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Abstract

The ultrashort pulsed laser sources and reaction microscope have been extensively

employed to explore the fundamental strong-field ionisation mechanisms over the

last three decades. The aim of this thesis is to gain insight into the subtleties of the

photoelectron dynamics influenced by the few-cycle laser pulses. In particular, it

addresses the possible factors that may affect the photoelectron dynamics. However,

these factors are typically ignored under the umbrella of some commonly used

approximations, which include the effect of magnetic field component of the laser

field and attractive Coulomb field of the parent ion on the photoelectron dynamics.

These effects, collectively called relativistic nondipole effects, are known to have

subtle influence on the recollision electron dynamics and may ultimately affect

the important strong-field processes relying on the recolliding photoelectrons. In

this thesis, we explore the relativistic nondipole effects by performing strong-field

ionisation experiments on the noble gas atoms using linearly-polarised near-infrared

few-cycle laser pulses. The high-resolution photoelectron momentum spectra are

acquired using a reaction microscope, since these effects often manifest themselves in

the transverse electron momentum distribution (TEMD).

The first study is undertaken at different intensities in the range 1014–1015 W/cm2

using Ar as the target gas to investigate the dependence of these nondipole effects

on the intensity. The peak of the TEMD is found to be shifted in the direction

opposite to the laser propagation (counter-intuitive) direction with increasing laser

intensity. The combined effect of the magnetic field induced drift and Coulomb

focusing of the parent ion accounts for this counter-intuitive peak shift of the TEMD.

Owing to the importance of these effects in the strong-field ionisation processes, an

ab initio fully relativistic 3D model based on the time-dependent Dirac equation

(3D-TDDE) is formulated by our theoretical collaborator Igor Ivanov. The theoretical

predictions agree quite well with the experimental results over the entire intensity

range. Moreover, the simulations based on a Yukawa potential further support

the interpretation, which suggests that the Coulomb force is responsible for the

counter-intuitive peak shift, since they do not reveal any peak shift.

The second study reports on the energy-resolved relativistic nondipole effects,

with the experiments performed at 1.5×1015 W/cm2 using Ar and Ne as target gases

revealing unique low-energy features in the photoelectron momentum spectra. The

experimental and theoretical results show energy-dependent tilting of the TEMD and

spectral narrowing for the low-energy photoelectrons. The peak shift of the TEMD
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for the low-energy photoelectrons is found to be in the counter-intuitive direction,

whereas high-energy photoelectrons always exhibit a positive peak shift. To get an

intuitive picture of the underlying physical mechanisms, a modified three step model

is proposed.

In short, the results of this work need to be taken into account for the most

commonly used laser parameters to explain the processes relying on recollision. Also,

the theoretical model based on 3D-TDDE is essential to describe the strong-field

ionisation processes at the truly relativistic intensities i.e. > 1018 W/cm2.
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Chapter 1

Introduction

“Science walks forward on two feet, namely theory experiment...

but continuous progress is only made by the use of both.”

–Robert A. Millikan–

The strong-field interaction of laser pulses with atomic and molecular systems has

been a subject of huge interest over the last few decades as it allows the spectroscopic

investigations to explore their structure, function and dynamics in the quantum

realm. It is important to understand the underlying principles of this interaction,

since the strong modification of these quantum systems by the laser field or the pre- or

post-ionisation dynamics give rise to a large number of interesting phenomena. The

advent of quantum mechanics, in this regard, has provided sophisticated explanations

of the spectroscopic measurements and laid the foundation of important theoretical

models to gain a deep insight into the underlying processes. The approximate

theoretical models based on certain approximations can only provide the intuitive

picture and are usually valid for simple systems only. However, the advancement in

experimental spectroscopic techniques to achieve precise measurements enabled the

theoretical models to evolve by adapting and refining the existing models and vice

versa.

Since the quantum dynamics in atomic or molecular system dominates at very

short length- and time-scales, therefore it requires the tools or probes that are

comparable to their characteristic timescales spanning over femto- to atto-second

regime. The ultrashort pulsed laser systems have proven to be a powerful tool to

explore the time-resolved quantum dynamics in atomic and molecular systems on their

natural timescales. For the detection of ionised particles, the reaction microscope

is considered as the best technique, since it permits the precise determination of

their 3D-momenta along with its angular information [1, 2]. The multi-particle

coincidence measurement capability of the high-resolution detection system and

channel-selective data analysis allows to address several open problems in the field,

which are related to observing, understanding and controlling the few-body quantum

dynamics. However, this thesis is limited to the observation and understanding of

the ultrafast photoelectron dynamics of atomic systems in the strong laser fields.
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Chapter 1. Introduction

When a target atom is exposed to the ultrashort laser pulses, its Coulomb

potential is severely deformed by the strong laser field causing the ionisation to take

place. It is important to take the post-ionisation electron dynamics into account

to relate the experimental observables with the underlying processes. One such

observable is the final photoelectron momenta which could be measured by a reaction

microscope. After the ionisation, the photoelectron is driven under the influence

of laser field with the possibility of revisiting the parent ion depending upon the

laser polarisation. The final momentum of the photoelectron is determined by the

ionisation time and the initial momentum, which decides a particular trajectory for

the photoelectrons. Since, the photoelectron energy is dependent upon a specific

trajectory, the detected energy and momenta provide sub-cycle temporal information.

The control of carrier envelope phase (CEP) can additionally provide a control

parameter for the electron dynamics. The correct interpretation of these observations

relies on the corresponding theoretical predictions, which may vary based on the

model used for the analysis. Even though the approximate methods can decrease

the complexity of the numerical calculations, however, they cannot provide access to

the precise quantitative interpretation in most of the cases when strong ultrashort

laser pulses are involved and where the perturbative approaches are not valid.

The most prominent approximate theories used for the intuitive understanding

of strong-field processes have been the strong-field approximation (SFA) [3,4] and

classical three step model [5]. The three step model ignores the influence of Coulomb

field on the ionised photoelectrons, just like SFA does in its simplest form. It applies

classical concepts for addressing the photoelectron dynamics in the laser field while

introducing the concept of photoelectron recollision with the parent ion. These

theories have successfully explained many interesting strong-field phenomena such

as above-threshold ionisation (ATI), high-harmonic generation (HHG), recollision

dynamics of ionisation and excitation, and nonsequential double ionisation (NSDI).

Other commonly used approximations, in these models or their modified versions,

are dipole approximation and single-active-electron approximation (SAE). Dipole

approximation neglects the effect of magnetic component of the laser field on the

photoelectron dynamics. SAE assumes that only a single weakly bound electron is

involved in the strong-field interaction, which is considered to be released only at

a specific ionisation moment and at a particular phase of the laser field leading to

different trajectories. However, only certain trajectories favor recollision and give

birth to different strong-field processes.

Even though, these models have proven to be successful for the qualitative

description of the above-mentioned processes, the numerical modelling beyond these
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approximation is of utmost importance to properly account for the effect of Coulomb

potential on the photoelectron dynamics with a reasonable quantitative agreement.

Moreover, now it is a well-known fact that the nondipole effects can play an important

role in the strong-field processes for certain wavelengths and intensities. The combined

Coulomb and nondipole effects (known as relativistic nondipole effects) can imprint

unique signatures on the photoelectron momentum distributions obtained as a result

of strong-field atomic ionisation.

The relativistic nondipole effects in the strong-field ionisation are really important

to explore, since they can directly influence the processes relying on the recollision

dynamics. The main goal of this work is to reveal the relativistic nondipole effects in

the experiments performed with the commonly used laser parameters and formulate

an advanced theoretical model to interpret and support the experimental observations.

For this purpose the high-resolution, energy-resolved, angular photoelectron momentum

distributions are scrutinised in detail.

The first part of this thesis concerns with the precise measurements for the

strong-field atomic ionisation of noble gas atoms using linearly polarised near-infrared

few-cycle laser pulses at moderate intensities with the help of a reaction microscope.

This provides the experimental data with peculiar features, which reflect the relativistic

nondipole effects in highly-resolved photoelectron momentum spectra. These effects

manifest themselves in the form of counter-intuitive peak shift of the transverse

electron momentum distribution (TEMD), which appears as a result of the combined

effect of the drift caused by the magnetic field induced Lorentz force and the

attractive Coulomb force. The second part explores the rich low-energy features in

the photoelectron momentum distributions and investigates the energy-dependent

relativistic effects that show a different trend for the low- and high-energy photoelectrons.

The origin of those low-energy features has also been traced back to the Coulomb

focusing effects in addition to the inter- and intra-cycle interferences. Several groups

have tried to explain the nondipole effects using classical and semiclassical theoretical

models, or models based on the numerical solution of the time-dependent Schrödinger

equation using different approximations.

In order to address the observed relativistic nondipole effects in the most

advanced but natural way, a theoretical model based on the numerical solution

of 3D-time-dependent Dirac equation was applied. The theoretical predictions

agree very well with the experimental results and can reproduce the photoelectron

momentum distributions accurately over the entire intensity range used in the

experiments. The development of this theory, which is always considered as a
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daunting task owing to the computationally formidable numerical calculations for

its complexity, has provided the right choice of the model to be employed at the

truly relativistic intensities i.e > 1018 W/cm2 . In summary, this work provides the

interpretation of precise experimental measurements using a cutting edge theory.

