/cm2 (d) 2× 1014 W/cm2 and the bottom row from (e-h) is

for fixed pump intensity and varying probe intensities (e) 2× 1014 W/cm2 (f)

1× 1014 W/cm2 (g) 6× 1013 W/cm2 (h) 3× 1013 W/cm2. Figure is adapted

from the supplementry material of [21].

The bottom row of the figure 3.5 (e-h) is for fixed pump intensity 6×1014W/cm2
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and various probe intensities. By varying an order of magnitude of probe pulse

intensity, the electron localization time i.e 15 fs remained same.

The comparison of the experimental and calculated measurements show a good

agreement and demonstrate qualitatively same behavior. From these results, we

can conclude that after 15 fs electron localization in dissociating H+
2 is complete by

pump pulse only and probe pulse cannot reverse this action.

3.4.1 Effect of enhanced ionization on asymmetry at large

delays

When H2 is ionized with strong laser field, the effect of enhanced ionization (EI)

cannot be neglected. The asymmetry parameter exhibit modulation at large delays

up to 40 fs shown in figure 3.6. Even at low probe intensity double ionization due

to EI can be significant. The KER of EI with a pair of two protons is around 3

eV when the delay is 30 fs to 40 fs. This KER is similar to that of the dissociative

channel. The KER spectra with dissociation filter and with double ionization filter

are shown in figure 3.6 a and b.

Figure 3.6: KER spectrum as a function of delay for enhanced ionization

channel when applying filter. (a) for dissociating channel (b) for double

ionization channel.

Since the filter used in the analysis cannot completely exclude the double ionization
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protons (which cannot exhibit any asymmetry) from the dissociative proton (which

can exhibit asymmetry) but are counted within the asymmetry calculations, it

could be a cause of resulting overall asymmetry less than for a purely singly ionized

channel. Delay-dependent yield of EI modulation could be a reason of modulations

appearing for large delays in the present experiment. It is also possible that EI itself

is asymmetric by CEP locked probe pulse in a manner described in [131] for I2. If

that is the case then even if the dissociative channel can be completely separated

from double ionization channel, asymmetry would be affected by enhanced ionization.

It could affect the experimental asymmetry parameter. These effects are not included

in the numerical model of asymmetry calculations.

3.4.2 Electron localization and inter-nuclear separation

Inter-nuclear separation plays a vital role in the electron localization. One further

advantage of the pump-probe scheme is that it facilitates the measurements of the

time-dependent separation between the two protons. Since both electron and nuclear

motions are playing a role in electron localization, the inter-nuclear distance needs to

be large enough to trap (localize) the electron. In order to determine the inter-nuclear

separation at which the electron localization happen, information is retrieved from

the delay dependent KER spectrum of the double ionization channel. The tunnel

ionization rate increases dramatically when inter-nuclear separation of dissociating

nuclear wave packet H+
2 approaches the critical inter-nuclear distance [60]. A part of

this dissociating wave packet is then promoted by weak probe pulse to the repulsive

potential curve of H2+
2 and then due to Coulomb explosion process, a pair of energetic

protons is produced. From the delay-dependent KER of that channel, instantaneous

position of dissociating nuclear wave packet can be determined and formally expressed

as,

KER(t) =
1

R(t)
+ Eo (3.13)

where Eo is initial kinetic energy obtained in the dissociating process. Since for the

bond softening channel measured KER is 0.7 eV, it is set as initial kinetic energy of

dissociating nuclear wave packet.
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Figure 3.7: (a) Time evolution of dissociating nuclear wave-packets(NWPs)

retrieved from the measured KER spectrum of enhanced ionization channel

by using KER(t) = 1
R(t)

+ 0.7eV , where 0.7eV is the bond softening energy

[20]. The white dashed line overlayed on spectrum is the linear fit for the

peak of the propagating dissociating NWP. (b, c) Coulomb potential of the

dissociating H+
2 , (b) when delay is 6 fs corresponding R is 5 a.u and (c) when

delay is 15 fs corresponding R is 8 a.u. Figure is adapted from [21].

Nuclear motion is considered nearly frozen during the probe induced enhanced

ionization due to very short pulse duration and extreme nonlinearity of tunneling

ionization. By converting the experimentally measured delay-dependent KER spec-

trum into delay-dependent R distribution, time evolution of dissociating wave packet

can be measured and is shown in figure 3.7. This makes possible to determine the

position of nuclear wave packet at different delays that is R(t). White dashed line in

the figure 3.7 (a) is the linear fit of the time evolution of the peak of dissociating

nuclear wave packet by assuming that it is propagating at the constant velocity. The

instantaneous Coulomb potential for the dissociating H+
2 for the time delay of 6 fs

where R (from the fit value of peak position) reaches ∼ 5 a.u is shown in the figure

3.7 (b). The inner barrier is low for such small inter-nuclear separation so that the

electron can still follow the electric field oscillation of the driving laser field and

the observed delay dependent asymmetry modulation appears. At delay of 15 fs,

inter-nuclear separation R reaches ∼ 8 a.u. At this distance the Coulomb potential
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is much higher and wider causing the electron to trap. At this point when protons in

H+
2 are separated by 8 a.u at 15 fs electron localization completes and the chemical

bond is broken.

3.5 Summary

In summary, a pump-probe scheme with CEP stabilized laser pulses is employed

for real time observation of bond breaking and electron localization in dissociating

H+
2 . During the dissociation process response of the bound electron to the external

driving laser field at different inter-nuclear separation is recorded. By tuning the

delay between short pump and probe pulses, we showed that the infrared pump-probe

scheme can control the asymmetry of electron localization for low KER channels

KER < 4eV . Strong asymmetry modulation is observed and its direction can be

reversed under 15 fs. In dissociating H+
2 channel, time dependent distribution of

inter-nuclear separation is retrieved from the delay dependent KER of enhanced

ionization channel and it is found that in our experimental conditions, after first

ionization of neutral H2 electron localization happen around 15 fs. At that time

inter-nuclear separation is 8 a.u and chemical bond is broken.



Chapter 4

Vibrational dynamics in acetylene cation

This chapter presents the results obtained in measurements where vibrational wave

packet in singly charged C2H2 is detected by observing the singly charged fragments

in various two-body breakup channels . Observing the time-resolved dynamic of the

intermediate charged state enabled the state selective investigation of the vibrational

motion and testing of the fundamental predictions about the fragmentation process

after ionization in cation state. First, in section 4.1 motivation is introduced. Sections

4.2 and 4.3 present the experimental results obtained within this work and discuss

interpretation of the data. Potential energy landscape of acetylene and its ionic

species are presented in section 4.4 and different fragmentation scenarios are discussed

in section 4.5.

4.1 Motivation

A key motivation of studying wave-packet dynamics with intense laser pulses is to

study the ultrafast evolution of the system in real time on the timescale of less than

10−12 s. The traditional approach of using a single long or short pulse does not

address the process of molecular transformation and yields little information on the

ionization and fragmentation pathways. The dream of observing the dynamics of

inter-nuclear motion on a femtosecond time scale in real time was realised by the

pump-probe approach with femtosecond pulses introduced by Zewail et al [132] and

tremendous progress in femtosecond laser technology. This progress is now allowing

real time probing of the chemical reactions not only limited to bond breaking [133] and

formation but also visualizing the bond rearrangement into the regions of transition

states [134] from molecular rotation to vibrations. Now high resolution molecular

movies can be recorded for a chemical reaction by using fast developing techniques

such as Coulomb explosion imaging [123]. This real time strobing of the transition

61
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state enables us to achieve the real time observation which are fundamental to

understanding the dynamics of chemical reactions. These events, occuring in the

region of transition states, determine the entire fate of the reaction including the

products. Depending on the system under investigation, a short pump pulse initiates

the dynamics in a specific molecular state which is probed by a second pulse after

some time delay to map the time evolution of the system under study. Depending

upon the characteristics of a target, the probe pulse can be modified. For instance,

probe pulse intensity can be adjusted to investigate ionization or dissociation. For

example, high probe intensities are used in the investigation of Coulomb explosion

imaging [135]. The next step from hydrogen and diatomic molecules is towards

polyatomic molecules which play a vital role in our daily lives and are major building

blocks in the chemical industry in a variety of settings, such as energy storage,

structural classification of proteins and in quantum information applications. In

the strong-field physics, polyatomic molecules are now a focus of many experiments

and their complex dynamics has often been resolved by tuning the laser parameters.

Beside observing the dynamics in real time one can attempt to steer and even control

the fragmentation pathways in hydrocarbons [136] [122]. In the next section, the

molecule under investigation and a brief review of previous work done are presented.

4.1.1 Acetylene

The choice of acetylene in these experiments is on the one hand motivated by previous

experimental and theoretical studies on it where it is serving as a model system

for decades and on the other hand by its relative simplicity - it has a linear geo-

metrical structure in the electronic ground state but complex electronic structure.

These features serve as a starting point for understanding molecular structure and

developing a sense of what kind of behavior to expect. Acetylene is a small and

symmetric molecule but has two nonequivalent bonds. Two single covalent C-H

bonds at the ends and one triple covalent C-C bond in the middle. Strong-field

ionization and fragmentation of acetylene have recently attracted the attention of

both experimentalists and theorists and several studies have considered its responces

to the strong fields. These include single and double ionization which has been

extensively studied (e.g [19] [137] [138] [139] [140] [141]), dissociative ionization of
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highly excited states [142] [143] [144], and high harmonic generation [145] [146] [147]

[148]. Experimentally, the pump-probe technique was used to explore the molecular

dynamics and structural evolution in acetylene cation [123] triggered by multiphoton

ionization. For instance, the isomerization time was determined to be 52± 15 fs by

using XUV pump and probe scheme [149]. Directional control and steering of different

fragmentation channels in acetylene by using CEP were demonstrated in [122] and

[150] which used CEP as a tool to steer and control the proton on subfemtosecond

time scale before the breakup of the molecular dication. In another study the barrier

suppression mechanism is identified as being responsible for control of isomerization

in acetylene by using three-dimensional momentum imaging as feedback tool [151].

Achieving control over a chemical reaction can be facilitated by a comprehensive

knowledge about the system of interest. The vibrational states play a vital role in

initiating a chemical reaction and control over their populations can give a possibility

of controlling the reaction’s pathways and products. Hydrogen and its heavy isotope

deuterium and their molecular ions remained fundamental targets for vibrational

and rotational studies both experimentally and theoretically and their molecular

dynamics were studied with short pulses of 5-10 fs [136] [152] [110]. In these experi-

ments, molecules are ionized into their cation states and dynamics are investigated

through delayed probe pulse. In these diatomic molecules, the two lowest electronic

states of a cation are relatively well separated in energy and the vibration motion

takes place on the lowest potential energy curves of the molecular cations. 1sσg

ground state and 2pσu excited state of H+
2 are most commonly involved. In most

cases, higher-lying electronic states can be neglected, though they do occasionally

play a role (see e.g [153] [154] [155] [156]). Beside hydrogen, vibrational wave packet

dynamics were studied in other diatomic molecules, such as iodine, oxygen, nitrogen

and carbon monoxide [157] [158] [159].

Most earlier studies focused on diatomic molecules for the reason of their relative

simplicity. Applying the same methods to hydrocarbons and polyatomic molecules is

less straightforward and more challenging. Their polyatomic nature adds complexity

to the dynamical processes because of a larger number of degrees of freedom and
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also of many relatively close multidimensional potential energy surfaces which are

involved. In addition to that several electronic orbitals can participate in interaction

with ultra-short processes. The goal of this study is to understand and investigate

the role of molecular vibrations in the ionization and then fragmentation processes

in acetylene, which may enables us to learn essential aspects of strong field dynamics

for more complex molecules.

4.2 Setup

A direct access to the real-time dynamics of the molecules in strong laser field is

offered by time resolved measurements by utilizing the pump-probe setup described in

section 2.4 together with COLTRIMS and 790 nm strong few-cycle laser pulses. The

first pulse is used to populate the cationic species which could be in its excited states.

The utilization of a second laser pulse offers the possibility of further ionization and

at the same time fragmentation.

At AASF (see section 2.1 and section 2.3 for details) synchronized pump and

probe laser pulses along with COLTRIMS (Cold Target Recoil Ion Momentum Spec-

troscopy) and few-cycle laser system are employed. A detailed description of setup

can be found in chapter 2. The pump and probe pulses are produced by using 50:50

Mach-Zehnder interferometer (see section 2.4.1). A linearly polarized 6 fs pulse with

a central wavelength 790 nm is directed into the interferometer with a computer

controlled transnational stage controlling the delay between pump and probe pulses

in steps of 2 fs. The pump and probe pulses were overlapped in space and time

at zero delay and directed into the COLTRIMS main chamber (< 5× 10−10Torr).

Inside the chamber both laser beams were tightly focused by a silver coated spherical

mirror of focal length 7.5 cm onto the supersonic jet of neutral acetylene molecules.

The in situ peak intensity of pump and probe pulses is calibrated by using circularly

polarized light, and ion-recoil momentum method. The light pulses are characterized

by using autocorrelator (see section 2.5). At each delay, dwell time is 30 minutes

for a total scan time covering 201 delay steps from 0 to 200 fs delay of about 50

hours. The data acquisition for the results obtained consists of several individual
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measurements and pulse duration and spatial overlap were verified to ensure similar

parameters throughout the entire duration of the experiment.

The main challenge of these experiments is linked to the low count rate. As a

result performing a pump-probe scan of up to 200 fs with 2 fs delay per step can take

up to 50 hours to acquire a few thousand counts in the whole KER range. Although

the results are significant, low statistics and long integration time is the limitation of

a 1 KHz laser system. So in order to resolve this issue and to obtain better overall

statistics the same experiment was also performed at LMU laboratory directed by

Prof. Matthias Kling with the collaboration of Max Plank institute where a 10

kHz laser system allowed to improve the statistics and decrease measurement times

substantially. Keeping all the parameters the same, three sets of measurements with

different pump and probe intensities were performed. The time delay between pump

and probe pulses was continuously scanned from -20 fs to 400 fs in the steps of 33

as. The thickness of the jet can be varied using automated skimmers to maintain

a constant overall count rate. In table 4.1 the accumulated amount of events is

presented for each run and each two-body coincidence channel under observation at

both facilities, AASF and LMU.

Table 4.1: The data presented in this table shows the statistics from the

measurements which are taken at AASF and LMU

Coincident counts per measurements
Experiment 1 2 3

at AASF LMU AASF LMU AASF LMU
Deprotonation Channel 3000 5946300 3500 12698403 2000 9255892

Symmetric Channel 1000 1959807 800 5024649 600 3293200
Vinyledene Channel 500 1073662 400 3685881 200 2638135

Statistics indicate that deprotonation channel represented 67% counts of the total

two-body fragmentation yield whereas the proton migration (vinyledene) channel

has 12.5% and the symmetric break up constitutes 21.5% of the total two-body

fragmentation. Such good statistics, combined with high temporal resolution allows

us to investigate the vibrational motion within the intermediate state of the system

prior to fragmentation.
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In the next section, a study of nuclear dynamics in C2H2 by few-cycle pulses will

be presented for different resulting products, followed by a comparison of different

pump-probe intensity measurements.

4.3 Experimental results

Several measurements were performed with different pump and probe intensities.

Focusing on the results of one particular pump-probe intensity, delay dependent

features are discussed here. Nuclear dynamics in C2H2 was initiated by 5 fs pump

pulse of peak intensity 8× 1014 W/cm2 . At this high intensity pump pulse is able to

ionize and excite the neutral molecules of acetylene into cation and dication states.

A vibrational wave packet is launched in the ground states of acetylene cation. The

dynamics following the pump pulse is interrogated by time delayed probe pulse

of the same duration but smaller intensity of 4 × 1014 W/cm2. Upon interaction

with few-cycle laser pulses, a range of reaction products were produced, detected

and analysed. Using coincidence momentum imaging technique, we measured in

coincidence the three-dimensional momentum vectors of fragment ions resulting

from the interaction of an ultra-short intense laser pulse with acetylene molecule. A

typical measured photoion-photoion coincidence (PIPICO) distribution is presented

in figure 4.1, where the yield is plotted as a function of time of flight (TOF) of the

first and second fragments. The parabolic lines marked in the figure 4.1 emerge

due to momentum conservation of two body fragmentation channels from acetylene

dications. A number of vertical and horizontal lines due to random coincidences also

appear in the PIPICO spectrum.

Due to strong field nature of short pulses, many different fragmentation channel

and ionization states are detected simultaneously. By implementing coincidence

analysis of the measured data, three fragmentation channels were isolated where

acetylene dication decomposed into two ionic fragments. In order to avoid random

coincidences, a momentum conservation filter is applied which selects only those

events with two ions per laser shot with the sum of their momenta being . 4a.u. It

ensures that both fragments originate from the same parent molecule.
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Figure 4.1: A typical PIPICO spectrum of acetylene in which time of flight

(TOF) of first fragment is plotted versus time of flight (TOF) of second

fragment in a pump-probe experiment with pump intensity 8× 1014 W/cm2

and probe intensity 4× 1014 W/cm2 and pulse duration is 5 fs. The data are

integrated over all time delays M t ≤ 400 fs.

Only reaction channels leading to two singly charged fragments are considered

since neutral particles cannot be detected directly. The following two body fragmen-

tation channels from doubly ionized acetylene are observed in our measurements.

C2H
++
2 → H+ + C2H

+ (Deprotonation Channel)

C2H
++
2 → CH+ + CH+ (Symmetric Channel)

C2H
++
2 → C+ + CH+

2 (Proton migration Channel)

whose branching ratios to the total two-body fragmentation yield are 67%,

22%, and 10% respectively. The wave packet dynamics in deprotonation channel

accompanied by C-H bond breakage is examined and it is a focus of our experiment.

This dissociation pathway is particularly interesting because it shows one of the

fastest proton motions and can proceed via two different pathways [160]. The

other fragmentation pathway of acetylene dication observed is proton migration

channel which indicates that excited molecular ion can rearrange to the vinylidene

configuration following ionization but prior to dissociation. Here we discuss two
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channels: (i) deprotonation channel (main focus) and (ii) proton migration channel.

4.3.1 Deprotonation channel

Typical KER (kinetic energy release, for a given two-body break-up channel KER is

defined as a sum of the fragments’ kinetic energies) spectra and yield evolution of

deprotonation channel as a function of delay between pump and probe pulses are

presented in the figure 4.2. These experimental spectra for deprotonation channel

with pump intensity 8× 1014 W/cm2 and probe intensity 4× 1014 W/cm2 are rich in

dynamics and statistics. One can observe clearly delay dependent features in yield

evolution and KER density plot. The KER peak is centered at 4.2 eV. Zero on the

delay axis of these plots means that pump and probe pulses arrive at the same time.

Several time-dependent features that reflect the behavior of the nuclear wave packet,

its motion on dissociative and quasi-bound potential states are revealed by these

spectra.
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Figure 4.2: a)Density plot of deprotonation channel counts vs KER and

delay between pump and probe pulse (linear scale) with pump intensity

8× 1014 W/cm2 and probe intensity 4× 1014 W/cm2 with 5 fs pulse duration.

The energy integrated normalized yield is plotted in b). The ionic yield is

maximum at zero delay which indicates that both pump and probe pulses are

overlapping in space and time at zero delay and their total intensity is high.

Figure 4.3: Same as figure 4.2 in log scale KER as a function of delay with

pump intensity 8× 1014 W/cm2 and probe intensity 4× 1014 W/cm2 with 5

fs pulse duration.



CHAPTER 4. VIBRATIONAL DYNAMICS IN ACETYLENE CATION 70

Figure 4.4: a) The Fourier transform of the spectrum presented in figure

4.2 as function of KER and frequency with pump intensity 8× 1014 W/cm2

and probe intensity 4× 1014 W/cm2 with 5 fs pulse duration. b) The power

spectrum of the energy band presented in a). The frequency peaks corresponds

to the oscillations in figure 4.2.

Two significant features observed in the KER spectrum of deprotonation channel

are (i) a broad KER distribution ranging from 2 to 20 eV (see figure 4.3, most

of the signal which falls within the 6-20 eV energy band does not exhibit any

delay dependence) and (ii) the yield of the fragmentation channel exhibits a strong

dependence on the delay between pump and probe pulse. At delays from 0 to 350 fs

we can distinguish a clear structure inside that band. Looking at energy features

below 5 eV, the region between 3-5 eV shows a strongly periodic delay dependent

yield modulation with modulation period of 25± 4 fs which persists util 350 fs and

then the dynamics is essentially over and the KER spectrum remains static. These

oscillations are associated with the evolution of a vibrational wave packet oscillating

in potential wells of bound or quasi-bound states of singly charged molecular ions.

The ionic yield is maximum at zero delay which is because both pump and probe
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pulses are overlapping in space and time at zero delay and their total intensity is

high. To obtain an insight into these electronic and nuclear dynamics, we analyzed

the strong modulation present in the KER and yield spectrum by applying Fourier

analysis to the overall yield of the deprotonation channel. The power spectrum is

presented in figure 4.4 as a function of frequency. Two distinct peaks appeared in

the power spectrum at 39.05 THz and 78.1 THz. Between 100 THz and 120 THz

a group of less pronounced frequencies appears. A possible interpretation of these

experimentally determined frequencies is related to C-C bond stretching mode and

C-H vibrations respectively mostly in the cationic state which is in agreement with

recent results [134]. These modulations can be used for visualizing the molecular

dynamics induced by ionization. The yield of the final ionic products is a sensitive

measure of vibrational dynamics. The reason for this modulation is that the strong-

field ionization probability sensitively depends on molecular geometry and electronic

structures [19] [161] [162].The quasi-periodic motion of the vibrational wavepacket

modulates the C-C distance which in turn modulates the dication yield. The figure

4.5 and figure 4.7 present two more sets of data for the same channel with different

intensities of the pump and probe pulses.
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Pump intensity 4× 1014W/cm2 probe intensity 4× 1014W/cm2

Figure 4.5: Density plot of deprotonation channel counts vs KER and delay

between pump and probe pulse of same intensity 4 × 1014 W/cm2 with 5fs

pulse duration. The delay-dependent features are visible with low resolution.

Figure 4.6: a) The Fourier transform of the spectrum presented in figure 4.5 a)

as a function of KER and frequency with the same pump and probe intensity

4× 1014 W/cm2. b) The power spectrum of the energy band presented in a).

The pulse duration is 5 fs.
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With same pump and probe intensity, very fast modulation with 128.6 THz is

dominant, whereas 78.1 THz peak and a small peak at 39 THz are also present.

Pump intensity 8× 1014W/cm2 probe intensity 1× 1014W/cm2

Figure 4.7: Density plot of deprotonation channel counts vs KER and delay

between pump and probe pulse of intensities 8× 1014 W/cm2 and 1× 1014

W/cm2 respectively. The energy integrated normalized yield is plotted in b).

The pulse duration is 5 fs.

Figure 4.8: The Fourier transform of the spectrum presented in figure 4.7 as a

function of KER and frequency. The intensities of the pump and probe pulses

are 8× 1014 W/cm2 and 1× 1014 W/cm2 respectively with pulse duration 5

fs.The frequency peak corresponds to oscillations in figure 4.7.
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Upon decreasing the probe intensity, the delay dependent feature is still present and

one prominent peak appears at 38.6 THz in the figure 4.8.

The same general features (frequencies) are present for all measurements with

different pump and probe intensities, albeit with different relative strengths. De-

pending on the peak intensities of the pump and probe pulses those features can

have different intensities, slightly shifted energies and widths. Not all the features

are present in different sets of data. Some modulations are dominant for low probe

intensity and some are prominent for high probe intensity. Such differences are to

be expected as yields of all channels are highly sensitive to pulse parameters. The

data set obtained with the same pump and probe intensity does show oscillations

with the poor resolution, possibly because the intensity of pump and probe pulses

is high enough to deplete the two-body fragmentation channels in favour of the

three-body fragmentation thus obscuring the dynamics in the cation contributing to

the double-ionization fragmentation. Also the population and the contribution of

different intermediate charge and electronic states depend on the laser pulse intensity.

Single, double and triple ionization is possible with pump pulse alone and different

electronic states are populated with different probabilities depending uon the peak

intensity. One thing is clear: by changing the intensity of the probe pulse effect of

different vibrational modes is highlighted. Lower probe intensity underscores the

lower frequency vibrations associated with the C-C stretch vibrational mode making

it dominant in the deprotonation break-up channel.

4.3.2 Proton migration channel

Proton migration is a molecular rearrangement process that happens in a number of

chemical reactions see e.g [163] [164] [165] [166] [167] [168]. The process of isomeriza-

tion in which a hydrogen atom migrates from one C atom to another through C-H

bending modes within a certain time in neutral acetylene [163] and its molecular

ions [169] [141] have been extensively studied theoretically and experimentally and

direct time-resolved measurements have been reported [166][123].

The other delay dependent fragmentation channel observed in our pump-probe
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study is proton migration channel also known as asymmetric breakup channel or

vinylidene channel. The presence of the CH+
2 ion among dissociation products is an

indication that acetylene dication undergoes a transformation into the vinylidene

configuration before fragmentation, as one proton moves to the opposite side of

the molecule. Time-dependent KER spectra of this channel for pump intensity

8× 1014 W/cm2 and probe intensity 4× 1014 W/cm2 are presented in the figure 4.9.

The striking feature of this plot is the very narrow single-valued KER peak at 4.8

eV which is similar to those observed in core electron ionization [149]. The yield

of this channel also exhibits quasi-periodic modulations similar to those observed

in the deprotonation channel. The modulation period is same as observed in the

deprotonation channel and the modulations completely decay after 150 fs. To obtain

the frequencies of these oscillations in the yield, Fourier analysis is presented in the

figure 4.10. The frequency spectrum shows two distinct peaks at 39 THz and 71 THz

corresponding to the 25 fs period of C-C bond stretch and its second overtone due

to unharmonicity of the potential.

Figure 4.9: The density plot of the proton migration channel counts vs KER

and delay between pump and probe pulse (linear scale) with pump intensity

8× 1014 W/cm2 and probe intensity 4× 1014 W/cm2 with pulse duration 5

fs. The ionic yield is maximum at zero delay which indicates that both pump

and probe pulses are overlapping in space and time at zero delay and their

total intensity is high. The normalized yield corresponding to a) is plotted in

b).
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Figure 4.10: The Fourier transform of the spectrum presented in figure 4.9 a)

as a function of KER and frequency for proton migration channel with pump

intensity 8× 1014W/cm2 and probe intensity 4× 1014W/cm2. b) The power

spectrum of the energy band presented in a). The pulse duration is 5 fs.

Different pump and probe intensity data are presented in the following sections

along with power spectra which show a trend similar to one seen in the deprotonation

channel. This close similarlity in dynamics of the deprotonation and proton migration

channels indicates that proton migration occurs in the dication after the second

ionization by the probe pulse and immediately before the break-up itself.
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Pump intensity 4× 1014W/cm2 probe intensity 4× 1014W/cm2

Figure 4.11: a) Density plot of the proton migration channel counts vs KER

and delay between pump and probe pulse. The normalized yield corresponding

to a) is plotted in b). The intensities of pump and probe pulse are 4× 1014

W/cm2 with pulse duration 5 fs.

Figure 4.12: The Fourier transform of the spectrum presented in the figure

4.11 as a function of frequency. Three peaks are dominant in the spectrum

which corresponds to oscillations in the figure 4.11.
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Pump intensity 8× 1014W/cm2 probe intensity 1× 1014W/cm2

Figure 4.13: a) Density plot of proton migration channel counts vs KER and

delay between pump and probe pulse. The nomalized yield corresponding

to a) is plotted in b). The intensities of pump and probe pulse are 8× 1014

W/cm2 and 1× 1014 W/cm2 with pulse duration 5 fs.

Figure 4.14: The Fourier transform of the spectrum presented in the figure

4.13 as a function of frequency. Three peaks are dominant in the spectrum

which corresponds to oscillations in the figure 4.13. One sharp peak at 36.7

THz and several small peaks inside the rectangles at 108 THz and 135 THz

represent the fast modulations.
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The modulation frequency spectrum with a sharp peak at 36.7 THz corresponding

to ' 27 fs period shown in figure 4.14 is related to the C-C bond stretch vibrational

mode. The several smaller peaks in figure 4.14 appear around 108 THz and 135 THZ

represent fast modulation due to C-H bond vibration.

By comparing our experimental results to the calculated vibrational frequencies

in table 4.2, we identify the 25fs ± 4fs oscillation with the C-C-bond stretching

mode and 13 fs, 11 fs, and 9 fs oscillations with a C-H bond stretching within the

cation. Thus by pump-probe measurement of the fragment ions in dissociative double

ionization of acetylene, we are able to observe C-H and C-C vibrational modes

which are efficiently populated in the cation produced by strong-field ionization of

neutral molecule by a few-cycle laser pulse. These results clearly demonstrate that

a few-cycle laser pulse can populate several vibrational modes simultaneously and

coherently. If that few-cycle pulse had a stable CEP, such coherent superposition

of vibrational states would enable a directional control of chemical reactions by

controlling a relative phase of the vibrational modes [66].

Table 4.2 shows theoretically calculated frequencies of different vibrational modes

in neutral acetylene, its molecular cation and dication. The vibrations with frequen-

cies between 100 THz and 120 THz could be a result of symmetric and anti-symmetric

stretching C-H modes.

Table 4.2: Vibrational frequencies of neutral, cation and dication acetylene in

different modes. Periods of oscillations are in femtosecond. The data is taken

from [134].

Mode Neutral Cation Dication
trans-bend (xz and yz) 59.2± 0.6 40.4± 0.5 52.2± 0.6
cis-bend (xz and yz) 48.1± 0.5 40.4± 0.5 47.0± 0.5

C-C Stretch 16.3± 0.5 23.0± 0.5 21.6± 0.5
Anti-symmetric CH-stretch 10.0± 0.4 11.2± 0.4 11.4± 0.4

Symmetric CH-stretch 9.7± 0.4 10.9± 0.4 11.0± 0.4

In order to interpret the experimental findings and test the basic picture of

dynamics outlined above, we need to learn how to read the information recorded in the

experimental spectra. Now the question is which potential states are contributing to
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the observed dynamics and answering this question will require a detailed theoretical

analysis.

4.4 Potential landscape of acetylene and its ionic

species

Detailed knowledge of the energy structure is necessary to fully understand the

possible reaction pathways involved due to the complex nature of the molecule. It

will not only enable us to investigate the possible molecular rearrangement but

also allow one to attribute various molecular fragmentation pathways to the pop-

ulation of specific electronic states. Our discussion begins with an analysis of the

electronic potential landscape of acetylene. The most important features of the

acetylene potential surfaces in neutral, cation and dication charge states for which

the fragmentation reactions were studied are presented here. It should be noted that

while the molecular potential energy surfaces are multi-dimensional, they are usually

visualized in the form of one-dimentional curves representing the cuts of the full

energy landscape where only one specific coordinate is varied with all others being

kept constant. Such representation often obscures the fact that all normal vibrational

coordinates include displacements of several bond-distances and angles. For instance,

the so-called “C-C stretch” normal vibrational mode also involves changes in C-H

bond lengths. One has to be careful while using those one-dimensional curves for

interpreting multi-dimensional vibrational dynamics.

4.4.1 The neutral acetylene

The neutral acetylene has a linear equilibrium geometry in its neutral ground state.

The equilibrium bond length for C-C is ≈ 1.20 A◦ and for C-H is ≈ 1.06 A◦ determined

experimentally (see figure 4.15) [170]
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Figure 4.15: Neutral acetylene at equilibrium geometry. Structural informa-

tion is determined from [170].