It allows the comprehension of underlying physical processes by comparing it with

other approximate theoretical models, which also provides a validity check for the

newly developed theoretical model.

In the course of this thesis, the basic physical concepts related to the strong-field

ionisation and ultrashort pulsed lasers are introduced in chapter 2. The description

of some commonly used approximations in the strong-field physics is also included in

this chapter. Chapter 3 presents the detailed description of the reaction microscope,

which is used as a detection system to probe the strong-field ionisation processes. It

also covers the procedures related to the system calibration and data processing. The

next two chapters describe the original research work done for this thesis. Chapter 4

builds up by discussing the relativistic nondipole effects using transverse electron

momentum distribution as a probe and compares the relevant theories developed so

far. Further, it introduces the measurement protocol along with the data analysis

procedures, followed by a newly developed theoretical model by Igor Ivanov based

on 3D-time-dependent Dirac equation (3D-TDDE) to support and interpret the

experimental results. In Chapter 5, the overview of energy-dependent features in the

photoelectron momentum distributions is presented. As per the particular interest,

the energy-resolved relativistic nondipole effects are explored experimentally as well

as theoretically. Finally, all the results are summarised in chapter 6 with an outlook

on the possible future work, based on the progress developed and presented in this

thesis.
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Chapter 2

Intense ultrashort laser fields: Tool to

explore strong-field ionisation

The remarkable development of high-intensity ultrashort laser systems (recognised by

a Nobel Prize in Physics awarded to Donna Strickland and Gerard Mourou in 2018)

underpins the research related to probing the ultrafast electron dynamics in atoms

and molecules at time scales that were previously inaccessible. The few-cycle pulses,

delivered by these laser systems are particularly important for two reasons. Firstly,

they can produce very high electric field strengths comparable to the electric fields

binding the electrons to the nuclei within atoms and molecules. Thereby, enabling

the strong-field ionisation without increasing the average power of the laser system

to that limit where it is infeasible to perform such experiments. Secondly, they can

provide required temporal resolution to access to the time-resolved experiments for

the investigation of ultrafast electron dynamics.

The research work presented in this thesis is based on strong-field ionisation

experiments using an ultrashort laser system. This chapter provides an overview

of the strong-field phenomena and ultrashort laser pulses. Section 2.1 gives a

brief description of the fundamental ionisation mechanisms. Following that, the

dynamics of electrons after ionisation are discussed in view of a widely acclaimed

semiclassical model. The section concludes by reviewing some of the commonly used

approximations for theoretical description of the strong-field phenomena. Section 2.2

summarises the concepts underlying few-cycle pulse generation with the focus on

Kerr-lens modelocking (KLM) and chirped pulse amplification (CPA) techniques,

since we use a commercially available table-top laser system which employs these

techniques. Then it covers the general theoretical description of ultrashort pulses

and their properties. Finally, it presents details about the specific laser system used

in this work.

Atomic units (~ = e = me = 1) are used throughout this thesis unless indicated

otherwise.
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2.1 Ionisation by strong laser fields

The nonlinear response of matter to the intense laser fields can originate from different

mechanisms that depends on the magnitude of intensity, or in other words, on the

electric and (possibly) magnetic field of the incident laser radiation. Here we present

an overview of these mechanism, valid for single ionisation in the atomic systems.

2.1.1 Single ionisation mechanisms

Low intensities can only slightly perturb the atomic quantum states because of much

weaker external laser field as compared to the static atomic Coulomb field, with

a substantial probability of atoms to remain in their ground states. Under such

conditions, the nonlinear interaction can be described by a perturbative approach,

and the relevant parameter range is classified as the perturbative regime of

nonlinear optics [6]. At intensities on the order of 1013 W/cm2 in the visible and

near-infrared (NIR) spectral range, multi-photon ionisation (MPI) occurs [7]. This is

the process where n photons of energy ~ω are absorbed, given that

(n− 1)~ω < Ip < n~ω, (2.1)

where Ip is the ionisation potential and is equal to the energy required for a

bound-continuum transition in an atom [8]. Lowest-order perturbation theory

(LOPT), in this regard, models the experimental ionisation rates as a function of

absorbed photons n, but it is valid only for very weak laser fields compared to

Coulomb fields [9].

The nonperturbative nature of the interaction starts to appear with increasing

intensity. It manifests itself in another phenomena known as above-threshold

ionisation (ATI), whose origin lies in the laser field-induced distorted Coulomb

potential. It can be considered as an extension of the MPI process, which occurs via

the absorption of extra photons than the minimum required for MPI [10]. The ATI

spectrum1 exhibits discrete peaks with photon energy ~ω as the spacing between

them. The photoelectron energy can be described as

E = (n′ + p)~ω − Ip, (2.2)

1photoelectron energy spectrum obtained as a result of above-threshold ionisation
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where n′ is the least number of photons required for ionisation and p is the numbers

of extra photons absorbed by the atom.

Laser field strengths comparable to (or even higher than) the internal fields of

atoms or molecules can suppress the Coulomb potential so strongly that there is a

high probability of electrons to escape from their bound-states before the reversal

of electric field cycle via tunneling ionisation or over-the-barrier ionisation (OBI).

These circumstances describe the so-called strong-field regime of nonlinear optics.

High harmonic generation (HHG) and long-distance self-channelling are remarkable

implications of the nonlinear phenomenon occurring in this intermediate intensity

regime [5, 6]. Moreover, the coupling of such laser fields with atomic or molecular

energy levels results in the controlled fragmentation of polyatomic molecules or

efficient excitation of the selective states [11,12]. The schematic representation of

different ionisations mechanisms is as depicted in Fig. 2.1.

The trajectory of the electron liberated as a result of strong-field ionisation can

be approximated via Newtonian equations of motions, resulting in a linear response.

However, at intensities order(s) of magnitude higher than the strong-field regime,

the electrons strip off rapidly causing a strong nonlinearity to arise. Moreover, free

electrons can gain relativistic energies, which indicates the onset of the relativistic

regime corresponding to the intensities 1018 W/cm2 or above [13].

Figure 2.1: Illustration of different ionisation regimes. The Coulomb potential (blue)
and the time-dependent electric potential of the laser field (red) combine to form a
modified effective potential (magenta). The transition of electron from the bound
state to a continuum state happens via: (a) multi-photon ionisation, by absorbing
several photons simultaneously, (b) tunnel ionisation, by tunneling through the
barrier at sufficiently high field strengths that can distort the Coulomb barrier, (c)
over-the-barrier ionisation, by easily escaping from the Coulomb potential that is
suppressed below the ground state energy level at very high intensities.
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Keldysh parameter

The description of ionisation phenomena in the strong-field regime is not possible

in the framework of LOPT. However, a semiclassical scaling parameter, known

as Keldysh or adiabaticity parameter [3], provides the distinction and analytical

description of the different ionisation scenarios2 and is defined as

γ =

√
Ip

2Up
, Up =

e2E2

4mω2
, (2.3)

where Up is the ponderomotive energy described as the cycle-averaged quiver energy

of the free electron in oscillating laser field with m and e as electron’s rest mass

and charge, E and ω as laser field strength and angular frequency respectively [8].

Keldysh parameter in terms of electric field strength E and intensity I is given as

γ =
ω
√

2Ip

E
= ω

√
2Ip
I
. (2.4)

Two limiting cases of the above mentioned ionisation processes are characterised

by γ � 1 for MPI (perturbative regime) and γ � 1 for the adiabatic tunneling

ionisation (strong-field regime) with OBI as the upper limit [15]. Adiabatic tunneling

means that the electron follows the slowly-varying laser field adiabatically and

tunnels through the barrier without gaining any energy from the field. At even

higher intensity, the atomic potential is suppressed to an extent that the electron

can escape the atom by passing over the barrier. Further, an intermediate regime

characterised by γ ≥ 1 also exists, which corresponds to the nonadiabatic tunneling

regime in which the electron gains energy by the absorption of photons under the

barrier before tunneling through it. A comparison between the limiting ionisation

regimes is given in Table 2.1.

It is important to note that γ can only be used to roughly determine the ionisation

regime in any particular experiment. In most of the cases, it is difficult to use the

laser parameters determined by the Eq. 2.4 to achieve any particular ionisation

regime because of the experimental limitations. For example, for a fixed wavelength

(e.g. 800 nm in our case) and ionisation potential, very low intensity is required to

perform the experiments in the MPI regime, which results in very low count rate and

poses a challenge to the data acquisition because it requires very long acquisition

time. On the contrary, working in the tunneling regime demands high intensity

with its own setbacks. Thus, the MPI or tunneling regime are difficult to isolate

2for detailed account on Keldysh theory, see e.g. [14]
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tunneling ionisation multi-photon ionisation

γ � 1 γ � 1

Low ω : slow variation of laser
field strength compared to the
timescale of bound state dynamics

High ω : rapid variation in the
laser field strength compared to
the timescale of ionisation process

Adiabatic ionisation Periodically driven ionisation

Continuous energy spectrum Discrete peaks in the energy
spectrum

Table 2.1: Comparison of two limiting cases of ionisation processes: pure tunneling
vs. pure multi-photon

and experiments are typically performed in the intermediate regime where γ ≈ 1.

However, working in OBI regime has less stringent requirements to isolate different

regimes but higher intensities may cause saturation and spatial charge effects.

2.1.2 The three step model

In order to provide the intuitive description of the possible strong-field phenomena,

the behaviour of electrons after tunnel ionisation needs to be investigated. In this

regard, the famous semiclassical recollision model [5] explains that the strong-field

ionisation can be considered as a three step process, as shown in Fig. 2.2. In first

step, the electron tunnels through the Coulomb barrier possessing zero kinetic energy

at the tunnel exit. In the second step, it gains kinetic energy and propagates away

from the parent ion following a classical trajectory under the influence of laser field.

Finally, in the third step, the electron may return back towards the parent ion on the

reversal of laser field, with a possibility of undergoing a recollision or recombination

depending upon the trajectory it followed.

The electron trajectories are mainly determined by the time of ionisation and

birth phase i.e. phase of the laser field when the electron is ionised as shown in

Fig. 2.3. Moreover, the birth phase is also responsible for the energy gained by the

electron from the laser field after ionisation. Although all the recollision phenomena

mostly occur for the linearly polarised laser fields, there are few exceptions in which

recollision happens for slightly elliptic laser fields [16].

The recollision may result in either recombination or elastic/inelastic scattering,

leading to several possible strong-field phenomena. Recombination of electron into its
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Figure 2.2: Illustration of the three step model. The electron enters the continuum
by tunnel ionisation, gets accelerated in the laser field, and finally returns back
towards the parent ion with a possible recollision or recombination.

Figure 2.3: Electron trajectories in a linearly polarised laser field at different times
during the laser cycle (red waveform). The timescale on the abscissa is given as the
multiples of laser cycle period. The green solid trajectory corresponds to the electrons
that ionise before the peak laser field and drift away from the parent ion with the
2Up limit of direct electrons. The black solid trajectory belongs to the electrons
ionising after the field maximum and recollide with the highest recollision energy
3.17Up. The black dashed curve, marks the trajectory of those recolliding electrons,
which rescatter and gain the highest possible drift energy of 10Up by the laser field.
All other black trajectories correspond to the electrons that never recollide. Adapted
from [17].

ground state, with a maximum recombination energy 3.17Up, results in the emission

of extreme ultraviolet (XUV) radiation known as high harmonic generation [18,19].

If the electrons rescatter elastically, they provide structural information of the parent
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ion [20,21]. The maximum energy that an electron can gain by elastic rescattering is

10Up [22]. In case of inelastic scattering, the recollision may cause a nonsequential

double (or multiple) ionisation due to the detachment of other electron(/s) [23,24]

or excitation of bound electrons to the highly excited states. Further, there are cases

when the so-called fast or direct electrons return back to the parent ion but do not

scatter, they can possess a maximum energy of 2Up and yield higher-order ATI [25].

Among the high-energy rescattering phenomena, there also lies a possibility of

low-energy recollisions during a portion of the optical cycle. These soft collisions

may cause a distortion in the photoelectron momentum distributions (EMD) with

prominent low-energy features [26–28], which is of particular interest in this work.

The low-energy electrons may also be captured into the highly excited states of a

neutral atom or molecule after the pulse has passed, leading to frustrated tunneling

ionisation (FTI) [16, 29].

2.1.3 Commonly used approximations

In order to describe the strong-field phenomena theoretically, several assumptions

and approximations are required to make the real processes less complex. These

simplifications are relatively easy to justify in case of atoms as compared to the

molecules, since the molecules show more complicated behaviour. There are a number

of cases when these approximations are not even valid for the atoms as described in

this thesis. The brief description of some widely used approximations common to all

theoretical models are introduced below.

Single-active-electron approximation

In strong-field phenomena, typically it is not required to resolve the individual energy

level of the multielectron atom upon its interaction with the laser field. Moreover, in

most of the cases only the weakest bound electron or few electrons are involved in

the ionisation process and the theoretical description of the process is limited to the

ionisation of only one electron at a time. Therefore, in order to reduce the complexity

of the atomic system, it is desirable to treat it in the simplest possible way. The

single-active-electron (SAE) approximation, in this regard, simplifies the description

of the electronic wavefunction by neglecting the dynamics of all the electrons other

than the active electron. The effective potential created by all other electrons serves

to screen the charge of the parent ion, such that the active-electron experiences the

screened Coulomb field of a singly-charged ion. The parent ion is treated as fixed
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at their equilibrium position r due to its greater mass. Such a situation is mostly

governed by the Hamiltonian of a hydrogen-like ion given as [30]

HSAE =
(α+A(r, t))2

2
− 1

|r| , (2.5)

with A as the vector potential of the laser field and the coupling parameter α→ α+A

used for introducing the coupling with electromagnetic field. The SAE approximation

can successfully model the strong-field ionisation of small atoms and molecules and

even ionisation through the inner-orbitals. However, it breaks down for the large

molecules and clusters [31].

Dipole approximation

In many cases, the dipole approximation is used to facilitate the understanding and

theoretical treatment of the involved physical processes by assuming that the relevant

length scales of the target system λT are much smaller than the laser wavelength λ.

In this approximation, the spatial dependence of the vector potential is neglected,

A(r, t) ≈ A(0, t), (2.6)

with two consequences:

1. The electric field component of the laser field E = −dA/dt is spatially

homogeneous, having only its temporal dependence E = E(t). Intuitively,

this is expected to be a good approximation since the electron stays close to

the parent ion under the influence of Coulomb potential, and the laser field

cannot change between the electron and parent ion considerably. To simplify

the problem, the less important terms in the multipole expansion of vector

potential (Eq. 2.6) can be neglected by disregarding the spatial dependence

over the target system.

2. The Lorentz force, affecting the dynamics of electrons in the presence of

magnetic field is neglected i.e. B = ∇×A = 0. It can be a good approximation

as long as electron’s classical trajectory in the laser field is not significantly

distorted by the magnetic field.

Strong-field approximation

The influence of Coulomb potential on electron’s trajectory in the continuum is often

neglected to simplify the mathematical modeling of strong-field phenomena. This
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short-range potential of the parent ion can be considered as a small perturbation

in comparison to the laser field, which leads to the formulation of strong-field

approximation (SFA) [32,33]. Using this approximation, the electron dynamics is

solely determined by the laser field which works well if the laser field is strong or

if the electron is far away from the parent ion where it can be treated as a free

particle. Conversely, this assumption does not remain valid for weak laser fields

and/or if the electron is very close to the ion, since some physically relevant recollision

related effects cannot be described without taking the ion-electron interaction into

account [27,34,35]. Typically, analytical theories completely rely on SFA, however,

theoretical calculations consider both the Coulomb field and laser fields depending

upon the nature of the problem.

2.2 Ultrashort near-infrared laser source

More than half a century ago, the idea of modelocking [36,37] followed by the first

breakthrough demonstration of laser [38] opened the door for the development of

ultrashort pulsed laser sources3. Using this technique, a large number of oscillating

longitudinal modes in the laser cavity are phase-locked or modelocked by maintaining

an equal frequency spacing with a unique phase relationship with each other leading

to constructive interference and creating ultrashort laser pulses. This phenomenon

lasts for a very short period of time and happens periodically with its repetition

rate determined by the cavity length, thus creating an ultrashort pulse train. The

duration of these pulses depends upon the design and components of the laser cavity.

The necessary condition to achieve shorter pulse duration is to have a large number

of phase-locked modes co-existing in the cavity, which is achieved by using a gain

medium with broad lasing bandwidth. Ti:sapphire4, in this regard, serves as the

most suitable solid-state medium for the generation of femtosecond laser pulses with

a large fluorescence bandwidth of ∼ 230 nm at a central wavelength of 800 nm. In

addition to its wide tunable range (∼ 670 nm to 1070 nm), the special properties

of Ti:sapphire encompassing its broad pumping bandwidth (∼ 400 nm to 600 nm),

excellent optical quality and high laser damage threshold due to excellent thermal

properties make it the ideal ‘high intensity’ laser platform [40,44].

Several different methods based on active or passive-modelocking have contributed

significantly towards the development of ultrafast laser sources delivering pulses in

3For the description of ultrashort laser pulses and associated phenomena, see the textbooks
e.g. [39–41] and reviews e.g. [6, 42,43]

4Titanium-doped sapphire (Ti+3:Al2O3)
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pico- to femto-second time domain5. active-modelocking involves an external signal

produced by an optical modulator to induce amplitude or frequency modulation

of the laser radiation inside the cavity. passive-modelocking, in contrast, does not

require an external signal but needs a nonlinear passive element e.g. a saturable

absorber inside the cavity to induce self modulation of the laser radiation. The

passive-modelocking technique can produce much shorter pulses in the femtosecond

regime compared to active-modelocking methods that can only offer picosecond pulses.

However, in early 1990s, the discovery of Kerr-lens modelocking (KLM)—in quest of

further minimising the pulse duration to sub-femtosecond regime—revolutionised the

modelocking operation in solid-state lasers [47]. Further refinements in this technique

have reduced the pulse duration to sub-10 fs in Ti:sapphire laser systems [48–51].