Equilibrium geometry corresponds to symmetry labels of the D∞h point group

with a triple covalent bond between its carbon atoms, has a ground state 1Σ+
g

molecular orbital configuration given by 1σ2
g , 1σ2

u, 2σ2
g , 2σ2

u, 3σ2
g , 1π4

u [171] [172] and

the corresponding orbitals are shown in figure 4.17. Highest occupied molecular

orbital (HOMO) is 1πu which is formed substantially from the superposition bonding

of the 2p orbital of carbon and the electron density is distributed perpendicularly to

the molecular axis as schematically shown in the figure 4.16. The two lower lying

orbitals are HOMO-1 and HOMO-2 associated with 3σg, 2σu, and 2σg resulting

mainly from the bonding and anti-bonding superposition of the carbon-carbon

sp orbitals and C-H 2s orbitals along the molecular axis. Carbon 1s orbitals are

responsible for 1σg and 1σu and these are energetically well separated from other

orbitals.

Figure 4.16: Pi-bond in acetylene.

These seven lowest energy molecular orbitals of acetylene are shown in figure 4.17

calculated near equilibrium geometry and have near double occupancy [173].
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Figure 4.17: The seven lowest neutral molecular orbitals of acetylene with

near double occupancy. Figure is adapted from [173].

A linear transition state of acetylene is C∞υ in which molecule retains its linear

geometry on excitation and introduces a central nodal surface normal to the inter-

nuclear axis. Most of the excited states are stabilized by CCH bending angles which

lead to either trans- or cis-bending structures in acetylene which corresponds to a

nonlinear geometry. The cis and trans bent planar acetylene molecules belong to

symmetry point groups C2υ and C2h respectively [174]. The electronic configuration

of the 1Σ+
g ground state in the frame work of C2υ (cis-bending, stretching) is

C2υ : 1a211b
2
22a

2
12b

2
23a

2
11b

2
14a

2
1

1A1

and C2h (trans-bending, stretching) is [175]

C2h : 1a2g1b
2
u2a

2
g2b

2
u3a

2
g3b

2
u1a

2
u

1Ag

4.4.2 Cation and dication

The acetylene cation C2H
+
2 species is playing a major role in our experiment since

the stretching mode is active in the cationic state which is the intermediate state

produced by the pump pulse. The cationic ground state 2Πu has a linear equilibrium

geometry and correlate to the configuration in which one electron is missing from

the πu orbital. The equilibrium bond lengths are slightly longer than neutral for C-C

≈ 1.24 A◦ and for C-H ≈ 1.08 A◦. Ionization energy is 11.4eV [172]. The cationic

first excited state corresponds to 2Σg in which electron is missing from 3σg orbital.
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A detailed overview of the ionic ground and excited states and their potential energy

curves can be found in [172] [175] [176]. Most of these are stabilized for trans and

cis bending [174]. Since two-body fragmentation reaction of dication of acetylene

is the focus of experiment, dication potential states are most important for present

analysis to understand the fragmentation pattern. For several dicationic singlet

and triplet states, vertical double ionization is reported in [177] [178] [141] which

provide schematic potential energy surfaces for the lowest lying dicationic states

along the C-H and C-C stretching mode. To allow detailed analysis calculations were

performed in the course of this work. Calculated vertical excitation energies relative

to lowest lying dicationic states are presented in table 4.3.

Table 4.3: Vertical excitation energies M E from ground state of cation 2Πu

to the lowest lying dicationic states and vertical excitation energies relative

to dicationic ground state 3Σg , 1 Mg and 1Σg

states
M E from
2Πu

M E to 3Σg
M E to
1 Mg

M E to 1Σg

3Σg 22.4
1 Mg 23.6 1.22
1Σg 24.6 2.215 1.0
3Πu 26.3 3.92 2.7 1.7
1Πu 27.1 4.72 3.5 2.5
3Πg 27.4 5.02 3.8 2.8

In order to understand the experimental observations, our theoretical collabo-

ration partner Prof. Michael S. Schuurman from the National Research Council

of Canada calculated the potential curves and ionization probability of different

potential states of acetylene [179]. The potential energy cuts for the dicationic species

as a function of C-C stretch coordinate and C-H stretch coordinate are presented

in figure 4.18 and figure 4.19. Figure 4.18 a) and figure 4.18 c) show triplet and

singlet states along C-C stretch coordinate respectively whereas figure 4.18 b) and

figure 4.18 d) are the region of interest in the same figure in the C-C length stretch

up to 1.60 A◦ which is turning point. Figure 4.19 shows that in acetylene dication

triplet ground state and first two singlet states have a barrier to dissociation and

are metastable which is consistent with the experimental observation that intact

C2H
++
2 ions were also detected. These states can be reached through ionization of
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two pi-electrons. A lifetime of up to 1µs have been suggested for metastable C2H
++
2

[180] [141] and dissociation from either of these states results in the moieties H+ and

C2H
+. The next higher states 1Πu and triplet 3Πu are strongly dissociative along

the C-H stretching coordinate with vertical excitation energy relative to 3Σg of 3.9

eV and 4.7 eV respectively (see Table 4.3). These states (1Πu and triplet 3Πu) have

a potential barrier to dissociation along the C-C stretching coordinate as can be seen

in figure 4.18. For a linear, symmetric geometry at C-H distance of 1.06A◦, height of

the potential barrier for 1Πu is 2.5 eV.

Figure 4.18: The C-C stretching mode of linear acetylene dication. Figure

(a,b) shows the triplet states and (c,d) presents the singlet states. The bond

distances other than those shown here are fixed at the equilibrium geometry

of neutral acetylene. Data are taken from [179].
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Figure 4.19: The C-H stretching mode of linear acetylene dication. Figure

(a,b) shows the triplet states and (c,d) presents the singlet states. The bond

distances other than those shown here are fixed at the equilibrium geometry

of neutral acetylene. Data are taken from [179].

4.5 Discussion of possible fragmentation pathways

Using the potential energy states and structure of acetylene presented in the figure

4.18 and figure 4.19 and discussed in the previous section, possible scenarios and

physical processes that may lead to strong modulations of the yield of (H+ +C2H
+)

and (C+ + CH+
2 ) channels observed in the experiment can be interpreted. There

are several possible pathways of double ionization and fragmentation in acetylene

pump-probe experiments in strong laser field. While considering those pathways, one

must keep in mind that any delay dependence in the dicationic final channel may only

originate from time evolution in the singly charged molecular ion (cation) - i.e. both

pump and probe pulses may only remove one electron each. Double ionization by

either pump or probe will result in delay-independent KER in the dicationic channel.

The dynamics in dicationic states can only be observed in higher-charged (3+ and
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4+) final channels. Here we neglect the possibility of pure electronic excitation of

the neutral acetylene by the intense pump pulse without ionization. While such

excitation is known to happen in atoms and molecules, with the phenomenon being

termed “frustrated tunneling ionization” (FTI), its overall relative yield is quite low

- 1-2 percent of the ionization yield.

Keeping those considerations in mind, we can consider two possible scenarios.

First possibility is that a neutral acetylene molecule after ionization by the pump

pulse goes into the ground (bound) state of the molecular ion (C2H2 → C2H
+
2 ). Then

the second ionization step by the probe pulse (C2H
+
2 → C2H

++∗
2 ) puts the molecule

into an excited (dissociative) state of dication which then undergoes dissociation.

Another possibility is that an excited state of acetylene cation is populated by the

pump and starts dissociating in cationic state even before the second ionization

by the probe produces dication (C2H
+∗
2 → C2H

++∗
2 ) (∗ denotes the excited state).

Signatures of both scenarios can be seen in the experimental time-dependent KER

spectra. KER bands monotonously decreasing in energy with delay time are charac-

teristic of dissociation in intermediate state, while time-independent KER energies

are expected for bound intermediate states. Both of those signatures can be seen, for

example, in figure 4.3. However, the signal corresponding to dissociating cation is

much weaker and is clearly seen only under certain condition. We therefore conclude

that the pathway through the bound cation states is the dominant one.

The extraction of two pi-orbital electrons in acetylene system results in the

electronic configuration (1σg)
2 (1σu)

2 (2σg)
2 (2σu)

2 (3σg)
2 (1πu)

2 3Σ−g which corre-

sponds to double ionization of C2H2 . One electron is removed from each of the

two pi-bonding orbitals with the population of the ground states 3Σ−g in triplet and

corresponding singlet states are 1∆g,
1Σg. On the other hand dissociative dicationic

singlets 1Πu and triplet 3Πu states are populated by the removal of one pi-orbital and

one from 3σg orbital. Ionization may occur via sequential process or non-sequential

process. Since the previous work on acetylene shows that cation species is sensitive to

C-C stretch and static KER band in the experimental results indicates that initially

molecule is in the ionic bound state, the bound cation is the intermediate species
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where vibrational wave packet is launched.

A strong pump pulse initially launches an ionic molecular wave packet on the

ground state of the cation by ionizing a neutral acetylene molecule. This wave packet

is characterized by C-C stretch feature since equilibrium C-C bond length differs

significantly from neutral to cationic states. The corresponding wave packet starts to

oscillate and its propagation is monitored by the second (probe) pulse which arrives

after a certain time delay. Figure 4.20 illustrates the ground state cationic potential

along the C-C stretch coordinate.

Figure 4.20: Cut of the ground state of doublet cation as a function of C-C

distance. Data is taken from [179].

R1 indicates the neutral equilibrium C-C bond length in a neutral molecule, R2 is

cationic minimum energy C-C bond length 1.28A◦, and R3 is expected outer turning

point on the unharmonic potential. By considering linear transition geometry of

acetylene, following electronic states are populated by the removal of two pi electrons:

3Σg
1∆g,

1Σg; and one pi electron and one sigma electron: 1Πu, 3Πu. In this scenario,

acetylene cation is vibrationally excited retaining its linear shape and oscillating.

C-C distance in C2H
+
2 is 1.28A◦ which is significantly longer than that in the neutral

molecule. Due to removal of a bonding electron the C-C bond weakens and C-C

stretching bond frequency in C2H
+
2 is significantly decreased as compared to the

neutral molecule. There is also a significant lengthening of C-H bond as compared

to the neutral acetylene. Now the main reason that these states are expected to

dominate in Fourier analysis over the other excited states is that they have equilibrium

distances far from that of a neutral molecule and are populated in high vibrational

states. As a result, distinct oscillating wave packets are trapped in a relatively deep
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potential well along the vibrational coordinate. Due to multi-dimensional nature of

the potential energy surface, the coupling between the vibrational and dissociative

normal modes along with unharmonicity of the potential leads to eventual decay

of the vibrational wavepackets, which occurs after about 150 fs. Another way to

confirm this assignment is to estimate R-dependent ionization yield for different

states. In particular, the ionization rate is very sensitive to changes in the electronic

structure as molecular geometry changes. In order to understand this, ionization

probability of ground and excited potential states as a function of the C-C bond

stretch was calculated by Michael Shuurman and is shown in figure 4.21 and figure

4.22.

Figure 4.21: Ionization yields for triplets as a function of C-C stretch. Data

is taken from [179].

Figure 4.22: Ionization yields for singlets as a function of C-C stretch. Data

is taken from [179].

Interestingly, the total ionization yield of ground potential states 3Σg,
1∆g,

1Σg

rises monotonically and rapidly as the C-C distance increases from its equilibrium

value as the ion vibrates along the C-C stretching mode. This dramatic change

in the ionization yield as a function of C-C distance causes the time-dependent
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modulations in the yields of the dicationic dissociation channels observed in our

experiments. The same vibrational frequencies for the deprotonation channel and

the proton migration channel strongly indicate that wavepacket is trapped in the

C-C stretch vibrational potential well of the cation and proton migration takes

place in the dication in competition with deprotonation and immediately prior to

fragmentation. Harmonic vibrational frequencies for the transition states involved in

the deprotonation dissociation C2H
+ +H+ are listed in table 4.4.

Based on these results and calculations we find that ionization from the ground

state of the neutral molecule to the ground state of the cation launches a vibrational

wavepacket which is characterized by large amplitude C-C stretching motion. Ion-

ization yield from the cation to dication changes dramatically as a function of C-C

distance and increases the yield of the metastable states. The potential barrier for

deprotonation is relatively small (≤ 2eV) on the lowest energy dication singlet and

triplet states. So if the amount of vibrational energy in the dication is sufficient, then

dynamics may overcome the barrier to dissociation into the deprotonation channel.

Another significant feature in the deprotonation channel is its broad KER distri-

bution. Broad KER distribution is a result of the population of a number of different

states. In the PIPICO analysis shown in figure 4.1 the long diagonally sloping line

shows a very prominent section coming from the direct dissociation of the dication

acetylene into H+ and C2H
+ from its excited states 1Πu and triplet 3Πu contributing

to the broad KER distribution which is in agreement with the previous studies [138]

[133]. It is also possible that energy is redistributed due to the longer lifetime of the

dication contributing to the broad KER spectrum. The measurements depend upon

the intensities of pump and probe pulses, but we found qualitatively similar results

for intensities within 20% of the intensity used to make the measurements shown in

the figure 4.2 and figure 4.9.
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Table 4.4: Geometrical parameters and vibrational frequencies in the triplet
3Σ−g and lowest singlet 1∆g,

1Σ+
g states and the transition states involved in

C2H
+ +H+. The data is taken from [177].

states Rcc(A
◦)

Frequency
(fs)

Method

3Σ−g D∞h

1.334
1.347
1.344
1.346

21.27
21.59
21.57
21.63

B3LYP/cc-pvqz ,
CASSF(8,8)/6-311++G∗∗

CASSCF (8, 10)/TZP
CASSCF (8, 11)/6 − 311 +
+G∗∗

3B1 C2υ

1.370
1.398
1.401

26.49
28.13
27.94

B3LYP/cc-pvqz
CASSCF (8, 10)/TZP
CASSCF (8, 11)/6 − 311 +
+G∗∗

3Σ− C2∞

1.354
1.372
1.368

22.69
22.68
22.46

B3LYP/cc-pvqz
CASSF(8,8)/6-311++G∗∗

CASSCF (8, 10)/TZP

1∆g D∞h
1.336
1.378

21.34
22.89

B3LY P/cc − pvqz
CASSCF (8, 10)/TZP

1Σ+
g D∞h

1.346
1.365

21.70
23.71

B3LYP/cc-pvqz
CASSCF(8,10)/TZP

1A1 C2υ
1.650
1.683

26.81
25.25

B3LYP/cc-pvqz
CASSCF (8, 10)/TZP

1A′ Cs 1.357 22.77 B3LYP/cc-pvqz

1A Cl 1.409
20.23
29.03

B3LYP/cc-pvqz

1A
′
Cs 1.299 22.54 B3LYP/cc-pvqz

4.6 Summary

In conclusion, acetylene molecule was exposed to the strong laser pulses in the

pump-probe arrangement at different intensities. The use of the reaction microscope

gave access to different fragmentation channels produced after double ionization of

acetylene. Looking at the experimental KER plots as a function of delay between

pump and probe and comparing them to the evolution of the wave packet on

potential curves of an intermediate molecular ion, we identified the specific features

and assigned them as a result of vibrational dynamics in a particular fragmentation

pathway. Moreover, modulations arising in different channels were compared for

different pump-probe intensities and also with each other. The high KER distribution

is explained by the contribution of two excited electronic states (1Πu and 3Πu) which
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are populated by the removal of one electron from sigma bond and repulsive along

the C-H stretch. The periodic oscillations in the KER spectra originate from

modulation of the second ionization probability by the oscillating C-C and C-H

distances in the acetylene cation. That is confirmed by theoretical calculations of

the ionization probabilities of metastable states as a function of the C-C distance.

These results successfully show how few-cycle pulses can be used to trace and track

the vibrational wavepackets in acetylene cation. This approach should be applicable

to other polyatomic molecules as well.



Chapter 5

Enhanced ionization in acetylene

In the pump-probe measurements presented in the previous chapter, two fragmenta-

tion channels after double ionization of acetylene were extracted and studied. The

process of molecular ionization, excitation of different charge states of molecular

ion, vibrations, and fragmentation in different electronic states are discussed in the

target molecule with the short laser pulses resulting in two body fragmentation

channels. Particularly the deprotonation and proton migration channels were stud-

ied and vibrational wavepackets in the intermediate cationic ground state were traced.