Kerr-lens modelocking

KLM, also known as self-modelocking, is a passive-modelocking technique based

on nonlinear optical Kerr effect6. This technique has an advantage of almost

instantaneous response to the medium compared to other passive-modelocking

techniques based on saturable-absorbers, thus offering shorter pulse duration. The

Kerr effect in Ti:sapphire crystal, which itself serves as a nonlinear medium in

Ti:sapphire laser system, introduces an intensity-dependent refractive index into the

laser cavity [53]. It gives rise to an intensity-dependent self-focusing of the laser

beam due to self-amplitude modulation (SAM) and a nonlinear frequency-dependent

phase-shift along the beam propagation direction ascribed to self-phase modulation

(SPM), as illustrated in Fig. 2.4. The self-focusing enhances the modelocking

operation and compresses the pulse, whereas chirp due to SPM elongates the pulse.

For a Gaussian laser beam, the refractive index of the nonlinear Kerr medium

varies across the beam profile due to the nonuniform intensity distribution in the

beam. The most intense central part of beam corresponding to TEM00 mode is

affected strongly by the Kerr-lensing effect leading to self-focusing in the crystal. In

contrast, the less intense transverse wings of the beam are not affected much and get

suppressed during each round trip. Thereby, self-focusing leads to the narrowing of

beam waist, resulting in improved overlapping of the laser and pump beam which

favours the amplification of the pulse. In practice, the Ti:sapphire laser cavity is

designed such that its transverse gain profile can be adjusted to support SAM without

using any hard aperture to enhance self-focusing.

5For the detailed description and historic review on the modelocking of lasers see e.g. [45, 46]
6For a detailed review on KLM see e.g. [52]
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Figure 2.4: Illustration of self-amplitude and self-phase modulation induced by
nonlinear optical Kerr effect in Ti:sapphire crystal. (a) Self-amplitude modulation
favors pulse compression due to the focusing effect (b) Self-phase modulation results
in an elongated pulse due to increased chirp.

The SPM, however, delays the most intense central part of the laser pulse relative

to the less intense wings. It causes a compression in the trailing edge (blue shift) and

expansion in the leading edge of the pulse (red shift) leading to a broadened spectral

bandwidth. This spectral broadening permits a shorter pulse duration provided

all the phase distortions during SPM are well compensated. In case of Ti:sapphire

crystal, the competing SPM increases the bandwidth as well as the pulse duration.

Thus, a negative group velocity dispersion (GVD) is mandatory to induce a delay

in the red frequencies with respect to the blue, which can ultimately compress the

pulse. This was initially done by introducing a pair of highly refractive prisms in the

laser cavity resulting in sub 100-fs pulses [54]. The interplay between the negative

group delay dispersion (GDD)—also known as second-order dispersion—and SPM

creates an efficient and stable modelocked system as illustrated in Fig. 2.5.

Figure 2.5: A simplified illustration of the interplay of self-phase modulation (SPM)
in Ti:sapphire crystal and negative group dispersion delay (GDD) for efficient pulse
compression.

Another limiting factor in further reducing the pulse duration originates from the
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third-order dispersion (TOD), which is the dependence of GDD on wavelength, and

causes instability in the modelocking operation [55]. This limitation was overcome

by selecting prism pairs made of fused-silica which have the smallest TOD to GDD

ratio, and the ultrashort pulses in the 10 fs regime started to generate routinely in

Ti:sapphire laser system [48, 49, 55, 56]. The pulse duration was further decreased

to sub-10 fs regime by the development of multi-layer chirped dielectric mirrors

to provide third- and higher-order dispersion compensation [57]. These mirrors

are coated with several layers of dielectric material at different depths to reflect a

specific wavelength of light by each layer and effectively introduce a wavelength

dependent phase-delay. Moreover, they are specifically designed to introduce a

constant negative GDD and higher-order dispersion compensation over a desired

wavelength range. With this progress until now, mirror-dispersion controlled (MDC)

Kerr-lens modelocked (KLM) Ti:sappahire laser system offers the shortest sub-6 fs

pulses directly from the modelocked oscillator [58–60].

The sub-6 fs laser pulses are delivered by the Ti:sapphire oscillator as a pulse

train with a repetition rate of 70–80 MHz and consist of only few optical cycles.

However, with typical pulse energies in nJ regime these pulses are unable to induce

any strong-field phenomena. Given that the gain of the Ti:sapphire crystal is already

inherently saturated and the fact that self-focusing can cause material damage, the

extracted intensity from the pulse cannot be maximised beyond 109 W/cm2 . The

chirped pulse amplification (CPA) technique, in this regard, allows to increase the

energy of weak modelocked pulses while preserving their CEP and initial pulse

duration.

Chirped pulse amplification

CPA is a technique to amplify an ultrashort laser pulse to very high peak power level

(up to PWand beyond) without damaging the gain medium, developed by the 2018

Nobel prize winners Gerard Mourou and Donna Strickland [61,62]. The technique

involves three major steps: stretch the ultrashort light pulse in time (temporal

broadening), then amplify it and finally compress it again, as illustrated in Fig. 2.6.

Stretching the pulse in time with the help of a strongly dispersive component

e.g. a pair of gratings decreases its intensity and thus reduces the possibility of

nonlinear pulse distortion or Ti:sapphire crystal damage due to self-focusing. These

few hundred ps long stretched pulses are then delivered to another Ti:sapphire based

cavity for amplification, where they are amplified by a factor of a million or beyond.

Followed by amplification, these stretched pulses recompress back to their original
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Figure 2.6: Principle of chirped pulse amplification. The ultrashort laser pulses from
the oscillator is stretched by chirping it, then amplifying and recompressing it.

pulse duration (down to tens of fs regime) with the help of another set of gratings or

prisms. This recompression of pulses provides access to orders of magnitude higher

peak power than PW level. Additional spectral broadening by propagating the pulse

in a gas filled hollow-core fibre and proper chirp compensation with the multilayer

chirped mirrors lead to pulses as short as 5.5 fs [63]. With proper focusing, the

intensities as high as 1018 W/cm2 can be routinely achieved.

2.2.1 Mathematical description of ultrashort laser pulses

In general, for a (linearly polarised) ultrashort laser pulse, the time-dependent electric

field amplitude at any (fixed) point in space can be described as7,

E(t) = E0(t) . e
ιφ(t) (2.7)

with E0(t) as the complex envelope responsible for the temporal shape and φ(t) as

the temporal phase of the laser pulse. The frequency-dependent description of the

electric field is also possible if the spectral distribution of the laser pulses is known,

E(ω) = A(ω) . eιϕ(ω), (2.8)

where A(ω) and ϕ(ω) are spectral amplitude and phase respectively [68]. In order to

establish the relationship between time- and frequency-dependent description of the

7For more in depth description see e.g. [39, 64–67]
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laser pulses, Fourier transformation is used, such that

E(ω) = F [E(t)] =
1√
2π

∞∫
−∞

E(t) e−ιωt dt, (2.9)

E(t) = F−1[E(ω)] =
1√
2π

∞∫
−∞

E(ω) eιωt dω, (2.10)

and

E(t) = F−1[E(ω)] =
1√
2π

∞∫
−∞

A(ω) e(ιωt+ϕ(ω)) dω. (2.11)

Based on the interpretation of Eq. 2.11, the electric field of ultrashort laser pulses

can be considered as a continuous superposition of a series of spectral components,

with A(ω) as the spectral amplitude and ϕ(ω) as the spectral phase of individual

components [39, 65]. In experiments, spectral intensity I(t) is the only accessible

quantity that can be measured with a spectrometer

I(t) ∝ |E(t)|2 = |A(ω)|2. (2.12)

.Transform-limited pulse

The characteristic parameters of the laser pulses in the temporal and spectral domain

i.e. pulse duration ∆τ and spectral bandwidth ∆ω, are connected by the virtue of

Fourier transformation and holds the following relation obeying uncertainty principle,

∆τ .∆ω ≥ 2πc, (2.13)

where the constant c of the order of one depends on the pulse shape [39]. In general,

∆τ and ∆ω refer to full width at half maximum (FWHM) of the pulse profile in

temporal and spectral domains. According to Eq. 2.13, a shorter pulse duration can

be achieved only if the spectrum of the laser pulse is broader. The shortest possible

pulse duration τF for a given spectral bandwidth is called Fourier or transform

limit, thereby giving the name to such a pulse as transform-limited pulse. However,

in practice, the actual pulse duration can be beyond the theoretical Fourier-limit

attributed to the pulse generation process and/or propagation of pulse through the

dispersive media or reflection from dispersive optical components.

The properties of the transform-limited pulses are strongly dependent on the

temporal and spectral phase, φ(t) and ϕ(ω), and are discussed as follows.
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Carrier envelope phase and chirp

To investigate the effect of temporal phase φ(t) on the pulse features, Taylor expansion

of φ(t) results

φ(t) = φ0 +
∂φ

∂t
t+ φ̃(t), (2.14)

where φ̃(t) refers higher order terms of the Taylor expansion [69]. The time-independent

constant phase φ0 describes the relative phase between carrier frequency of the electric

field and envelope of the pulse E0(t) and is known as carrier envelope phase (CEP).

In case of few-cycle pulses, CEP becomes significantly important as it strongly affects

the shape of the electric field inside the envelop e.g. resulting in sine or a cosine

pulse.