This chapter is an extension of that previous work towards triply and quadruply

charged final states. It focuses more specifically on time-dependent yields of different

channels and on signatures of enhanced ionization observed in those time-dependent

yields, with the aim of understanding the processes behind laser ionization leading to

multiple ionization of the molecule. Starting from two-body coincidence measurement

of the symmetric break-up channel, mechanism of charged resonance enhanced

ionization is followed by triple and quadruple coincidence using Coulomb explosion

imaging. The first section 5.1 gives a brief overview of the enhanced ionization in

diatomic molecules and the work on acetylene in this scenario is presented. The

Coulomb explosion imaging is introduced in section 5.2. Experimental results are

presented in the section 5.3 together consideration of dynamical wave packet in

different fragmentation channels and discussion. The conclusions and summary are

presented in section 5.4.

5.1 Enhanced ionization mechanism: an overview

The strong field ionization of molecules remains under intense investigation and

still eludes full understanding since it is much more complicated than for atomic

92
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targets. This complexity is due to the more complex structure of molecules and

dynamical processes that are initiated by the action of the strong laser field during

and after the pulse. In the strong-field ionization of molecules an important discovery

is that for diatomic molecules ionization rate shows strong dependence on the inter-

nuclear separation (R). This phenomenon is referred to as enhanced ionization and

numerous experimental and theoretical studies have been reported for different

molecular species, see e.g for H2/D2 [64] [60] [181] [182] [183] [184] [185] [186], N2

[187] [188] [189], I2 [190] [191] [192]. This universal behavior of enhanced ionization

of the molecular ion after the removal of one or more electrons from the neutral

molecule is explained by widely accepted intuitive mechanism of barrier suppression

[64] [60] [187] [61]. This model is illustrated in figure 5.1. At a critical inter-nuclear

separation Rc, the inner-molecular potential barrier is suppressed by the laser field

and the electron can tunnel directly into the continuum from the potential well that

is uplifted in energy by the field provided that the electron is localized in the upper

potential well. The electrons bound in a two-center potential under the strong laser

field are depicted in figure 5.1 a. Figure 5.1 b illustrates this model: when the

molecular ion is stretched to its critical inter-nuclear separation the inner barrier

between the two centers becomes sufficiently broad to localize the electron in the

upper well. That localized electron can then easily tunnel out through the reduced

potential barrier.

Figure 5.1: A model diatomic molecule with field dressed potentials a) at

small inter-nuclear separation b) at large inter-nuclear separation. At large

inter-nuclear separation electron (green blob) is localized in the up field

potential well. Inner barrier is low and narrow when the molecule stretches

to the critical inter-nuclear seperation making it more favourable to free the

electron. Figure is adapted from [193].
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Since the probability of electron tunneling relates to the width and height of the

barrier, it is considerably more likely for the electron to tunnel through the smaller

inner barrier than through the bigger outer potential barrier. The charge localization

is due to strong coupling of the charge resonance states, which is a reason it is called

”charge resonance enhanced ionization” (CREI,see e.g [64] [60] [187]). It is found to

be a universal feature of molecular ionization, and was also observed in triatomic

[194] and small poly-atomic molecules [195]. Although underlying mechanism is

well understood for hydrogen molecules, ionization behavior of larger molecules,

particularly polyatomics containing three or more bonds, is still a mostly unexplored

territory and a number of fundamental questions are yet to be answered.

In the previous and recent studies on strong field ionization of polyatomic

molecules, results have been interpreted in terms of ionization enhancement mech-

anism. In the recent measurement on C2H2 [196], re-scattered electrons are used

to address the CREI signal without any contribution from other electrons. In the

investigation of the ionization mechanism, Xinhua Xe et al [19] provide the experi-

mental evidence for the existence of enhanced ionization in polyatomic molecules by

measuring the yield of the multiple charged fragmentations of acetylene at several

intensities and pulse durations. On the theoretical side, mechanism of such complex

dynamics leading to efficient ionization is investigated in the framework of time-

dependent density functional theory and by time-dependent Hartee-Fock calculations.

In both cases, it is found that ionization probability increases drastically as the C-H

distance is increased. It has been established that for the acetylene molecule enhanced

ionization occurs as a result of C-H fast stretching motion and the experimental

data, recorded as a function of pulse duration and pulse intensity, offered evidence of

the existence of enhanced ionization but provided little detailed information about

underlying dynamics. Also, molecular alignment may have a dramatic effect on the

total ionization as well as on enhanced ionization, since orientation of the molecule

with respect to laser polarization direction as well as the molecular orbital from

which an electron is removed sensitively determines the ionization rate. see e.g [197]

[33] [198] [199] [200]. Most commonly enhanced ionization takes place when the

molecular axis is parallel to the laser polarization direction. However, there is still
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no direct investigation of underlying coupled electronic and nuclear dynamics by

direct time-resolved probing with few-cycle femtosecond pulses. In this chapter,

time-resolved signatures of enhanced ionization along C-C stretch are presented.

Before moving to results and discussion a brief introduction of the Coulomb explosion

imaging technique is presented in the next section.

5.2 Coulomb explosion imaging

Molecular geometry is investigated mostly by spectroscopic methods, where mass or

energy spectra are recorded. The Coulomb explosion technique is an alternative to

spectroscopy developed by Kanter 1979 for direct investigation of molecular structure.

When several valence electrons are removed from the molecule, Coulomb repulsion

of the nuclei triggers very fast dissociation. By measuring the kinetic energies of

the fragments which are a fraction of Coulomb explosion energy, initial molecular

geometry and orientation can be reconstructed. This Coulomb explosion energy for

diatomic case is,

U =
Q1Q2

R
(5.1)

where Q1 and Q2 are the ion charges and R is the inter-nuclear separation of the

neutral molecule at equilibrium.

Time-resolved studies of molecular dynamics can be approached by the laser

Coulomb explosion technique in combination with the pump-probe setup with a

sub-bond length resolution. It allows the reconstruction of the molecular geometry

at the moment of explosion by measuring 3D momenta of fragments by assuming

that fragment ions interact through repulsive Coulomb force. In order to extract

structural information about a small molecule evolving in time, pulses are used that

are shorter than the characteristic time scale of nuclear dynamics of the particu-

lar molecule to freeze the position of the nuclei at the time of the explosion [201] [202].

In this analysis, experimental evidence of enhanced ionization obtained by mea-

suring fragmentation channels of molecular ions up to C2H
4+
2 initiated by strong laser

pulses is presented. In order to observe the EI effect, the inter-nuclear separation
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should reach the critical distance. The pump-probe setup is used to generate the

molecular ions with different delay-dependent distributions of inter-nuclear separa-

tions, where the pump pulse would ionize neutral molecule and create dissociating

molecular ions, whose R can reach the critical inter-nuclear distance, and generate

nuclear dynamics in the resulting molecular ion, which is then probed by another

delayed pulse. The probe pulse then could cause EI when R approaches Rc. The

experimental setup used for these experiments is the same as used in the Chapter 4.

5.3 Results and discussion

Ion fragments in two-, three- and four-body coincidences generated from a single

acetylene ion with total momentum close to zero are extracted from the data set

presented in the previous chapter in figure 4.1. Energies are calculated from the

momenta by using the formula,

E =
|P |2

2m
(5.2)

where P is the momentum vector and m is the mass of the fragment. The following

channels are the focus of the analysis,

C2H
2+
2 −→ CH+ + CH+ (5.3)

C2H
3+
2 −→ H+ + C+ + CH+ (5.4)

C2H
3+
2 −→ H+ +H+ + C+

2 (5.5)

C2H
4+
2 −→ H+ +H+ + C+ + C+ (5.6)

5.3.1 Symmetric two-body break-up

We start with the doubly charged acetylene molecular ion and look at the symmetric

break-up channel (Eq. 5.3) which results from the C=C bond breakage of the
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acetylene dication. A 4.5 fs, 800 nm pump pulse ionizes the system to C2H
+
2 and

launches a wave-packet in the excited dissociative state. After some time delay the

probe pulse with less intensity further ionizes the molecule to doubly charged states

of acetylene which then dissociated into two identical singly charged fragments. For

triply and quadruply charged final channels, the pump pulse can produce singly,

doubly and triply (only for quandruple coincidence channel) charged states, from

which the probe pulse will then remove the remaining electrons as required for

any particular final channel. Those higher charge channels will be discussed in the

following subsections. The positively charged ions after the removal of electrons

undergo Coulomb explosion into different fragments. The time-dependent KER

spectra for the symmetric break-up channel (Eq. 5.3) are presented in the figure 5.2

that shows total kinetic energy release of the two fragments detected in coincidence.

Figure 5.2: Energy correlation for two fragment in acetylene channel CH+ +

CH+ with increasing time delay 0 fs to 400 fs which is dividing into two

regions with increasing delay. Yield of each time bin is normalized. This

normalization allows comparison of the absolute count number at each time

delay.

A broad KER region in the figure 5.2 (4.5-13) eV contains contributions from

a sequential double ionization by the pump pulse alone. As delay is increasing, a

lower energy band emerges at ∼ 50 fs and migrates to lower energy region. This low

energy band corresponds to symmetric dissociation and its energy monotonically

decreases with the increase of time delay as the C=C bond length increases in the
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dissociating molecule. The spectrum shown in figure 5.2 is normalized at each time

delay that allows the comparison of absolute count number at each delay. For a more

detailed view of the KER spectrum, its 2D plot in log scale is presented in figure 5.3

(a). The figure 5.3(b) presents the energy-integrated yield on a linear scale. Looking

at energy features in the spectrum, two energy regions are well separated. Structure

inside the high KER (4.5-13) eV band gives evidence that there might be another

delay dependent wave packet overlapped in the same energy region indicating a

contributions from a subsequent ionization from the cation to dication.

Figure 5.3: a) The measured delay dependent KER-spectra as a function of

delay between linearly polarized pump and probe pulse. The area between

the white dashed lines represents the region corresponding to the dissociating

nuclear wave-packet as a function of delay. b) presents time dependent

integrated yield of the KER region 2.5-8 eV. The intensities of pump and

probe pulse are 8× 1014 W/cm2 and 4× 1014 W/cm2 with 5 fs pulse duration.

The low KER region (1-2.5 eV) shows quasi-periodic delay dependence similar to

one presented in earlier results of chapter 4 for deprotonation and proton migration
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channels. This contribution could result from the overlap in the TOF spectrum

of the CH+ fragments and C+ fragments making the complete separation of the

two fragments in the data analysis difficult. The mid-energy band (2-4.5 eV) in the

5.3a) first becomes clearly visible at around 50 fs and has, to our knowledge, never

been observed previously. This channel with KER (2-6) eV shows delay dependence

and KER is decreasing with the increase of delay and migrates to smaller energies.

This behaviour is readily attributed to the stretching of C-C bond indicating an

increase in the C-C inter-nuclear separation, implying that a dissociating nuclear

wave-packet is created. To avoid false coincidences from the low KER region, the

yield is only integrated for the KER region above 2.5 eV. That integrated total yield

shows a prominent peak around 31 fs indicative of the enhanced ionization probability

around that delay. This is the first time-resolved experimental observation of the

enhanced ionization in acetylene along the C-C bond stretch. The white dashed

line on the figure 5.3 (a) is a curve fitted by a function which is proportional to 1
R

to this dissociating wave packet represents the position of the nuclear wave packet

as a function of delay. The peak in the figure 5.3 at ∼ 31 fs reflecting the R-

dependent ionization probability, for the dissociating nuclear wave packet appearing

in both spectra presented infigure 5.2 and figure 5.3. The further yield enhancement

occurring for delays from 50 fs to 250 fs shows some delay dependent effect which

is due to overlapped wave packet in high KER region originating from subsequent

ionization. The time-dependent KER, in conjunction with the time-dependent

structure in the yield presents a compelling evidence for R-dependent enhanced

ionization. The mechanism of this enhanced ionization is probably similar to that in

the hydrogen molecular ion - it likely involves field coupling of two electronic states of

opposite parity leading to electron localization as the first step of EI. More detailed

understanding of the mechanism and a reliable identification of the electronic states

involved will require a proper theoretical modelling of the process.

5.3.2 Probing by Coulomb explosion in C2H
++
2

Wavepacket evolution in C2H
+
2 can be probed by Coulomb explosion. The first pulse

ionizes the molecule and thereby launches a wave packet in the state of C2H
+
2 . After

a variable time delay, the molecule is further ionized by the probe pulse. Thereby,
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the wave packet is projected in the vertical transition onto the repulsive potential

energy curve, which for C-C distances exceeding Rc closely approaches the Coulomb

potential. The kinetic energy release of fragments is composed of the kinetic energy of

the bound or dissociating wave packet at the moment of explosion and the repulsive

Coulomb energy. This Coulomb energy depends upon the inter-nuclear separation at

the time of explosion t. The kinetic energy release in this scenario is given by,

EKER(t) = Ediss +
1

R(t)
(5.7)

Therefore, from the kinetic energy release of the fragments at time delay t, the

inter-nuclear separation, where the maximum density of the wavepacket is localized,

can be reconstructed. This allows for the mapping of the temporal evolution of the

wave packet. Now if the probe pulse is sufficiently strong, the whole wave packet

is transferred to the Coulomb curve. Therefore Coulomb explosion, in principle,

allows for the mapping of the whole wave packet. However, a high intensity of the

probe pulse increases the effective ionization window and thus lowers the temporal

resolution. Also, it creates a large amount of fragments which are created by double

ionization in the probe pulse alone. They provide a delay independent background

reducing the contrast of measurement.

Ionization probability also depends on the ionization potential. Therefore, the

probability of the Coulomb explosion is significantly reduced for small R compared

to large R even without the charge resonance and electron localization. In figure

5.3 the delay-dependent KER spectrum of C2H
++
2 → CH+ + CH+ is shown for a

pump-probe measurements having peak intensities of 8× 1014 W/cm2 and 4× 1014

W/cm2 for pump and probe pulses respectively. The KER of the fragments created

by Coulomb explosion lies approximately between 2-6 eV. An energy band can

be observed at 6 eV at zero delay which shifts to lower energy as delay increases.

This band originates from delayed ionization of dissociating molecules. The white

dashed line over the spectrum is plotted by using Coulomb explosion model by

considering both CH+ as charged ”atoms” in a ”diatomic” molecule separated by

the increasing C-C distance. At delays between 15 and 50 fs a strong variation of the

fragment yield is observed with the maximum yield at 31 fs. This time-dependent
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yield reflects R-dependence of ionization probability in combination with dissociation

dynamics. The yield then decreases for delays from 31 fs to approximately 50 fs and

then quickly increases again, reflecting the decreasing ionization potential at large Rs.

5.3.3 Three-body break-up

Next we focus on the (H+ − C+ − CH+) triple-coincidence channel. This channel

can proceed via two different pathways with the intermediate state being either a

cation or dication depending on whether one or two electrons were removed by the

pump pulse. Accordingly, the dissocitive trace is rather broad in energy, with the

lowest asymptotic energy (about 7 eV) determined by dissociation energy of the

cation (about 2 eV, see figure 5.3) plus the energy of proton extraction from CH+

(about 5 eV). For the dicationic intermediate the asymptotic energy will be higher

(about 12 eV) as it results from the Coulomb explosion energy in the symmetric

break-up of the dication (about 7 eV, see figure 5.3) and the same 5 eV of proton

extraction. Figure 5.4 (a) presents the time-dependent KER spectra as a function of

delay for three-body Coulomb explosion process for C2H
+++
2 −→ H+ + C+ + CH+,

which is monitored by the coincidence momentum method. The spectrum is rich in

information. There is a delay independent KER region with a peak around ∼ 17.5eV

which originates from the direct triple ionization of acetylene by the pump or probe

pulse alone. The spectrum is too broad to clearly separate the dynamics in cation

and dication. The low energy band migrates from 17 eV to 6 eV at large delays

indicating the cationic dissociative channel, similar to one observed in the two-body

fragmentation.
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Figure 5.4: (a) The measured delay dependent KER-spectra as a function of

delay between linearly polarized pump and probe pulse for H+ + C+ + CH+

channel (b) Energy integrated yield of KER-spectrum. The intensities of

pump and probe pulse are 8 × 1014 W/cm2 and 4 × 1014 W/cm2 with 5 fs

pulse duration.