The first-order derivative of φ(t) (Eq. 2.14) leads to the instantaneous frequency

ω(t) as follows:

d

dt
φ(t) = ω(t) =

∂φ

∂t
+
d

dt
φ̃(t), (2.15)

ω(t) = ω0 +
d

dt
φ̃(t), (2.16)

where ω0 = ∂φ/∂t is a constant central frequency. The Fourier-limited pulse is

achieved when the second term dφ̃(t)/dt in Eq. 2.16 is zero. However, for its

nonzero value, the instantaneous frequency ω(t) varies with time. Based on increase

or decrease in the value of ω(t) with time, the pulses are known to be up- or

down-chirped as illustrated in Fig. 2.7.

Dispersion

When the laser pulse propagates through a dispersive medium, different spectral

components possess different frequency-dependent phase-velocities, leading to a

phenomenon called dispersion (see Fig. 2.8). For few-cycle laser pulses, in particular,

dispersion becomes more obvious due to their broad bandwidth.

In order to explore the unique contributions of spectral phase ϕ(ω), its Taylor
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Figure 2.7: Time-dependent electric field of the carrier envelope phase and temporal
chirp. (a) Pulse envelope and carrier envelope phase at φ0 = 0 and π with black
arrows representing the shift of the carrier envelope. (b) Up-chirped pulse depicting
the instantaneous frequency increasing with time. (c) Down-chirped pulses with
decreasing instantaneous frequency with time.

series expansion at ω0 [64, 70] is given as,

ϕ(ω) = ϕ(ω0) +
∂ϕ

∂ω

∣∣∣∣
ω0

(ω − ω0)
2 +

1

2

∂2ϕ

∂ω2

∣∣∣∣
ω0

(ω − ω0)
3 +

1

6

∂3ϕ

∂ω3

∣∣∣∣
ω0

(ω − ω0)
3 + ϕ̃(ω4),

(2.17)

where ϕ̃(ω4) refers to higher-order terms of the Taylor series expansion. The first

term in Eq. 2.17 is a constant phase, describing the CEP offset. The variation in

CEP arises as a result of mismatch in the velocities of the carrier wave ω0 and pulse

envelope E0(t) in the dispersive media, travelling at phase velocity vp and group

velocity vg respectively. Furthermore, this constant phase shift varies from pulse to

pulse due to the periodicity of carrier wave.

The linear phase variation ∂ϕ
∂ω
|ω0 in the second term of Eq. 2.17 is known as

group delay (GD), which is equivalent to the time spent by the pulse in dispersive

medium causing a time delay without influencing the temporal shape of the pulse.

The inverse of GD per unit length provides the group velocity.

The quadratic variation in the phase ∂2ϕ
∂ω2 |ω0 , given in the third term of Eq.

2.17, is called group delay dispersion (GDD), which causes a frequency-dependent

linear variation in the GD and is also known as linear chirp. The GDD per unit

length yields group velocity dispersion (GVD). Unlike GD, GDD also affects the

envelope or shape of the pulses, since different spectral components shift differently in

time, depending upon their frequency. The GDD can either be normal (positive) or

anomalous (negative), depending upon whether the instantaneous frequency increases

or decreases with time. For example, when a transform limited pulse propagates in a
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normal dispersive medium, the lower frequency components of the spectrum travel

faster than the higher frequency components, thereby lower frequencies accumulating

at the leading edge and higher frequencies at the trailing edge of the pulse produces

an up-chirped pulse [68].

Figure 2.8: Effect of dispersion on time-dependent electric field of the ultrashort laser
pulse. (a) Group delay (GD)–linear phase variation, with black arrows representing
the temporal delay in the pulse. (b) Group delay dispersion (GDD)–quadratic phase
variation, introducing linear chirp in the pulse leading to an increased pulse duration.
(c) Third order dispersion (TOD)–cubic phase variation, deforming and splitting the
pulse into several sub-pulses.

The cubic phase variation ∂3ϕ
∂ω3 |ω0 is termed as third order dispersion (TOD),

and higher-order terms as fourth-order, fifth-order and so on. TOD, also known as

quadratic chirp, affects the pulse in a more complex way. It shifts different frequencies

of the pulse spectrum such that the pulse can be split into many sub-pulses [68]. In

practice, to achieve Fourier-limited pulses, the dispersion should be pre-compensated

or compensated in the experiments to avoid or countervail the temporal broadening

respectively.

Properties of focussed Gaussian laser beams

The focussed fundamental Gaussian laser beam (TEM00 mode8) travelling in the

z-direction, with a Gaussian intensity distribution at the laser focus can be described

as,

I(ρ, z) = Imax0 (z) e
−2ρ2

R2(z) , (2.18)

where ρ =
√
x2 + y2 is the radial coordinate, R(z) is the beam radius at 1/e2 of

8TEM stands for Transverse electromagnetic mode

21



Chapter 2. Intense ultrashort laser fields: Tool to explore strong-field ionisation

intensity and Imax0 (z) is the intensity on a beam axis with

R(z) = R0

√
1 +

z2

z2R
, (2.19)

Imax0 (z) =
2P

πR2(z)
, (2.20)

Here, R0 is the beam radius measured from the centre of the focus (at z = 0), P

is the total power of the beam, zR = πR2
0/λ is the Rayleigh length—the distance

at which the intensity decreases by a factor of 2 [66]. The intensity distribution at

focus of a Gaussian laser beam is as shown in Fig. 2.9.

Figure 2.9: Intensity distribution at the focus of a Gaussian laser beam based on Eq.
2.18. The parameter used for plotting this distribution are λ = 790 nm, f = 70mm,
R0 = 5mm . Black lines depict the regions of constant distinct intensities, whereas
red solid line represents the beam radius R(z) at 1/e2 of intensity, calculated by Eq.
2.19. Red dashed line shows the region where the intensity has dropped to 1/e2.
Adapted from [71].

The focal spot size of the beam can be determined by using the definition of R0,

ω0 =
λf

πRB

, (2.21)

where RB is the radius of unfocussed beam and f is the focal length of focusing lens

or mirror. In order to determine the intensity at the focus (at z = 0 and ρ = 0),

substituting the value of focal spot size in Eq. 2.20 yields

Imax0 =
2PπR2

B

λ2f 2
. (2.22)

According to this relation (Eq. 2.22) the beam with shorter wavelengths will be

more tightly focussed and intense compared to a beam with longer wavelengths.
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It is important to note that the above relations are valid for Gaussian beams

only, but in reality, the laser beams are not perfectly Gaussian and a deviation from

the calculated focal spot size and related quantities is expected. Additionally, lower

intensities also contribute in the strong-field ionisation which is attributed to the

intensity distribution of laser beam. However, these contributions are only marginal

due to a strong nonlinear dependence of the ionisation probability on intensity.

Therefore, by carefully controlling the geometry of the laser beam and confining

the gas jet to a fraction of Rayleigh length, the spatial overlap of the laser and gas

beams can be improved which can ultimately minimise the intensity averaging along

the beam axis.

Now, for a few-cycle Gaussian laser pulse, the simplified expression for the

time-dependent electric field is [72],

E(t) = Eg(t)e
ι((2πω0t)+φ0), (2.23)

where Eg(t) is the Gaussian envelope responsible for the pulse duration, ω0 is central

angular frequency of the laser pulses, and φ0 is the CEP. The Gaussian envelope is

defined as,

Eg(t) = e
−t2

4t2
G , (2.24)

where tG = 1/e2 temporal half width of the electric field envelope. However, the

FWHM pulse duration tpulse is typically described at the FWHM of the intensity

envelope rather than the electric field envelope. Since I(t) ∝ |E(t)|2, the relation

between tpulse and tG can be established as

tpulse = 2
√

2ln2 tG. (2.25)

2.2.2 Few-cycle laser pulse generation and characterisation

The strong-field experiments carried out within the framework of the research in this

thesis employs a commercial Ti:sapphire laser system9,10 based on MDC, KLM and

CPA techniques and delivers few-cycle laser pulses in the NIR spectral region. The

system consists of a CEP stabilised oscillator and a two stage CPA setup to deliver

ultrashort pulses (∼ 30 fs) with energies greater than 0.8 mJ at 1 KHz repetition

9The specific information for the description of the system is based on [73,74]
10Femtopower Compact Pro CE-Phase, Spectra-Physics
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rate. Additionally, a hollow-core fibre multi-layer chirped mirror based compression

stage is used to generate the transform-limited few-cycle (∼ 5.5 fs) pulses by their

spectral broadening. The detailed schematic representation of the laser system is

given in Fig. 2.10.

Oscillator

The self-mode locked MDC Ti:sapphire oscillator11 [50] delivers few-cycle (∼ 7 fs)

low-energy pulses of 2.5 nJ with average output power > 180 mW at a repetition

rate of about 75 MHz with a spectral bandwidth ∼ 250 nm. The Ti:sapphire crystal

is optically pumped at 532 nm by a 3 W continuous wave (CW) diode-pumped

solid-state Nd:YVO4 laser12. The pump beam passes through an acousto-optic

modulator13 (AOM) where its power is modulated to achieve the fast-loop CEP

stabilisation by locking the carrier envelope offset (CEO) frequency.