At the same time, dicationic dissociation with higher KER is also clearly present

with comparable relative yield. It is not therefore suprising that the energy-integrated

yield of this channel also shows a clear broad peak at the very similar delay of 29

fs marked with the black arrow in the figure 5.4 (b). More unexpectedly, the yield

then monotonically decreases as delay increases. Yield enhancement appearing at

the same delay as in two-body fragmentation is the second evidence of enhanced

ionization. This peak presents a strong evidence that the same cation dynamics are

observed in two body fragmentation and three body fragmentation. In the three-
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body fragmentation, the extra fragment is a proton which is responsible for carrying

away significant fraction of the total energy release because of the conservation of

momentum. For better comparison with the two-body break-up channel we remove

the proton energy from total KER of (H+ + C+ + CH+) channel and plot only the

sum energy of the two remaining correlated fragments. That energy is presented in

the figure 5.5. A clear double peak structure is visible with one peak at 7 ev and

the other peak is emerging after 50 fs and moving to 2 eV. Strong similarities are

observed in the energy sum of correlated C+ + CH+ fragments of the three-body

fragmentation with the total kinetic energy release of the two-body fragmentation

CH+ +CH+ presented in figure 5.2. The main difference is that the two main peaks

in 5.2 two body fragmentation are well separated, whereas in case of figure 5.5 peaks

are more broad due to the presence of the dicationic dissociation channel, causing an

overlap of the dominant spectral features.

Figure 5.5: KER spectrum of C+ + CH+ fragments from three body frag-

mentation H+ + C+ + CH+.

This comparison makes it more clear the dynamics observed in two-body frag-

mentation and three-body fragmentation, are originates from the same cationic
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dissociating state and the enhancement in yield at the same delay in two-body and

three-body fragmentation channel is coming from the same enhanced ionization of

cation at the same C-C distance.

Another three-body fragmentation channel after triple ionization is (H+ −H+ −

C+
2 ), and time-dependent KER along with energy-integrated yield of this channel is

presented in figure 5.6 (a) and (b). Dynamics shown in the figure 5.6 are similar

to one presented for H+ − C+ − CH+ in figure 5.4 (a) and (b). The energy band

above 15 eV is from sequential triple ionization of acetylene coming up directly from

pump pulse or probe pulse and does not show any delay dependence. Looking at the

energy feature below 15 eV, a delay-dependent energy band is visible and dynamics

is essentially over after 250 fs after which that KER band remains static. At shorter

delay between 0-50 fs, a structure inside this energy band can be distinguished.

That structure is associated with the wave packet oscillating in the potential well

of bound or quasi-bound electronic states of singly or doubly charged molecular

ions. Figure 5.6 b) presents the H+ − H+ − C+
2 fragments yield after applying a

KER filter that separates the time independent KER region i.e above 15 eV from

fragmentation contributions at lower KER region. An increase in yield around 29 fs

appears and then yield is dropping continuously. No such enhancement in yield is

observed for the KER region above 15 eV. One may speculate that while the two

three-body break-up channels proceed through the same cationic intermediate state

and the same enhanced second ionization step into a dication, they differ in the

tri-cationic states reached by the third ionization: one leads to breaking of the C-C

bond, another leads to double proton extraction.
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Figure 5.6: a The measured delay dependent KER-spectra as a function of

delay between linearly polarized pump and probe pulse for H-H-CC channel.b)

shows the integrated yield. The intensities of pump and probe pulse are 8×1014

W/cm2 and 4× 1014 W/cm2 with 5 fs pulse duration.

5.3.4 Four-body break-up

Figure 5.7 (a) presents the time-dependent KER spectra of the four-body coincidence

channel and figure 5.7 (b) presents the energy-integrated yield of the area inside the

rectangle of the figure 5.7 (a). This final channel can proceed via three different

intermediate states - cationic, dicationic and tricationic - depending on how many

electrons are removed by the pump pulse. The KER spectra show a clear dissociating

band with a very broad energy distribution. The tricationic intermediate with the

asymptotic KER of about 20 eV is clearly identifiable along with the cationic one
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with asymptotic KER of around 10 eV. The energy-integrated yield exhibits a strong

delay dependence similar to lower charge channels. Also similarly we attribute

that dependence to the enhanced ionization process. Peak maximum migrates from

∼ 35eV to ∼ 20eV at a time delay of 100 fs, indicating a fast dissociating channel.

The yield is highest at zero delay where pump and probe pulses are overlapping in

time and space and the intensity is maximal.

Figure 5.7: a) The measured delay dependent KER spectrum. b) The

measured delay dependent yield as a function of delay between linearly

polarized pump and probe pulse for H-H-C-C channel. At delays between

0-50 fs a clear double peak structure is visible, one peak at 17 fs and other

peak at 30 fs. The intensities of pump and probe pulse are 8× 1014 W/cm2

and 4× 1014 W/cm2 with 5 fs pulse duration. See text for details.

Unlike in the lower charge channels, we observe a clear broad double peak structure
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at short delays between 0 and 50 fs with the two peaks at around 17 fs and 30 fs.

The later peak is in agreement with the double and triple coincidence results. It can

be attributed to the same enhanced ionization of dissociating molecular cation. The

peak at 17 fs is not seen in the lower charge channels, indicating that it originates in

the tricationic state. Based on its very fast appearance, similar to the peak observed

in H2 [20], it can be attributed to another enhanced ionization process associated

with C-H bond stretch in molecular trication. At large delays after 150 fs, the

dynamics is essentially over pointing to very fast dissociation in all intermediate

states. From the analysis of the different breakup channels, it is clear that C2H
+
2

molecular ion is the intermediate state which undergoes a CREI-like process at the

critical inter-nuclear separation of C-C bond. These broad peaks of yield associated

with enhanced ionization are confirmed in numerous measurements with different

pump and probe intensities showing similar behavior.

5.4 Summary

In conclusion, enhanced ionization is investigated in different fragmentation chan-

nels of acetylene. Combining the pump-probe technique with Coulomb explosion

imaging, time-resolved imaging of rich dynamics in a chemical reaction is accessed

by identifying the origin. The strong time-dependence of the yield of the multiple-

charged fragmentation channels of acetylene exhibiting clear maxima at short delays

is attributed to enhanced ionization processes operational in dissociating cationic

and tricationic states. One EI process is associated with the C-C bond stretch in

molecular cation resulting in the peak yield observed in all studied channels at 30

fs delay. Another EI process is associated with the C-H bond stretch in trication

resulting in peak yield seen only in quadruply charged break-up channel at 17 fs delay.

Use of the pump-probe technique enabled us to capture the molecular structure and

motion. The core result found here is that C2H
+
2 molecular ion is the intermediate

state which undergoes vibrational stretch and at the critical inter-nuclear separation

of C-C bond enhanced ionization takes place. The sensitivity of the fragmentation

yield to the time delay provides evidence for resolving dissociating dynamics in

different charge states of the molecule by using intense laser fields.



Chapter 6

Ellipticity dependent fragmentation in

acetylene

When an intense laser field interacts with molecules, a variety of characteristic dynam-

ics come into play such as ionization, dissociation, fragmentation, and isomerization.

Proton migration plays a vital role in the isomerization process of the chemical bond

in the hydrocarbons. These reactions can be influenced by manipulating the control

parameters. Parameters of the ultrafast laser pulses are very important control tool

that determines the fate of the reaction products. This chapter presents the results of

measurements where the effects of laser parameters are examined and the important

parameters that govern the dynamics of ultrafast proton migration in the acetylene

dication are investigated. In section 6.1, a brief introduction is presented where laser

parameters are discussed as a control tool to determine the probability of individual

reaction and importance of proton migration in hydrocarbons. Then in section 6.2

and section 6.3, experimental setup is described and the results are presented and

discussed.

6.1 Introduction

In polyatomic molecules, fragmentation reactions are major building blocks of chem-

istry. The reaction pathways and dynamics are affected by external perturbations

and optimal control can be achieved by a proper choice of those perturbations. Ma-

nipulation and control over the chemical or physical process, e.g breaking of certain

chemical bonds in a polyatomic molecule, is a crucial ability and ultimate goal in

science and technology. That goal has been pursued for decades and strong field

lasers have been proven as a valuable tool in that pursuit. It takes typically from

several femtoseconds to picoseconds of time for the nuclear motion that is involved
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in the breaking of a chemical bond. After removal of electrons, charge density within

the molecule redistributes very quickly and the molecule itself undergoes a severe

structural deformation. One of the most interesting restructuring processes in hydro-

carbons is the proton migration. Proton migration induced by ultrafast laser pulses

has become one of the most attractive research topics because it plays an important

role not only in restructuring the molecule but also in determining the outcome

of the following fragmentation process. Now a very fundamental and interesting

question arises: Is it possible to use a specific laser parameter of a strong laser field for

determining the bond breaking dynamics during two-body fragmentation reaction in

order to control a particular branching ratio between different fragmentation channels

of a polyatomic molecule? For various molecules, with different laser parameters, this

question has been investigated [203] [204] [205]. Breaking of the molecular bonds can

be steered into the desired direction by tuning the CEP of the few-cycle pulses or by

using the phase controlled parallel or orthogonally polarized two-color laser fields

[21] [16] [206]. The influence of the parameters of the intense ultrashort laser pulse

is demonstrated experimentally in the complex fragmentation reaction of ethylene

C2H4 [207] where duration of an intense laser pulse is used as a control parameter

to influence the breakage of chemical bonds. It has been found that parameters of

ultra-short laser pulses such as intensity, pulse duration, polarization, and wavelength

are key factors in controlling photoinduced chemical process.

In the present investigation, we chose two primary laser parameters - intensity

and polarization - to examine their effect on two-body fragmentation channels of

acetylene dication, by using the coincidence momentum imaging method.

6.2 Setup

Few-cycle laser pulses with sub-6 fs pulse duration from the Ti:Sapphire laser system

at AASF are obtained at the repetition rate of 1 KHz with 750 nm central wavelength,

spectrally broadened and then compressed by a neon-filled hollow-core fiber and a

chirped mirror compensation (see section 2.1.4 for details). A pair of fused silica

glass wedges is used to compensate the chirp inside the ultra-high vacuum chamber
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of the reaction microscope. Pulse energy is adjusted by using pellicle beamsplitters

and calibrated in situ by using the ion recoil method with circularly polarized light.

Pulse duration is measured by using a second order autocorrelator. The pulses are

directed and focused onto the supersonic gas jet of acetylene molecules using a silver

coated spherical mirror of focal length f =7.5 cm. The resulting ions were projected

onto the position and time sensitive detectors by a weak homogeneous electric field

of 30V cm−1. A quarter wave plate is inserted in the beam path to change the

polarization from linear to circular. Linear polarization is parallel to the time of

flight axis (z-axis) of the reaction microscope. The 3D-momentum vector of each

fragment ion is determined by its position and arrival time on the detector plane.

Two body molecular fragmentation channel, from the ions detected in coincidence,

are selected by applying the momentum conservation filter in all three dimensions.

To securely achieve coincidence conditions, number of generated ions per laser shot

were kept < 1 during the data acquisition. Measurements were taken for three

different laser peak intensities ranging from 2.0× 1014 W/cm2 − 9.0× 1014 W/cm2

with a wide range of laser polarization from linear to circular.

6.3 Results and discussion

By using coincidence momentum imaging [87], three dimensional momentum vectors

of fragment ions resulting from the interaction of acetylene molecules with intense

few-cycle laser pulses are measured in coincidence. For all laser pulse parameters

used in the experiment, three two-body fragmentation channels are identified, where

acetylene dication decomposes into two ionic fragments. These three two-body

fragmentation channels are:

C2H
++
2 → H+ + C2H

+ (6.1)

C2H
++
2 → CH+ + CH+ (6.2)

C2H
++
2 → C+ + CH+

2 (6.3)
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In Eq. 6.2, C-C bond is broken without hydrogen migration, whereas the reaction

pathway shown in Eq. 6.3 is the one in which the C-C bond is broken after the

migration of one hydrogen atom from one carbon atom to the other carbon atom.

Typical two-dimensional ion momentum correlation images, for linearly polarized

light with laser peak intensity of 5×1014 W/cm2, for the two body break up channels

presented in Eq. 6.1, Eq. 6.2 and Eq. 6.3 are presented in figure 6.1 a), figure 6.1

b), and figure 6.1 c) and for circularly polarized light are presented in figure 6.1

d), figure 6.1 e), and figure 6.1 f) respectively. Each plot displays the momentum

distribution of two fragments in coincidence. The horizontal axis Px indicates the

momentum component perpendicular to laser polarization vector ε and vertical axis

Pz indicates the (direction of time of flight axis) momentum component parallel to

laser polarization vector ε.

Figure 6.1: Momentum image for linearly polarized laser field with peak

intensity 5× 1014W/cm2 and pulse duration 6fs the fragment channel for are

a) C2H
++
2 → H+ + C2H

+ b) C2H
++
2 → CH+ + CH+ and c) C2H

++
2 →

C+ + CH+
2 . For circularly polarized laser field, momentum images for two

body fragmentation channels are presented in d) H+ +C2H
+ e) CH+ +CH+

f) C+ + CH+
2

In the momentum distribution of the deprotonation channel and symmetric
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break-up channel presented in figure 6.1 (a) and (b), it can be clearly seen that the

molecular fragmentation is preferred in the direction parallel to the laser polarization

vector which is different from the previous XUV pump-probe investigation of the

deprotonation channel where molecular fragmentation is favored in the direction

perpendicular to the laser polarization vector [208]. This preference of laser po-

larization direction reflects the instantaneous alignment of the molecular ion from

the randomly oriented molecules during the interaction with the short pulses that

is in agreement with the recent results [209] where momentum distribution of the

protons that are ejected during Coulomb explosion of C2H
z+
2 ≥ +4 is presented.

The momentum distribution of the proton migration channel presented in figure

6.1 (c) for linearly polarized laser field shows an isotropic angular distribution. In

circularly polarized laser field, all three two-body fragmentation channels exhibit

similar isotropic momentum distribution as can be seen in figure 6.1 d), e), and f).

This anisotropic behaviour of the deprotonation channel and the symmetric break-up

channel in linearly polarized laser field points to the specific angular dependence of

ionization probability of acetylene. For linearly polarized pulses of low to moderate

intensity the double ionization process is dominated by non-sequential pathway via

rescattering and the overall angular dependence is defined by the angular dependence

of the first ionization probability in the neutral molecule as described in [210] with

ionization yield peaking at about 45 degree angle between the molecular axis and

laser polarization. However, at the high intensities used in this study the double

ionization is dominated by the sequential mechanism and it is more probable for

molecules oriented parallel to the laser polarization.

In figure 6.2, relative yield of all three identified two-body fragmentation channels

as a function of laser polarization from linear to nearly circular polarized light at

three different peak intensities of laser pulse are shown. In these measurements, laser

pulse duration is kept constant at ∼ 6 fs. It shows that probability of two-body

fragmentation for all three channels, with the increase of intensity is increasing. Now

we focus on channels resulting from the C-C bond breaking with and without proton

migration: symmetric break-up (6.2) and vinylidene (6.3) channels.



CHAPTER 6. ELLIPTICITY DEPENDENT FRAGMENTATION IN ACETYLENE113

Figure 6.2: Relative yield of three two body fragmentation channels as a

function of laser polarization. H+ + C2H
+ (Green), CH+ + CH+ (red)

and C+ + CH+
2 (blue) measured at laser intensities a) 2 × 1014W/cm2 b

5× 1014W/cm2 and c) 9× 1014W/cm2

As the laser polarization is changing from linear to circular, the yield of the

proton migration channel is increasing with respect to the symmetric breakup channel

and relative yield of proton migration channel at intensity 9.0 × 1014 W/cm2 and

ellipticity > 0.4 exceeds that of the symmetric breakup channel. This is the first

such observation of this phenomena.

To understand the dependence of the proton migration channel on the laser

parameters, i.e intensity and laser polarization, a new parameter, yield ratio, is

defined as η,

η =
Np−mig

Np−mig +Nsymm

(6.4)

where, Np−mig and Nsymm are the yields of C-C bond breakup channels with proton

migration pathway presented in Eq. 6.3 and symmetric breakup of C-C bond without

proton migration presented in Eq. 6.2 respectively.

In the figure 6.3, the yield ratio, as defined in Eq. 6.4 as a function of laser

polarization for three different intensities is plotted.
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Figure 6.3: Laser polarization dependence of the yield ratio of the proton

migration channel with respect to the sum of the yields of the proton migration

channel and symmetric break up channel at three different intensities (green)

9.0× 1014W/cm2, (red) 5× 1014W/cm2 and (blue) 2× 1014W/cm2. The pulse

duration is 6fs for all data points.

As the laser peak intensity increases from 2.0× 1014 W/cm2 to 9.0× 1014 W/cm2,

yield ratio is also increasing. In case of linear polarization, this increase is ∼ 20%

from 0.36 to 0.46, whereas in case of circular polarization yield ratio has increased

by ∼ 36%. The change in this ratio η doubles from 16% to 32% with the increase in

laser intensity from 2× 1014 W/cm2 − 9.0× 1014 W/cm2. For intensity 9.0× 1014

W/cm2 yield ratio from linear to circular has increased ∼ 30%. It is interesting

to note that while the yield ratio increases with intensity it also increases with

ellipticity, even though for the same intensity higher ellipticities correspond to lower

values of the peak electric field. Therefore the effect of ellipticity is not the same

trivial effect of the peak electric field, but it is a different and stronger effect which

overwhelms the peak field effect acting in the opposite direction. A clear increasing

tendency in the yield ratio with the change in laser polarization from linear to circular

may be an indication that circularly polarized light is more efficient than linearly

polarized light for inducing the proton migration. Similar laser polarization effect

was observed in ultra-fast hydrogen migration in methanol in intense laser field [205].

It appears that higher intensities and more circular polarizations favour production

of dicationic states conducive of the hydrogen migration process. At these high
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intensities it is unlikely, though not completely impossible, that polarization-sensitive

recollision excitation is to blame for such sensitivity of proton migration yield to

the laser ellipticity. More probably, in the sequential ionization regime the energy

separations and transition dipole matrix elements between the specific cationic and

dicationic states are responsible for the observed sensitivity of the relative yields to

laser polarization. It should be kept in mind that the two channels are dynamically

competing with each other and with the deprotonation channel, as the separation

between the relevant electronic states is relatively small and their radiative coupling

to each other can be quite strong. However, based solely on these data it is impossible

to determine the particular mechanism of ionization and the source of this laser

polarization effect. Nevertheless, it is clear that laser polarization is one of the

factors that is affecting the ultrafast proton migration in acetylene in strong laser

fields. Much more advanced and realistic theoretical modelling will be required to

understand and exploit this effect more fully.

6.4 Summary

In summary, we experimentally investigated the dissociative double ionization of

acetylene in ultra-fast strong laser fields at three different intensities of various

ellipticities. Three two-body fragmentation channels are identified. Our results

based on momentum distribution and fragmentation yield of the three channels,

demonstrate that the deprotonation channel and the symmetric breakup channel are

more favored in a linearly polarized laser fields whereas the proton migration channel

is more favored in a circularly polarized field. The relative yields of C-C break-up

into the symmetric channel and C-C break up into the proton migration channel

can be controlled by changing the ellipticity of the ionizing laser field. It opens a

new door to control the complex fragmentation dynamics of polyatomic molecules in

strong laser fields.



Chapter 7

Conclusions and outlook

In this thesis, interaction of the strong laser field with molecules has been investi-

gated by utilizing few-cycle near-IR laser pulses and a reaction microscope apparatus.

Different techniques were employed to manipulate the pulses before the interaction of

short laser pulses with target molecules. Specifically, few-cycle pulses were produced

by exploiting the nonlinear effect in neon-filled hollow-core fiber and subsequent

compression by chirped mirrors. Time-resolved measurements were performed by

the use of a piezo-driven Mach-Zehnder interferometer. Reaction microscope was

utilized to detect all the ions in coincidence with high momentum resolution. REMI

is an ideal tool for the investigation of dynamics of ionization and fragmentation

processes induced by the laser fields.

This thesis presents the detailed pump-probe experimental studies ranging from

the simplest hydrogen molecule to the complex nuclear dynamics in acetylene. Exper-

imental measurements and results obtained in the course of this thesis can be divided

into four parts. In the first part, presented in chapter 3, a pump-probe scheme

using CEP-stable few-cycle pulses enabled the control to the electron localization

and real-time observation of bond breaking in dissociating H+
2 . Information about

inter-nuclear separation at the time of bond breaking in H+
2 is retrieved from the

delay dependent KER of the enhanced ionization channel. It is found that electron

localization happens at 15 fs after the ionization of neutral hydrogen molecule when

the inter-nuclear separation approaches 8.a.u. That is the instant when chemical bond

is broken and molecule fragments into a proton and a hydrogen atom. In chapter 4

dynamics of ionization and fragmentation of acetylene in linearly polarized strong

short pulses is investigated. Two few-cycle laser pulses with different intensities were

utilized in a pump-probe scheme. An electron is removed from the neutral C2H2

molecule by strong pump pulse, that launched the vibrationally excited wave-packet
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into cation state. The second weaker pulse was used to probe the system evolution

by removing the second electron to produce C2H
++
2 which finally fragmented into dif-

ferent reaction products. Those products were detected and analyzed in coincidence

detected by a reaction microscope. Quasi-periodic oscillations were observed in the

KER spectra of the deprotonation and the proton migration channel as a function of

time delay between pump and probe. Comparing with the potential energy curves of

the intermediate molecular ion, specific features in the KER spectra are identified and

characterized as vibrational dynamics in a particular fragmentation pathway. The

contributions of C-C stretch and C-H stretch of the acetylene cation is confirmed from

the calculated ionization probability of meta-stable states as a function of C-C stretch.

Mechanism of enhanced ionization in acetylene is discussed in chapter 5. The

symmetric two-body breakup channel of acetylene dication showed the signatures of

enhanced ionization at a critical inter-nuclear separation that is further confirmed

by the analysis of the three-body and four body fragmentation of acetylene. The

sensitivity of the fragmentation yield at the particular time delay gives evidence

for resolving the dynamics of dissociating wavepacket in different charge states of

acetylene. The behavior of dissociative double ionization of acetylene in ultra-fast

strong laser fields at three different intensities of various ellipticities is investigated in

chapter 6. Based on the momentum distribution of the three two-body fragmentation

channels and relative yields at different intensities and in different laser polarizations

from linear to circular, we discovered strong polarization sensitivity of the relative

yields for different two-body break-up channels . It is found that the C-C bond

breaking in the proton migration channel is more favored in circularly polarized laser

field than in linearly polarized laser field.

As a concluding remark, the work presented in this thesis succeeded in providing

a time-resolved pump-probe study of hydrogen and acetylene molecule and presented

new insights and challenges for theoretical modelling of such small yet already com-

plex molecules as acetylene. Acetylene can be used as a model for the continued

understanding of larger hydrocarbon molecules interacting with the strong laser field.

The reaction microscope has an ability to perform multi-coincidence measurements
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by detecting ions and electrons simultaneously. That gives a number of possibilities

of strong-field measurements that have not yet been performed on acetylene, such

as CEP-stable pump-probe measurement to control the proton migration channel

including ion-electron coincidence. Another interesting topic for future research is

the pump-probe investigation of C2D2. Studies on larger hydrocarbons could provide

further insight into the possible mechanism for CEP control of proton migration

process. Ultra-fast proton migration is particularly important in chemistry. Investi-

gation of important laser parameters that govern the ultra-fast dynamics of proton

migration are of particular interest. Strong field ionization and fragmentation of

a molecule as a function of intensity and laser polarization is a complex problem

that needs further investigation. Already a wide range of scientific contributions

has advanced our understanding of laser-matter interaction, but still to thoroughly

understand and to fully exploit the control over strong-field processes require further

research on the experimental as well as the theoretical side.
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Schöffler, Daniil Kartashov, Sonia Erattupuzha, Tim Rathje, Gerhard G Paulus,

Kaoru Yamanouchi, et al. Selective control over fragmentation reactions in

polyatomic molecules using impulsive laser alignment. Physical review letters,

112(16):163003, 2014.

[20] Han Xu, Feng He, D Kielpinski, RT Sang, and IV Litvinyuk. Experimental

observation of the elusive double-peak structure in r-dependent strong-field

ionization rate of h2+. Scientific reports, 5, 2015.

[21] H Xu, Zhichao Li, Feng He, X Wang, A Atia-Tul-Noor, D Kielpinski, RT Sang,

and IV Litvinyuk. Observing electron localization in a dissociating h 2+

molecule in real time. Nature Communications, 8:ncomms15849, 2017.

[22] Peter F Moulton. Spectroscopic and laser characteristics of ti: Al 2 o 3. JOSA

B, 3(1):125–133, 1986.

[23] Robert W Boyd. Nonlinear optics. Academic press, 2003.
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[42] Louis-Andre Lompré, Anne LHuillier, Gerard Mainfray, and Claude Manus.

Laser-intensity effects in the energy distributions of electrons produced in

multiphoton ionization of rare gases. JOSA B, 2(12):1906–1912, 1985.

[43] PB Corkum, NH Burnett, and F Brunel. Above-threshold ionization in the

long-wavelength limit. Physical review letters, 62(11):1259, 1989.

[44] Steeve Augst, David D Meyerhofer, Donna Strickland, and See-Leang Chin.

Laser ionization of noble gases by coulomb-barrier suppression. JOSA B,

8(4):858–867, 1991.

[45] W Becker and H Rottke. Many-electron strong-field physics. Contemporary

Physics, 49(3):199–223, 2008.

[46] Thomas Brabec, Misha Yu Ivanov, and Paul B Corkum. Coulomb focusing in

intense field atomic processes. Physical Review A, 54(4):R2551, 1996.

[47] P Eckle, AN Pfeiffer, C Cirelli, A Staudte, R Dörner, HG Muller, M Büttiker,
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[122] M Kübel, R Siemering, C Burger, Nora G Kling, Hui Li, AS Alnaser, Boris

Bergues, Sergey Zherebtsov, AM Azzeer, I Ben-Itzhak, et al. Steering proton

migration in hydrocarbons using intense few-cycle laser fields. Physical review

letters, 116(19):193001, 2016.

[123] Heide Ibrahim, Benji Wales, Samuel Beaulieu, Bruno E Schmidt, Nicolas Thiré,
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Katsumi Midorikawa, Andrius Baltuška, Kaoru Yamanouchi, and Markus

Kitzler. Duration of an intense laser pulse can determine the breakage of

multiple chemical bonds. Scientific reports, 5, 2015.

[208] YH Jiang, Arne Senftleben, Moritz Kurka, A Rudenko, Lutz Foucar, Oliver

Herrwerth, Matthias F Kling, Matthias Lezius, JV Tilborg, A Belkacem,

et al. Ultrafast dynamics in acetylene clocked in a femtosecond xuv stopwatch.

Journal of Physics B: Atomic, Molecular and Optical Physics, 46(16):164027,

2013.

[209] Sonia Erattupuzha, Cody Covington, Arthur Russakoff, Erik Lotstedt, Seye-
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Isotope Effect in Tunneling Ionization of Neutral Hydrogen Molecules
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(Received 22 June 2015; revised manuscript received 30 March 2016; published 15 August 2016)

It has been recently predicted theoretically that due to nuclear motion light and heavy hydrogen
molecules exposed to strong electric field should exhibit substantially different tunneling ionization rates
[O. I. Tolstikhin, H. J. Worner, and T. Morishita, Phys. Rev. A 87, 041401(R) (2013)]. We studied that
isotope effect experimentally by measuring relative ionization yields for each species in a mixed H2=D2 gas
jet interacting with intense femtosecond laser pulses. In a reaction microscope apparatus, we detected ionic
fragments from all contributing channels (single ionization, dissociation, and sequential double ionization)
and determined the ratio of total single ionization yields for H2 and D2. The measured ratio agrees
quantitatively with the prediction of the generalized weak-field asymptotic theory in an apparent failure of
the frozen-nuclei approximation.

DOI: 10.1103/PhysRevLett.117.083003

The tunneling ionization of atoms and molecules by
intense laser field is a fundamentally important process in
the laser-matter interactions. Quantitatively accurate ab ini-
tio theoretical modeling of this process so far has only been
demonstrated for atomic hydrogen [1]. In all other cases,
the modeling involves a number of approximations, i.e.,
strong-field approximation (SFA), single-active-electron
(SAE) approximation, quasistatic approximation (QSA),
frozen-nuclei approximation (FNA), Born-Oppenheimer
approximation (BOA), and so on. In particular, for model-
ing strong-field ionization of molecules the frozen-nuclei
approximation is very commonly used. This approximation
treats nuclei as classical point particles and models elec-
tronic structure of molecules only for specific (“frozen”)
configurations of nuclei, most often corresponding to
equilibrium geometry of neutral molecules. Despite its very
wide acceptance, the quantitative validity of FNA was not
vigorously tested and its domain of applicability in context
of strong-field physics is not clearly defined. For instance,
according to FNA ionization rates of mass isotopes of
molecules should be the same, since those isotopes have
identical equilibrium geometry and electronic structure in
their ground electronic state. Based on that assumption
of identical ionization rates the measured ratios of high
harmonic generation (HHG) yields for H2=D2 and
CH4=CD4 isotopic pairs were interpreted as entirely due
to nuclear motion between ionization and recollision [2].
Recently, using the generalized weak-field asymptotic

theory (WFAT) [3], modified to account for motion of
nuclei, Tolstikihin, Worner, and Morishita (TWM) theo-
retically investigated the effect of nuclear mass on the
tunneling ionization rate of hydrogen molecule in a dc
electric field [4]. The TWM theory predicts that the nuclear
motion results in an increased tunneling ionization rate in

comparison to the frozen-nuclei model, and this increase is
more significant for lighter nuclei and weaker laser field. In
particular, it predicts that the single ionization rate for H2 is
about 1.7 times higher than that of D2 driven by a dc electric
field with field strength of F ¼ 0.03 a:u:, and the ratio
will decrease asymptotically to unity with increasing field
strength. The two isotopes have exactly the same electronic
states and potential energy curves, the only difference is the
nuclear mass, which can lead to different nuclear wave
functions and different nuclear dynamics in the ionization
process. While nuclear mass effects have been observed
in many strong-field experiments, such as the multiphoton
ionization [5], HHG [2,6], the laser-induced coherent
nuclear motion [7], CEP-dependent asymmetry of dissoci-
ation [8], and rescattering double ionization [9,10], so far
there was no experimental verification of isotope effect on
total molecular ionization rate as predicted by TWM. Here
we verify this prediction by comparing single ionization
yields of H2 and D2 under identical conditions.
In order to make a quantitative comparison of ionization

rates for H2 and D2, a 50∶50 mixed-gas jet is used in our
experiment, thus ensuring that H2 and D2 are ionized by
laser fields with exactly the same laser parameters—peak
intensity, focusing geometry, pulse duration, and with same
fluctuations of those parameters during the measurements.
Additionally, mixed-gas jet scheme also guarantees that the
target densities of H2 and D2 in the interaction region are
constant; thus, the ratio of the two components is identical
at all intensities in the experiment. Because of the differ-
ence in expansion of the two components of the mixed jet
the ratio dependents on the portion of the target beam we
selected. In this work, we measured the relative ionization
yields in the central part of a narrow gas jet, where our
measurements indicate the density ratio is close to unity.
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Circularly polarized pulses with duration of 28 fs are used
in our experiment. The circular polarization was chosen for
several reasons. Firstly, unlike the linear polarized field,
whose instantaneous field strength oscillates rapidly in
time, the circular polarized pulse has a slowly varying field
strength, which is closer to the dc field used in the TWM
theory. Secondly, circular polarization minimizes possible
effect of molecular alignment during the pulse, which was
also checked by comparing angular distributions for proton
and deuteron dissociation fragments. Thirdly, and most
importantly, circular polarization suppresses recollision-
induced production of high-energy protons and deuterons
[10], whose kinetic energy is overlapped with the double
ionization channel. Since we only detect charged particles,
the dissociation and double ionization contribute differently
to the total proton or deuteron count. It is therefore important
for proper counting to separate the dissociation or double
ionization channels, which are distinguished by their kinetic
energy for circular polarization, and would be overlapping
for linear polarization. In the experiment, we measured the
ratio of total single ionization yields, while the theory
calculates the ratio of ionization rates. The isotope effect
is most pronounced at low intensities where ionization
probabilities are much below unity and the ratios of yields
and rates are the same.As the intensity reaches the saturation
intensity and ionization probability approaches unity so
does necessarily the ratio of yields, which also coincides
with the theoretical prediction for the rates becoming the
same at high intensity.
The schematic diagram of our experimental setup is

shown in Fig. 1(c) and its detailed description can be
found in [11]. Briefly, measurements are conducted in a
reaction microscope [12] (REMI) with 28 fs, 800 nm
circular polarized laser pluses from the laser system
FEMTOPOWER Compact PRO (Femtolasers). The laser
beam is directed into the main chamber of REMI, where
it is focused onto a low-density molecular beam by a
spherical mirror (f ¼ 75 mm). The molecular beam is
generated by a supersonic 2 stage gas jet system, and its
width in the REMI chamber along the laser propagation
direction is restricted by a slit to a size (∼10 μm) much
less than the Rayleigh length (∼250 μm) to limit intensity
variation over the interaction region. Variation of the laser
intensity is achieved by insertion of pellicle beam splitters
which impart negligible distortion of the focal volume.
The laser peak intensities were precisely calibrated in situ
by using the recoil-ion momentum imaging method [13],
and the overall errors were estimated to be 10% for all
peak intensities. The ion fragments are detected by a
multihit delay-line anode detector (RoentDek), and the full
3D momentum of each fragment can be retrieved. The
measured momentum spectra are presented in Fig. 1(a) for
Dþ and Dþ2 (inset), and Fig. 1(b) for Hþ and Hþ2 (inset).
After first tunneling ionization of neutral H2 and D2, the

Hþ2 , and Dþ2 can be further dissociated or ionized by the

laser pulse. Those processes themselves exhibit isotope
effects [8–10] and different dependence on intensity (see
Supplemental Material for details [14]). Therefore proper
accounting for all the resulting fragments is critical for
determining the single ionization yields. Figure 2 shows the

FIG. 1. Momentum spectra for Dþ (a) and Hþ (b), as well as for
Dþ2 and Hþ2 (respective insets). (c) The sketch of the experimental
apparatus (REMI: reaction microscopes, AP: aperture, QWP:
quarter-wave-plate).