The optical cavity is based on a tightly focussed four-mirror arrangement comprising

two focusing mirrors, a partially transmissive output coupler, and an end-cavity

mirror [49]. A suitable wedge, placed just beside the output coupler to complement

it, is used to optimise the extra GDD introduced in the cavity. A pair of fixed

double-chirped multilayer dielectric mirrors (DCM)s along with a pair of translatable

thin fused silica wedges provide negative GDD to minimise the cavity dispersion (as

depicted in Fig. 2.10, which is now discussed in-depth). The extra-cavity DCMs

decrease the pulse duration close to their Fourier-limit while the intra-cavity wedges

are used to finely control the overall cavity dispersion. In order to minimise the

cavity instabilities or misalignment due to thermal fluctuations, a water cooling

system is used to stabilise the temperature of the oscillator assembly. It minimises

the mechanical drift of the optical components that may affect alignment and also

maintains the temperature of the Ti:sapphire crystal at 292 K.

The CEO frequency of the pulses at the oscillator output is locked using the

monolithic CEP stabilisation technique [75]. The output beam from the oscillator is

focussed on a PPLN14 crystal to generate frequency doubled laser beam > 1350 nm

using SPM and difference frequency generation (DFG). A fraction of this beam is

then directed towards an avalanche photodetector15 (APD) which creates a signal for

CEO stabilisation. The APD signal then enters the locking electronics16 to provide a

11Femtosource Rainbow, Spectra-Physics
12Verdi V5, Coherent
13IntraAction AFM-405A1
14periodically-poled magnesium oxide doped lithium niobate (PP-MgO:LN)
15MenloSystem FPD510, based on Indium-Gallium-Arsenide InGaAs
16Menlo XPS800
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feedback signal to AOM in the oscillator to modulate the power of pump beam (see

Fig. 2.10). Since the locking electronics operate at high RF frequencies > 10 KHz,

thus known as ‘fast-phase’ stabilisation. The intra-cavity wedges can be used for

the coarse adjustment of CEO frequency as the locking electronics provide limited

control because of its small stabilisation range. The system ensures the same CEP

for every fourth pulse by locking the CEO frequency to a quarter of the repetition

rate of oscillator.

In order to ensure that the beam has correct spectrum and right power for the

operation, a removable magnetic mirror is inserted after the PPLN crystal and

before the stretcher stage to direct the beam towards a spectrometer17 and a thermal

powermeter. The energy of the few-cycle laser pulses from the oscillator is not

sufficient for the strong-field ionisation experiments and is required to be amplified

by at least five orders of magnitude (from nJ to hundreds of µJ). However, they

cannot be amplified in a straight-forward manner as they can increase the intensity

well above the damage threshold of the amplifiers gain medium. Therefore, these

pulses are steered towards the stretcher to temporally stretch them from fs to ps to

decrease their instantaneous intensity and then amplified in separate Ti:sapphire

multi-pass amplification stage setup in a CPA configuration [61].

Stretcher

Two pairs of factory tuned TOD compensating mirrors, a 5 cm long glass slab18, a

photo detector, and an optical isolator constitute the stretcher stage, as illustrated

in Fig. 2.10. The output beam from the oscillator first passes through the TOD

compensating mirrors with a preset number of reflections on them. These pulses

are then retro-reflected through the glass to be temporally stretched—to a safe

limit in the ps regime—by introducing positive GDD. Finally, the beam again

passes through the mirrors to pre-compensate the TOD to be introduced in the

amplification and compression stages. These stretched seed pulses are then directed

towards amplification stage of the CPA scheme. A fraction of seed beam is steered

towards a fast photo detector to measure the oscillator’s repetition rate for CEP

locking and to provide the synchronisation timing signal to the amplifier stage. The

optical isolator is used to prevent back reflections that may cause any instability in

the oscillator cavity.

17Ocean Optics USB4006
18Schott SF57
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Figure 2.10: Schematic representation of the Ti:sapphire laser system. Ultrashort
pulse train is generated by the modelocked oscillator. The pulses are then temporally
stretched, amplified and compressed to generate transform few-cycle laser pulses.

Amplifier

The multi-pass amplification stage [76] consists of a Ti:sapphire crystal (gain medium)

without a cavity, a z-folded confocal focusing setup comprising a pair of focusing

mirrors and retro-reflectors, a Pockels cell between two crossed polarising beam

splitters (PBS), and a Berek compensator (BC) for the adjustment of polarisation,

as depicted in Fig. 2.10. The seed laser beam is guided through a Ti:sapphire crystal
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nine times, which is pumped at 527 nm by an 8 W Q-switched Nd: YLF pump

laser 19 operating at 1 KHz repetition rate. The Ti:sapphire crystal is mounted on

a cryogenically cooled Peltier (∼ 244 K) to maximise the gain and placed inside a

small vacuum chamber to avoid condensation. The viewports of this chamber are at

Brewster’s angle to avoid any losses from the reflections.

During the first four passes, the full 80 MHz train of seed pulses gets amplified.

Prior to the next five passes, the seed beam is steered towards the Pockels cell that

is synchronised with the pump laser such that only one seed pulse is selected for

every pump pulse, thus reducing the repetition rate from 80 MHz to 1 KHz. In order

to ensure the optimal pump energy transfer to the selected pulse, the Pockels cell

is gated for only few tens to hundreds of ns. The timing of Pockels cell is crucial

for the amplifier’s performance, as it is meant to choose the strongest pulse from

the amplified pulse train. The significance of picking the pulse after the fourth pass

instead of last pass lies in the fact that it can reduce the amplified spontaneous

emission (ASE) effectively to avoid narrow-band CW induced optical damage to the

crystal. A Berek compensator is then used to finely tune the selected and rejected

(pre- or post-pulse) pulse contrast aiming for greater than 10000:1 contrast ratio.

The contrast ratio is measured with a photo detector and neutral density (ND) filters.

The selected 1 KHz pulse train is then further amplified during another five passes

through the crystal. The final energy of the 1 KHz output chirped pulse train is

greater than 1 mJ, which is approximately six order of magnitude higher than the

input energy of seed beam, typically yielding 1.0–1.1 W. The chirped laser beam

from the amplifier output is then injected into the compression stage to compress

the pulses back from ps to fs regime.

Prism compressor

Two pairs of Brewster angle prisms with negative GDD maintaining a low TOD and

two pairs of folding mirrors form the compression stage for the amplified pulses [77]

(see Fig. 2.10). Implementation of a double pass folded configuration with the help of

mirrors creates approximately 5 m long beam path between the prisms to provide a

variable amount of negative GDD to counterbalance the positive GDD introduced in

the stretcher stage. However, the prisms overcompensate the TOD while minimising

the GDD, which is precompensated by the chirped mirrors with negative GDD and

positive TOD in the stretcher stage. Any introduced spatial dispersion is minimised

by the retro-reflection through the prisms to reverse it properly. One prism pair is

19Coherent Evolution-15, later replaced by Femtopower Ascend, Spectra-Physics
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mounted on the angular translation stage to provide a fine control over the absolute

amount of GDD introduced in the pulse. A 1 KHz train of ∼ 850 µJ pulses with

pulse duration less than 30 fs is obtained as the output, which is the ultimate

achievable pulse duration at this stage limited by the gain narrowing and higher

order dispersion. Gain narrowing occurs as a consequence of two factors: first, limited

gain bandwidth of the Ti:sapphire crystal and the optics in compressor; second, the

amplification of central region of the pulse spectrum much more than the side wings.

The narrower bandwidth at the prism compressor output ∼ 50 nm is insufficient

to support Fourier-limited pulses. However, these 30 fs pulses—commonly referred

as multi-cycle or long pulses—can be used directly or injected in the hollow-core

fibre setup to compress them down to the few-cycle regime by the virtue of spectral

broadening, thus providing access to the CEP stabilised pulses.

Hollow-core fibre and chirped mirror based compressor

The compression in this stage is based on SPM-induced spectral broadening via

nonlinear propagation of the pulses in a gas filled hollow-core fibre acting as a

waveguide [78] and a subsequent spatial chirp compression with a set of DCMs (refer

Fig. 2.10) by introducing negative GDD [57, 79]. During the propagation in gas,

two nonlinear phenomena occur: self focusing of the beam due to optical Kerr effect

and defocusing of the beam due to emerging plasma resulting from ionisation. The

interplay of these phenomena permits an extended interaction between the laser

beam and noble gas, leading to efficient SPM and thus spectral broadening. The

100 cm long fibre is a fused silica capillary with an inner diameter of 250 µm placed

on a v-grove on an aluminium bar in a vacuum tube filled with neon at ∼ 1.5 bar.

The amount of spectral broadening and thus the minimum possible pulse duration

depends upon the type and pressure of the gas. The large ionisation potential of

neon gas reduces the possibility of multi-photon ionisation, thereby minimising the

detrimental effects on SPM. The gas pressure affects the strength of nonlinearity

to control the spectral broadening and to achieve the Fourier-limit of the pulse. In

order to avoid any impurities that may affect the spectral broadening, the tube is

flushed on regular basis using a vacuum pump20. Thin viewports (0.5 mm thick),

which are fused silica windows at Brewster’s angle, are used at the entrance and exit

of the tube to preserve polarisation.