FIG. 2. Potential energy curves of H2 (green), two lowest
electronic states X2Σþg (red), and A2Σþu (blue) of Hþ2 , and Hþþ2
Coulombic 1=R curve (R is internuclear distance). Cation Hþ2
formed by single ionization can remain bound (Ch 1), dissociate
(Ch 2), or undergo second ionization by the same pulse followed
by Coulomb explosion (Ch 3).
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three possible fragmentation channels of H2 (same for D2):
(1) single ionization of neutral H2 only (H2 → Hþ2 )—in
this case only Hþ2 can be detected; (2) single ionization

followed by dissociation (H2 → Hþ2!
diss

Hþ Hþ)—one pro-
ton can be detected because REMI can only detect charged
particles; (3) single ionization followed by sequential

double ionization (H2 → Hþ2 → Hþþ2 !
CE
HþþHþ)—a pair

of protons can be detected. The ion counts from channel 1
and 2 equal to the counts of single ionization because each
ion corresponds to one single ionization event. However,
for channel 3, as each single ionization event can lead to a
pair of protons, the number of single ionization events is
half of the proton counts. To calculate the total number Ntot
of single ionization events, one has to take all these three
channels into account: Ntot ¼ N1 þ N2 þ 0.5N3, where
Niði ¼ 1; 2; 3Þ is the ion counts from three channels,
respectively.
Figure 3(a) presents a typical time-of-flight (TOF)

spectrum of the ions detected in the experiment with the
laser peak intensity 4.5� 0.4 × 1014 W=cm2. Three dis-
tinct bands in the TOF spectrum are for Hþ, Dþ=Hþ2 , and
Dþ2 peaked around 640 ns, 900 ns, and 1280 ns, respec-
tively. The narrow Hþ2 peak overlaps with the broad Dþ

band in TOF spectrum due to their identical mass-to-charge

ratios. We note that channels 2 and 3 cannot be well
resolved in TOF spectrum, because from TOF signal only
time information, i.e., one dimension of momentum, can
be retrieved, while in case of circular polarization, the ion
momentum has a “doughnutlike” structure in laser polari-
zation plane, as shown in Figs. 1(a) and (b). Therefore, the
TOF spectra of channels 2 and 3 are overlapped with each
other. Fortunately, REMI is capable of measuring full 3D
momentum and determining kinetic energy (KE) of each
charged fragment. The measured KE spectra of Hþ and Dþ
from channels 2 and 3 are shown in Fig. 2(b). Ions from
channel 2 have a smaller KE than those from channel 3,
making it possible to separate the channels and to compare
overall total single ionization yields for the two isotopes.
We estimate the detection efficiency by comparing the
yields of single proton or deuteron fragments with the
yields of double-coincidence events in the energy range
corresponding to double ionization (see Supplemental
Material for details [14]). The measured detection effi-
ciency is ð26.7þ = − 0.5Þ% for Hþ and ð28.9þ = − 0.5Þ%
for Dþ in our experimental conditions. We expect the
detection efficiencies for Hþ2 and Dþ2 to be similarly close.
Here we neglect the dependence of that detection proba-
bility on kinetic energy of fragments since the initial KE
is about 2 orders of magnitude lower than their impact
energy [15].
The corresponding KE spectra of Hþ and Dþ are shown

in Fig. 3(b). Two distinct energy bands can be well resolved
for both isotopes. The low energy band (KE < 1.5 eV)
corresponds to channel 2, which contains bond softening
(BS [16]) and the net-two-photon above threshold disso-
ciation (ATD) [17] processes. The high-energy band
(KE > 1.5 eV) arises from the enhanced ionization (EI)
[18]. The re-collision induced dissociation and nonsequen-
tial double ionization channels [9,10] are eliminated by
using circularly polarized laser pulses. The molecular ions
Hþ2 and Dþ2 from channel 1 have a narrow energy spread
(<0.1 eV) in near-zero KE region (not shown here), due to
the cold supersonic gas jet used in our experiment. Thus,
channel 1 can be clearly separated from the KE spectrum
for H2.
The ratio of the measured first ionization yields for H2

and D2 as a function of the peak laser field is presented in
Fig. 4(a). The vertical error bars represent the random errors
only, which are calculated using the standard error propa-
gation method. The other possible systematic error sources
(not represented by the error bars) include such as the
background (approximately 2%) and the imprecise dis-
crimination of channels 2 and 3 (approximately 0.5%). The
overall count rate ranges from 3.4 × 10−3 to 1.4 hits per
shot, and the maximum count rate is achieved at the highest
peak intensity. The experimental yield ratio is in good
agreement with the ratio of ionization rates [Fig. 4(a), blue
curve] from TWM theory. In the TWM theory, the ratio
of the ionization rates of H2 and D2 is given by [4]

FIG. 3. (a) The measured time-of-flight spectrum of mixed
H2=D2 gas ionized by circularly polarized pulses with central
wavelength of 800 nm, pulse duration FWHM of 28 fs, and peak
intensity of ð4.5� 0.4Þ × 1014 W=cm2. (b) The corresponding
kinetic energy spectra for Hþ and Dþ. The bond-softening (BS)
and enhanced-ionization (EI) peaks are distinct in kinetic energy
spectrum for both Hþ and Dþ. Green dashed line represents the
boundary between BS and EI bands used to determine the total
overall single ionization yield.
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ΓðH2Þ=ΓðD2Þ ≈ expf½1 − ð1= ffiffiffi

2
p Þ�0.0017=F2g, where F is

the field strength in atomic units. The WFAT is valid for a
weak field F ≪ Fc, where Fc is a critical field strength
corresponding to complete suppression of potential barrier
[3]. In our experiment, the peak electric field varies from
0.03 a.u. to 0.08 a.u., well below Fc.
Our experimental results are in good agreement with the

TWM theory prediction over the full range of intensities. At
the lowest laser field strength of 0.03 a.u., the measured
ratio of Hþ2 =D

þ
2 total ionization yields is approximately

1.69� 0.07, which agrees with the theoretical value of
1.73. With increasing field strength, the measured ratio
decreases asymptotically towards unity as predicted by the
theory. It is worth noting that for extreme strong field
strength the comparison is not reliable, because the
ionization probability is saturated and the yield ratio no
longer reflects the ionization rate ratio. A variant of the
Ammosov-Delone-Krainov theory [19] is used to estimate
the ionization probability for H2 at different intensities
without taking double ionization into account, and the
result is shown in Fig. 4(b). When F is between 0.03 a.u.
and 0.08 a.u., the ionization probability is well below unity
(<0.5), suggesting that the measured yield ratio reflects
the ionization rate ratio. For field strengths F > 0.08, the
comparison is not valid essentially because the ionization
probability starts to saturate; thus, the yield ratio is mainly
given by the gas density ratio.

In conclusion, we experimentally investigated the iso-
tope effect in the photoionization of neutral hydrogen
molecules by measuring the ratio of photoionzaiton yields
of hydrogen and deuterium in the tunneling ionization
region with circularly polarized infrared laser pulses. Our
experimental results are in quantitative agreement with the
theory prediction of Tolstikhin, Worner, and Morishita of
weak-field asymptotic theory in low laser intensity region.
That is quite remarkable that such a simple analytical
theory correctly accounts for effects of nuclear motion on
molecular tunneling ionization. We find that at low inten-
sity corresponding to the field strength of 0.03 a.u. light
hydrogen molecule is 70% more likely to ionize than its
heavy isotope. This observation exemplifies a failure of the
frozen nuclei approximation to accurately model single
ionization of neutral molecules.
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Dissociation of diatomic molecules with odd number of electrons always causes the unpaired

electron to localize on one of the two resulting atomic fragments. In the simplest diatomic

molecule H2
þ dissociation yields a hydrogen atom and a proton with the sole electron ending

up on one of the two nuclei. That is equivalent to breaking of a chemical bond—the most

fundamental chemical process. Here we observe such electron localization in real time by

performing a pump–probe experiment. We demonstrate that in H2
þ electron localization is

complete in just 15 fs when the molecule’s internuclear distance reaches 8 atomic units. The

measurement is supported by a theoretical simulation based on numerical solution of the

time-dependent Schrödinger equation. This observation advances our understanding of

detailed dynamics of molecular dissociation.

DOI: 10.1038/ncomms15849 OPEN

1 Centre for Quantum Dynamics and Australian Attosecond Science Facility, Griffith University, Nathan, Queensland 4111, Australia. 2 Key Laboratory for Laser
Plasmas (Ministry of Education) and School of Physics and Astronomy, Collaborative Innovation Center of IFSA (CICIFSA), Shanghai Jiao Tong University,
Shanghai 200240, China. 3 School of Nuclear Science & Technology, Lanzhou University, Lanzhou 730000, China. Correspondence and requests for materials
should be addressed to H.X. (email: hanxu1981@gmail.com) or to F.H. (email: fhe@sjtu.edu.cn) or to I.V.L. (email: i.litvinyuk@griffith.edu.au).

NATURE COMMUNICATIONS | 8:15849 | DOI: 10.1038/ncomms15849 | www.nature.com/naturecommunications 1

APPENDIX B. PUBLISHED ARTICLES 151



O
ne of the ultimate goals of strong-field laser physics is to
probe and control the dynamics of laser-induced
chemical reactions. In the past decade, it has been shown

both experimentally1–7 and theoretically8–11 that the
carrier-envelope phase (CEP)12 of a few-cycle pulse can be an
important knob for controlling laser-induced chemical reactions,
for example, dissociation of a hydrogen molecular ion

Hþ2 ! Hþ þH
� �

, where the electron can preferentially end up
with either one of the two protons. The dynamics of electron
localization during the Hþ2 dissociation can be intuitively
understood by following the evolution of the double-well
molecular potential as the internuclear distance (R) increases.
For short R (near the equilibrium separation) the intramolecular
potential barrier is low and the shared electron can freely move
between the nuclei driven by the oscillating laser electric field.
With increasing R, the potential barrier between the two protons
becomes higher and wider, and the electron motion becomes
more difficult, until the electron eventually gets stuck on one of
the protons. By changing the CEP of the few-cycle pulse one can
steer the direction of electron localization, with experimental
asymmetries of over 50% reported with this type of control1,6.
Apart from controlling the outcome of a laser-driven chemical
reaction, observing its dynamics in real time is also of great
fundamental interest as it could help us understand the most
fundamental physical mechanisms behind the laser–molecule
interactions. For example, a molecular movie of proton migration
during the isomerization process in the acetylene cation has been
demonstrated recently13. Molecular dissociation, resulting in
breaking of a chemical bond, is another process whose detailed
dynamics is of fundamental interest.

In this article, we answer the question: how fast and at what
internuclear distance does the electron localize and the chemical
bond break in dissociating H2

þ ? To answer this question we
perform a pump–probe experiment that aims not only to control
the final product, but also to time-resolve the dynamics of
electron localization during the Hþ2 dissociation by measuring
the delay-dependent asymmetry of proton emission. Both pump
and probe pulses are only 5 fs in duration and have a controlled
CEP. The more intense pump pulse ionizes a neutral H2 molecule
and initiates dissociation of H2

þ . The much weaker time-delayed
probe pulse drives the electron motion in the dissociating
molecule. By measuring the asymmetry of proton emission as a
function of pump–probe delay we demonstrate that direction of
electron localization can be controlled by the probe pulse
only within the first 15 fs following ionization of H2. For larger
pump–probe delays direction of electron localization is
completely determined by CEP of the pump pulse. With support
from a numerical simulation, we conclude that in H2

þ electron
localization is complete in just 15 fs when the molecule’s
internuclear distance reaches 8 atomic units.

Results
Experimental scheme. Our experimental setup is shown in
Fig. 1a. The CEP-locked linearly polarized B5 fs few-cycle
pulse with central wavelength of B750 nm is diverted into a
Mach–Zehnder interferometer to produce pump–probe pulse
pair with a controllable delay. The pulses are tightly focused
inside the Reaction Microscope (REMI) apparatus on a neutral
H2 supersonic jet, and the full three-dimensional momenta of the
ion fragments are measured by the REMI. The polarization
axes of the pump and probe pulses are both parallel to the
time-of-flight axis (defined as z axis) and normal to propagation
direction of the laser beam (x axis) and that of gas jet (y axis). The
dissociative ionization process of neutral H2 in the few-cycle
pump–probe field is illustrated in Fig. 1b. At the peak of the

pump pulse, neutral H2 is ionized and a nuclear wavepacket
(NWP) is launched onto 1ssg potential curve of Hþ2 . After
the initial ionization Hþ2 can be further dissociated by the tail of
the pump pulse radiatively coupling 1ssg and 2psu. The R of the
dissociating Hþ2 will gradually increase with the bound electron
migrating between two nuclei until R is too large and the electron
gets trapped on one of the protons. The delayed CEP-stabilized
probe pulse, introduced during the dissociation process, is used to
drive the electron motion and affect the direction of electron
localization. As we have shown in our previous work with
random CEP pulses, the probe pulse can also cause enhanced
ionization (EI)14–16 of Hþ2 when the internuclear separation R of
dissociating NWP reaches critical distance, and the
delay-dependent kinetic energy release (KER, the sum of kinetic
energy of two protons from the same Hþ2 ) of EI channel is used
for tracing time evolution of R in dissociating Hþ2 .

Asymmetry of proton emission. The asymmetry parameter for
proton emission is used to quantitatively characterize the degree
and direction of electron localization. This parameter can be
expressed as,

A ¼ Nup�Ndown
� �

= NupþNdown
� �

;
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Figure 1 | Experimental scheme. (a) Experimental scheme. The laser pulse

has duration of 5 fs with central wavelength of 750 nm, and the estimated

carrier-envelope phase (CEP) noise (root mean square) is o360 mrad.

A pair of fused silica wedges is used to control the CEP of the few-cycle

pulse. A Mach–Zehnder interferometer is used to create pump–probe pulse

pair with controllable delay. The pulse pair is then sent into reaction

microscope (REMI) to interact with a supersonic H2 jet, where the

momentum of the resulting charged particles are measured. (b) An intuitive

physics picture for describing the dissociative ionization process of H2 in

the pump–probe pulse pair laser field. The neutral hydrogen molecule is

ionized at the peak of the pump pulse and then excited into a dissociative

state either radiatively or by electron recollision. The probe pulse is sent in

to interact with the dissociating Hþ2 , where R of Hþ2 can be controlled by

tuning the delay between pump and probe pulses. The probe pulse can

steer the electron motion during the dissociation process that leads to a

significant delay-dependent asymmetry of the electron localization. On the

other hand, the probe pulse can also induce a further enhanced double

ionization of the dissociating Hþ2 at critical internuclear separations, and

the kinetic energy release of the enhanced ionization channel is measured

for analysing the propagation dynamics of the dissociating nuclear

wavepackets (NWPs).
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where Nup (Ndown) is the number of protons ejected into up
(down) direction along the laser polarization axis. It has
been shown that a few-cycle pulse with the optimal intensity of
6� 1014 W cm� 2 can produce a strong CEP-dependent
asymmetry modulation (40.5) for protons in kinetic energy
region (2–3 eV) where the above threshold dissociation and the
three-photon dissociation channels overlap6. In this experiment,
the pump pulse is set to the same optimal intensity of
B6� 1014 W cm� 2 to maximize the CEP-dependent
asymmetry modulation, and we observe an asymmetry
modulation with amplitude of B0.5 induced by the pump field
alone. During the delay scan the CEP is locked to the value at
which the pump pulse by itself produces negative maximum value
of the asymmetry parameter. A weak probe intensity of
B6� 1013 W cm� 2 is chosen that is high enough to change
the direction of electron localization, and meanwhile low enough
to avoid depletion of dissociating H2

þ by EI.
The measured energy-resolved asymmetry as a function of

delay is shown in Fig. 2b, and the data that are taken with the
pump pulse only are shown on the far left side of the figure for
comparison. The spectrum is characterized by a strong

modulation of the asymmetry and change of its direction for
delay times of o15 fs, and a much weaker modulation and
constant negative direction of the asymmetry for larger delays. To
demonstrate this delay-dependent asymmetry modulation more
clearly, we focus on a narrow KER region of 2.8 eVoKERo3 eV
(see Fig. 2c). The first data point (t¼ 0) shows asymmetry of
� 0.5 with pump pulse only, meaning that the downward
proton emission is dominating. The asymmetry oscillates rapidly
as a function of delay with the periodicity of the laser field,
agreeing well with the observation in extreme-ultraviolet infrared
pump–probe experiment4. For the delay of 6 fs, the asymmetry
changes from its original value of � 0.5 to 0.4, indicating that the
direction of electron localization is completely reversed by the
probe pulse. This delay is almost equal to the pulse duration of
5 fs, so the probe pulse overlaps with the tail of the pump pulse.
Therefore, it is not surprising that the temporal profile of the
electric field is sufficiently modified to completely reverse the
direction of electron localization. The delay-dependent
asymmetry modulation remains strong until the delay reaches
15 fs, at which point it suddenly dramatically weakens and
asymmetry no longer changes its direction. At the end of the scan
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Figure 2 | Proton momentum and asymmetry. (a) Measured proton momentum distribution in laser polarization plane (Px–Pz plane) with pump pulse

only (left), for pump–probe delay of 6 fs (middle) and for delay of 45 fs (right). Measured (b) and calculated (d) delay-dependent energy-resolved asymmetry of

proton emission. The data for zero delay (indicated by the arrow in b) are measured with the pump pulse only. Measured (c) and calculated (e) delay-dependent

asymmetry of proton emission for kinetic energy release (KER) from 2.8 to 3.0 eV. The red dashed line in c indicates the value of the asymmetry measured with

pump pulse only. Error bars for measured asymmetry are obtained by propagating the estimated shot noise of the corresponding counts.
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(t¼ 45 fs), the downward proton emission dominates again
(Fig. 2a, right column) and the asymmetry goes back to the
original value of � 0.5.

This behaviour clearly reflects the real-time dynamics of
electron localization in dissociating H2

þ . At short delays (to15
fs) the internuclear distance remains small and the shared
electron can migrate between the two nuclei when driven by a
relatively weak electric field, so that the probe pulse could modify
the outcome of dissociation. At longer delays (t415 fs) the
internuclear distance becomes too large and the inner potential
barrier too wide and high for the electron to complete the
migration within the half-cycle of electric field oscillation and it
effectively gets trapped on one of the nuclei—the localization is
complete with its direction determined by the CEP of the pump
pulse alone.

Numerical model. To validate and interpret the experimental
observations, we performed the time-dependent Schrödinger
equation simulation (see Methods for details) with the
experimental laser parameters. In our numerical model, both
the electronic and nuclear motions are confined along the laser
polarization direction, and the ionized electron flux is absorbed
by the boundary by adopting a mask function on the boundary
of the simulation box. Figure 2d shows the calculated
energy-resolved asymmetry as a function of delay. The
asymmetry in the KER region 2.8 eVoKERo3 eV is shown in
Fig. 2e. The simulation and the measurement demonstrate
qualitatively the same behaviour—for delays under 15 fs the
asymmetry is strongly affected by the probe pulse, while for
longer delays its direction remains fixed and determined by the

pump pulse alone. We performed simulations for a number of
different pump (from 2 to 6� 1014 W cm� 2) and probe (from
3� 1013 to 2� 1014 W cm� 2) pulse intensities. With probe
intensities varying over almost an order of magnitude range, all
simulations showed the same qualitative behaviour and the same
15 fs cut-off time for electron localization. The robustness of these
results indicates that we observe a signature of a fundamental
dynamical process rather than an intensity-specific effect.
We conclude that after 15 fs electron localization in dissociating
H2
þ is complete and cannot be reversed by applying another laser

pulse.

Asymmetry at larger delays. One may note that the experimental
asymmetry parameter still exhibits noticeable delay-dependent
oscillations until t¼ 40 fs as shown in Fig. 2c. At those larger
delays, the double ionization due to EI becomes a significant
channel even at low probe intensities. EI produces a pair of
protons with kinetic energy similar to that of the dissociative
channel. Since our analysis cannot completely exclude those
double ionization protons (see Methods for details), which show
no asymmetry but are also counted in the asymmetry calculation,
the resulting overall asymmetry will be less than that for the pure
singly ionized channel. In addition to that, the delay-dependent
EI yield modulation could lead to the observed delay-dependent
modulation of asymmetry. It is also possible that EI itself exhibits
a spatial asymmetry leading to a selective depletion of H2

þ by a
spatially asymmetric CEP-locked probe pulse in a manner
described in ref. 17 for I2 with spatially asymmetric two-colour
pulses. Such selective depletion could affect the experimental
asymmetry parameter even in a cleanly separated dissociation
channel. Neither of these effects is included in our model
asymmetry calculations.

Internuclear distance of electron localization. It is also
interesting to measure the internuclear distance at which electron
localization takes place. This is achieved by retrieving
the dynamics of dissociating NWPs from the measured
delay-dependent KER spectrum of the double-ionization channel.
When the R of dissociating Hþ2 approaches the so-called critical
distance for EI, the tunnelling ionization rate can increase
dramatically14. The weak probe can then promote part of the
dissociating nuclear wave packet to the repulsive potential curve
of H2

2þ and then a pair of energetic protons will be produced via
the Coulomb explosion process. The KER of that channel is given
by the instantaneous position R of the dissociating NWP when
the probe pulse arrives that can be formally expressed as
KER(t)¼ 1/R(t)þ E0, where t is delay and E0 is the initial
kinetic energy obtained in dissociation process. Due to the very
short pulse duration and extreme nonlinearity of tunnelling
ionization the nuclear motion is nearly frozen during the
probe-induced EI, making it possible to resolve the position of
NWP for different delay, that is, R(t). Figure 3a shows the
measured time evolution of dissociating NWP by converting
the measured delay-dependent KER spectrum to delay-dependent
R distribution. Assuming the dissociating NWP is propagating at
a constant velocity, we perform a linear fit for the time evolution
of the peak of dissociating NWP, as shown by the white dashed
line in Fig. 3a. Figure 3b shows the instantaneous Coulomb
potential of the dissociating Hþ2 for time delay of 6 fs, where
the R (fit value of peak position of NWP) reaches B5 a.u. For
such a small internuclear separation the inner barrier is low, so
that the electron can still follow the oscillation of the driving laser
field and lead to the observed strong delay-dependent asymmetry
modulation. Internuclear distance R reaches B8 a.u. at delay of
15 fs. The corresponding Coulomb potential (Fig. 3c) shows a
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Figure 3 | Internuclear separation of electron localization. (a) Retrieved

time evolution of the dissociating nuclear wavepackets (NWPs) from the

measured delay-dependent kinetic energy release (KER) of enhanced

ionization channel by using KER tð Þ ¼ 1
R tð Þ þ0:7eV. Since the measured KER

of the bond softening channel is 0.7 eV, we set the initial kinetic energy of

dissociating NWP to 0.7 eV. The overlayed white dashed line is a linear fit

for the peak of the propagating dissociating NWP. (b,c) The instantaneous

Coulomb potential curve of the dissociating H2
þ for R of 5 a.u. when delay is

6 fs (b), and R of 8 a.u. when delay is 15 fs (c) respectively. The potential

curve is calculated by using a traditional soft-core potential formula of

V z; Rð Þ ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
zþ R=2ð Þ2 þ a2

p þ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z� R=2ð Þ2 þ a2

p , where a is the softening parameter.
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much higher and wider inner barrier that the electron can no
longer transverse. The electron localization completes and the
chemical bond is broken when protons in H2

þ are separated by
the distance of 8 a.u.

Discussion
In summary, pump–probe experiment with CEP-locked few-cycle
pulses is used to control the electron localization in dissociating
Hþ2 and to observe electron localization and breaking of a
chemical bond in real time. The very short pulse duration allows
us to resolve the response of the bound electron to external
driving field at different internuclear separations during the
dissociation process. Similar to previous extreme-ultraviolet
infrared pump–probe experiment4 that demonstrate the
electron localization control for high-KER dissociation channels
(10 eVoKERo20 eV), we show that the infrared–infrared
pump–probe method can control the asymmetry of the electron
localization for low KER channels (KERo4 eV) by tunning the
delay between pump and probe pulses. The asymmetry
modulation is strong and its direction can be reversed for
delays under 15 fs. By retrieving time-dependent distribution of
internuclear separations R(t) in dissociating H2

þ we determined
that in that molecule in our experimental condition electron
localization happens 15 fs after the initial ionization of neutral H2

when the internuclear separation reaches 8 a.u. That is when and
where the chemical bond is broken and the molecule fragments
into a proton and a hydrogen atom.

Methods
Experimental details. The experimental apparatus includes a 1 kHz CEP-stable
few-cycle laser system (Femtopower Compact Pro, Femtolasers) with hollow-core
fibre compressor, and a REMI apparatus18,19. The CEP of the few-cycle pulse from
fibre compressor is measured by an f-2f interferometer, and used as a feedback
signal for CEP stabilization feedback loop. The estimated CEP noise is o360 mrad
(root mean square) when the feedback loop is closed, and the CEP locking can be
stable for B2 h, typically. A pair of fused silica wedges is used to control the CEP
and to compensate chirp of the few-cycle pulses. A Mach–Zehnder interferometer
that is designed for few-cycle laser pulses is used to produce the pump–probe pulse
pair. A motorized stage can generate time delay with subcycle precision. The
intensities of pump and probe pulses are independently controlled by irises, and
the in situ peak intensities of pump and probe pulses are measured by using the
ion-recoil momentum method20,21. The pulse pair is tightly focused onto a
supersonic H2 gas jet by a zero group delay dispersion concave mirror (f¼ 75 mm),
and the generated protons are detected by a time- and position-sensitive delay-line
anode detector in REMI that allows precise measurement of three-dimensional
momentum vector for each proton. The zero delay between pump and probe is
determined by measuring the delay-dependent ionization of Ne gas jet, where Neþ
yield can maximize at zero delay that corresponds to the highest peak intensity. To
preferentially select those protons from the dissociation channel

Hþ2 ! HþHþ
� �

, we use a filter that discards ionization events with more than
one ion per laser shot detected. On the other hand, to highlight the enhanced
ionization channel, we apply a momentum conservation filter that chooses those
ionization events with two ions per laser shot and the sum of their momentum is
o5 a.u., that is, |Pion1þ Pion2|o5 a.u., ensuring that the selected proton pair
originates from a single hydrogen molecule. It should be noted that we cannot
completely distinguish between protons of the same energy produced by single and
double ionization channels.

Numerical simulation. We numerically solved the time-dependent Schrödinger
equation (atomic units are used throughout unless indicated otherwise)

i
@

@t
c z;R; tð Þ ¼ p2

R

2m
þ 1

2
pz þA tð Þð Þ2 þV z;Rð Þþ 1

R

� �
c z;R; tð Þ;

where m is the reduced nuclear mass, pR and pz are nuclear and electronic
momentum operators, A(t) is the laser vector potential and A tð Þ ¼ � R t

0 dt0E t0ð Þ
with E(t0) being the laser electric field. The Coulomb potential is written as

V z;Rð Þ ¼ �
X

s¼� 1

1

1=a Rð Þ� a Rð Þ=5þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
zþ sR=2ð Þ2 þ a Rð Þ=5ð Þ2

q ;

where a(R) is the R-dependent soft core function that is determined by fitting the
calculated energies of the ground and the first excited state of H2

þ to their real
Coulomb values. That function can be closely approximated by a(R)¼ 0.9

þ 0.5806� exp(� 0.5876 R) and it monotonously decreases from 1.5 to 0.9 as
R increases. The simulation box extends from � 1,000 to 1,000 a.u. along z
dimension and from 0 to 100 a.u. along R dimension, and the spatial and time steps
are Dz¼ 0.3 a.u., DR¼ 0.02 a.u. and Dt¼ 0.2 a.u. A mask function cos1/6 is set on
the boundary for suppressing the unphysical reflection. At the terminal time tf, we
Fourier transformed the wave function in the range R410 a.u. and z � R

2

�� ��o20
a.u., and obtained the upgoing and downgoing dissociative wavepackets in the
momentum representation. After that, the energy-resolved asymmetry can be
extracted by following the same procedure applied in the experiment.

In simulations, the initial wave function is the superposition of the first 10
lowest molecular vibrational states of H2

þ , weighted by the Franck–Condon
factors. Then, we applied a sin2 laser pulse to dissociate H2

þ that plays a role of the
pump pulse in the experiment. The probe pulse is introduced at different time
delays to steer the electron localization. Similar to the experimental conditions,
both the pump pulse and the probe pulse sit on the pedestal with long duration but
a much lower intensity. In the simulations, we used the combined laser fields as
following:

E ¼ Epedestal cos otð ÞþEpump cos otð Þfpump þEprobe sin o t�Dtð Þ½ �fprobe:

To exactly simulate the experimental conditions the pump pulse had the field
amplitude Epump¼ 0.13 (6� 1014 W cm� 2) and the envelope fpump¼ cos2[pt/5T],
� 2.5Toto2.5T. The probe pulse had the following parameters Eprobe¼ 0.041
(6� 1013 W cm� 2), fprobe¼ cos2[p(t�Dt)/5T],� 2.5Tot�Dto2.5T. The
pedestal had the constant amplitude Epedestal¼ 0.013 (6� 1012 W cm� 2). We also
performed simulations for a number of different pump and probe intensities, with
pump intensities varying from 2� 1014 to 6� 1014 W cm� 2 and probe intensities
varying from 3� 1013 to 2� 1014 W cm� 2. The qualitative behaviour was very
similar for all intensities tested. Note that the time delay in Fig. 2d,e corresponds to
Dtþ 2.5T, that is, the delay between the birth of H2

þ and the probe pulse.

Data availability. The data that support the findings of this study are available
from the corresponding authors on request.
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