The fibre can be aligned using a pair of x-y translation stages which holds the

vacuum tube. The laser beam is coupled with the fibre by focusing the beam through

20Diaphragm pump, Model: Pfeiffer MVP-015-2
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the viewport close to fiber tip within the Rayleigh range. In order to avoid beam

pointing fluctuations that may cause a poor coupling of the beam or damage the

fibre entrance, a beam pointing stabilisation system consisting of two sets of position

sensitive detectors21 and fast steering mirrors22 is used. One set is used at the exit of

compressor stage while the other one at the entrance of the vacuum tube containing

fibre. With proper alignment, typically ∼ 50–60 % of the input beam power can

transmit through the fibre. The optimal spectral broadening is achieved by the

careful alignment of the fibre and fine-tuning of the spatial chirp introduced by

the prisms in the compressor stage. Although the laser pulses at the fibre exit are

spectrally broadened, they are not compressed temporally, featuring a strong chirp.

The energy at the fibre output is ∼ 430 µJ with the improved spectral bandwidth >

200 nm.

The laser beam exiting the fibre is collimated by a concave-spherical mirror of 75

cm focal length and then directed towards two sets of DCMs containing nine mirrors23

with eleven reflections on them to compensate the chirp. These DCMs introduce a

negative 400 fs2 GDD approximately, which overcompensate the positive GDD in

the pulse gained through the fibre. However, it precompensates the positive GDD

introduced through air, while travelling to the experimental setup. An additional

small amount of glass in the form of translatable fused silica wedges–close to the

experimental setup–is used for the fine tuning of overall dispersion in the pulse. The

final broadband spectrum obtained as a result of temporal compression can support

∼ 5 fs pulses at central wavelength 750 nm at a repetition rate of 1 KHz. The typical

pulse duration vary from 5.5 fs to 7 fs with a broader spectral bandwidth ∼ 250 nm

and final pulse energy ∼ 300 µJ which is 5 orders of magnitude greater than the

oscillator’s pulse energy (for comparison refer Table. 2.2). The pulse characteristics

such as spectrum, average power and pulse duration can be determined by using a

beamsplitter in the beam path to steer a fraction of beam to the relevant diagnostic

tools.

Every single stage in this laser system is designed such that it can support CEP

stabilisation of the few-cycle laser pulses. As described earlier in the oscillator

section, a ‘fast-phase lock’ stabilises the CEO frequency of the few-cycle pulses with

help of AOM. However, a ‘slow-phase lock’ is required to compensate the long-term

slow drifts in the CEP of amplified pulses, which may be caused by the thermal

fluctuations in the environment or amplifier’s crystal. Instability in the pulse energy

21Thorlabs APT-Quad
22Newport FSM-300 series
23Bought from different companies: five DCMs from Femto-optics and four from Layertech
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Parameters Oscillator Amplifier Prism
compressor

Fibre
compressor

Repetition rate 80 MHz 1 kHz 1 KHz 1 kHz

Spectral
bandwidth

220 nm 40 nm 40 nm 250 nm

Average power 200 mW 1100 mW 900 mW 400 mW

Pulse energy 2.5 nJ 1.1 mJ 900 µJ 400 µJ

Pulse duration < 7 fs > 1000 fs < 30 fs < 6 fs

Table 2.2: Comparison of laser parameters at different stages

or beam pointing can also be a reason of these drifts. Unlike multi-cycle, where the

CEP stabilisation is not so important, few-cycle pulses are very sensitive to CEP

for particular applications in the experiments. Therefore, a fraction of compressed

output beam is directed towards an f - to 2f - interferometer24 to take care of the

slow drifts, when required.

Slow-phase carrier envelope phase stabilisation

The f- to 2f-interferometer is a self referencing technique to measure stabilise the

CEP and is based on two nonlinear phenomena i.e. supercontinuum generation

and second harmonic generation (SHG) [80–82]. For a sufficiently broad spectrum

covering larger than an octave such that the bandwidth increases from f to 2f , the

low and high frequency components of the fundamental spectrum f are as given in

Eq. 2.26 and Eq. 2.27 respectively,

fn = nfrep + f0, (2.26)

f2n = 2nfrep + f0, (2.27)

where fn is the frequency of nth component, frep repetition rate of the laser, f0 is the

CEO frequency and n is an integer. The low-frequency components of the frequency

doubled spectrum f ′ can be written as

f ′ = 2(nfrep + f0). (2.28)

In this broad spectrum, there lies a region in which high frequency components

24Menlo APS800
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of fundamental spectrum f and low-frequency components of the frequency doubled

spectrum f ′ overlap such that 2f ′ = f . The beat signal as a result of this interference

yields the CEO frequency value,

2f ′ − f = 2(nfrep + f0)− (2nfrep + f0) = f0. (2.29)

As the compressor stage does not support the octave spanning spectrum, therefore,

a sapphire plate is employed for the supercontinuum generation. The octave spanning

white light from the supercontinuum is actually the spectrally broadened phase

coherent replica of the original pulse from the compressor. A nonlinear crystal is

then used for the frequency doubling followed by interference of two components in

the same crystal according to Eq. 2.29 [75]. The resulting interferogram is measured

on a spectrometer and then analysed with the help of control software algorithms

to generate a slow correction signal. The extracted CEO frequency value generates

a voltage offset, which is then used in a closed-loop operation using fast-phase

stabilisation electronics (see Fig. 2.11).

Figure 2.11: Block diagram to represent the CEP stabilisation system. A fraction of
the amplifier output is spectrally broadened in a sapphire plate. The green part of
the resulting octave spanning spectrum is overlapped with the frequency doubled
infrared part in an optical interferometer. The correction signal after analysed into
the CEP locking system. Adapted from [83].

In addition to locking the CEP, a controlled variation in the CEP can also be

achieved by varying the dispersion ‘internally’ by the adjustment of oscillator cavity

wedges or ‘externally’ by the insertion of thin fused silica wedges in the beam path.

This dispersion introduces a varying CEP in the pulses depending upon the length

of medium through which they propagate, and is a result of a change in the group
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velocity vg and phase velocity vp of the pulse in a dispersive medium. The control

software also offers this variation electronically by upto 2π.

CEP shift as a function of path length L in the dispersive medium can be described

as,

∆φ0(L) = 2πL
δn

δλ

∣∣∣∣
λ0

, (2.30)

where λ0 is the carrier wavelength. For fused silica as dispersive medium: δn/δλ

= 0.017 µm−1 at λ0 = 800 nm, which corresponds to a CEP shift ∆φ0 of 1.068×
105 rad m−1. Thus, with a matching pair of wedges at 2◦ wedge angle, 1.69 mm of

lateral wedge insertion is required to vary the CEP by 2π [84]. These wedges, which

are mounted on the precision translation stage, allow for the fine tuning of CEP.

Intensity autocorrelation to determine pulse duration

The measurement of pulse duration in femtosecond regime is not possible with

the traditional high speed oscilloscopes, fast photodiodes or any other electronic

devices due to their limited bandwidth (AC) and temporal resolution of the order of

several ps. Autocorrelation techniques, in this regard, overcome these bandwidth

limitations by using a nonlinear medium which provides access to a pulse envelope

with sufficiently broad bandwidth via SHG [85,86]. In the autocorrelation scheme,

the under investigation laser pulse is used as a self-reference to determine the actual

pulse duration. Interferometric autocorrelation, in particular, allows to efficiently

characterise the few-cycle laser pulses by retrieving the data in frequency and time

domain [87].

A Michelson interferometer based autocorrelator25 is used to determine the pulse

duration close to the experimental setup—at the end of the beam line. It consists of

an interferometer head, a spectrometer, and a computerised data acquisition pulse

characterisation interface, as illustrated in Fig. 2.12. Two identical copies of the laser

pulse are produced and recombined with a time delay τ using a 50:50 beamsplitter26.

The time delay τ is introduced by varying the path length via a translatable arm

mounted on peizoelectrically driven translation stage. After recombining, the time

delayed pulses are focussed on a thin nonlinear crystal to produce SHG via an off-axis

low GDD parabolic mirror while keeping the dispersion to a minimum level. The

frequency doubled signal is then filtered detected on the photodetector, which is

25Femtometer, Femtolasers
26thickness: 1 mm, partially reflective coating on the beamsplitter such that one half coated on one

side and other half on other side to provide identical dispersion conditions for both pulses
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Figure 2.12: Schematic representation of the interferometric autocorrelator. The
temporal delay between the laser pulses is scanned in the Michelson interferometer.
The temporal interference fringes are obtained as a result of frequency doubling and
subsequent filtering, which are measured by the photodetector. The pulse duration
is determined by combining the number of fringes with the central wavelength of
laser pulses.

proportional to the convolution of intensities,

S(τ) =

∞∫
−∞

I(t) . I(t− τ) dt, (2.31)

with τ as time delay. When τ = 0, the pulses recombine in phase, transmitting all

the power through the crystal to produce a strong autocorrelation signal on the

photodetector. However, when τ increases to half the light oscillation period, the

completely out of phase recombination causes a very weak close to zero signal.

A constant background signal, indicative of autocorrelator’s proper alignment,

is observed when the two pulses arrive at the crystal separately without any

interference, and it happens when τ is greater than the pulse duration. The measured

autocorrelation signal is thus characterised by a contrast ratio of 8:1 between the

signal amplitudes at τ = 0 and τ →∞. However, in order to determine the pulse

duration, the knowledge about pulse shape is required, which is difficult to ascertain

as the spectral phase is difficult to retrieve in this technique. Thus, for a pulse with

Gaussian envelope, the measured pulse duration τAC is related with the actual pulse
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duration τ as [17],

τ =
τAC√

2
. (2.32)

In practice, the software determines pulse duration by counting the number of

fringes in the autocorrelation signal and the central wavelength of the measured

spectrum as shown in Fig. 2.13. Even though interferometric autocorrelation

technique does not provide any information about its spectral phase, but the simplicity

and accessibility of this technique with a dispersion controlled design provides a

reasonably accurate information about the time scale of the light oscillation period

which enables the measurements of few-cycle pulses down to 5 fs.

Figure 2.13: Pulse duration diagnostics at the entrance of experimental apparatus.
(a) Interferometric autocorrelation trace (b) Laser spectrum with 750 nm ± 30
nm as central wavelength having spectral bandwidth 270 nm. The pulse duration
corresponding to the number of fringes in the autocorrelation trace and the central
wavelength is τ = 6 fs ± 0.1fs.
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Chapter 3

Ultrafast recoil-ion and electron

momentum spectroscopy

As discussed in chapter 2, the ultrashort laser pulses provide access to the ultrafast

electron dynamics in atoms and molecules via strong-field ionisation. In order

to investigate the underlying mechanisms of the ionisation processes, a reaction

microscope (REMI) is employed in this work, which is a device that enables

multi-fragment momentum imaging. It provides highly resolved three-dimensional

momentum distribution of charged fragments, which carry the signature of strong-field

ionisation processes. This chapter describes the concepts and working principle of

the REMI including the description of its setup and relevant details about system

calibration data processing procedures.

3.1 The reaction microscope

During the strong-field ionisation process, the atoms or molecules are fragmented such

that the intra-atomic momentum structure can be determined nearly unperturbedly

from the final momentum states of the reaction products i.e. electrons and ions.

In order to explain the secrets of entangled many-particle dynamics in atoms and

molecules, REMI provides a kinematically complete picture of the fragmentation

process with high momentum resolution and detection efficiency. The term kinematically

complete indicates that momenta (and so energy and angle) of all involved particles

are observed in coincidence.

The reaction microscope has historically evolved from the recoil-ion momentum

spectrometer (RIMS), which is a novel technique to obtain the final state transverse

momentum vector of the recoiling target ion and its charge state as a result of atomic

ionisation due to any kind of radiation [88]. The restricted momentum resolution

of RIMS, due to thermal motion of the target, necessitated the updation of this

technique. An internally cold, well localised target beam produced by the supersonic

expansion of target gas attached with RIMS resolved the problem of momentum

resolution and lead to the birth of cold target recoil-ion momentum spectroscopy

(COLTRIMS). The improved technique together with the coincidence measurement
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of electrons and ions permitted the measurements beyond the Born-Oppenheimer

approximation for molecules and allowed to resolve the correlated motion of electrons

and nuclei [1, 89]. However, the limited acceptance angle of electrons compared

to the ions required a further modification of the existing setup. In this regard,

implementation of the magnetic field along the spectrometer axis improved the

detection efficiency of electrons within 4π solid angle and enabled the decoupling of

their transverse and longitudinal momenta with significantly improved momentum

resolution. This modification opened the venues for the kinematically complete

studies of the atomic and molecular reactions/breakup processes and their ionisation

dynamics, thus giving this technique the name of reaction microscope (REMI) [2,90].

A typical REMI consists of a supersonic gas jet, ultrahigh vacuum (UHV) chamber

with a differential pumping stage, time and position sensitive detectors, uniform

electric and magnetic fields, and a focusing mirror. The focussed laser beam interacts

with the supersonic gas jet in the centre of the UHV chamber, known as reaction

volume. The charged particles i.e. electrons and ions are created in the reaction

volume during these photo-induced reactions, which are then guided towards the

electron and ion detectors using well defined electric and magnetic fields. Full 3D

momentum vectors are obtained from the time-of-flight (TOF) and impact position

of these charged particles. The actual setup is illustrated in Fig. 3.1.

3.1.1 Vacuum system and gas delivery

During strong-field ionisation, the laser intensity is usually high enough (∼ 1014

W/cm2) to ionise most of the atoms or molecules in the reaction volume of REMI. The

presence of background gases in the reaction chamber may give rise to space charge

effect, which occurs when the electron/ion density is too high or electron/ions are so

close to each other that the inter electron/ion interaction cannot be omitted, resulting

in bad resolution and distorted signal. In order to decrease the signal-to-noise ratio

to a minimum level i.e. ratio of the number of particles ionised in the gas jet to

the number of particles ionised in the background, the UHV requirements must be

met by maintaining a pressure of at least ∼ 5× 10−10 mbar in the main chamber of

reaction microscope. These requirements become more stringent for the experiments

which rely on the electron signal e.g. coincidence measurements or measurements to

study electron dynamics, since it is impossible to identify if the electrons are coming

from the background gases or the gas jet.
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Figure 3.1: Schematic illustration of the reaction microscope. The laser beam is
focussed into the reaction volume via back-focusing geometry, where it interacts
with the gas jet causing strong-field ionisation. The electric field of the spectrometer
guides the ions and electrons to the upper and lower detectors respectively. The
magnetic field produced by the Helmholtz coils allows better acceptance for the high
energy electrons. Finally, the electron and ion detectors provide the 3D momentum
distributions of ions and electrons.

Vacuum chambers

The REMI apparatus consists of four vacuum chambers: a source chamber for the

supersonic gas jet, a cross chamber for the possible attachment of another setup, a

collimation chamber with a differential pumping stage, and a main reaction chamber

containing the spectrometer. Typical systems possess a beam dump after the main

reaction chamber, which captures the un-ionised atoms or molecules of the gas jet

to preserve good vacuum conditions. However, our system lacks this beam dump

without significantly affecting its operation.

The vacuum chambers and all other components are UHV compatible to ensure

low-outgassing rates and have low magnetic susceptibility to facilitate a uniform

magnetic field in the centre of the whole setup. To achieve the required pressure

limit in the main reaction chamber, only the UHV pumping system is not sufficient.

Baking the UHV chambers (collimation and main chambers) during pumping at a

homogeneous temperature ∼ 120◦–150◦ C, which is a safe limit for our chambers,

for at least 3–5 days helps in increased desorption of the adsorbed contaminant
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molecules e.g. water, hydrogen, nitrogen and oxygen from the chamber walls and

facilitates the efficient pumping to achieve the required pressure.

Vacuum pumps

The whole vacuum system works in two independent circuits: one for the low vacuum

and high load zone (source and cross chambers) and the other for high vacuum and

low load zone (collimation and main chambers). The vacuum in the high load zone

is produced by two turbo molecular pumps1 backed by a rotary vane pump2, which

creates a vacuum of 10−3 mbar in the source chamber, sufficient for the supersonic

expansion of the gas jet. The UHV limit of 10−10 mbar in the low load zone is

achieved by two turbo molecular pumps3 backed by a turbo pumping station4. The

UHV zone is separated by the low vacuum zone of the source and cross chamber

using a pneumatic gate valve. Two ion gauges are used to monitor the pressure of

collimation and main vacuum chambers. The overview of the vacuum pumps with

their pumping speeds is as illustrated in the Fig. 3.2.

Water and hydrogen being the major contaminants of the UHV system might

create difficulty to achieve the ultimate pressure in the system. Sometimes, mere

baking of the chamber does not help in extracting the water from the chamber

walls, which results in continuous outgassing in the chamber and leads to increased

background pressure. Moreover, it is more challenging to extract hydrogen from the

walls as it can diffuse in them being a light gas. In this regard, the efficiency of turbo

pumps to remove hydrogen along with other light gases is much less, as the turbo works

on the principle of momentum transfer between the gas molecules and rotating blades.

Therefore, a nonevaporable getter pump5 (NEG) is integrated with the main chamber

to extract hydrogen from the chamber walls and decrease the background pressure.

The special getter material of NEG pump contains reactive metals, which can adsorb

the contaminating gases present in the chamber by dissociating their molecules

following a chemical reaction. These gases are adsorbed on the getter surface and

form a solid. It is recommended to use these pumps at pressure < 10−7 mbar, since

the saturation on getter surface decreases the pumping ability and life of the pump.

1Source chamber: TPH 2301 P N Pfeiffer Vacuum , Cross chamber: TMU 261 Y P Pfeiffer Vacuum
2DUO 65, Pfeiffer Vacuum, creating pressure 10−7 mbar
3Collimation chamber: TMU 071 Y P Pfeiffer Vacumm, Main chamber: TMU 521 Y P
4Hi Cube 80 Eco, Pfeiffer Vacuum: consisting of Hi Pace 80 turbo pump backed by MVP 015-2DC
diaphragm pump. The ultimate pressure achieved by the turbo pumping station is 10−7 mbar.

5N400 NEG, gamma vacuum
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Figure 3.2: Detailed rear view of the REMI setup. Four vacuum chambers and two
pumping circuits consisting of roughing and turbo molecular pumps constitute the
entire setup. The pumping speeds of all the turbo pumps are shown in green.

Supersonic gas jet

The intrinsic momentum spread of the gas particles in the reaction volume is of

particular importance in accurately measuring the recoil-ion or electron momenta,

since the momentum gained during the interaction also depends on the initial

momentum of the particle. If momenta of the particles to be measured is small

compared to the intrinsic spread, which is the case at room temperature, no

meaningful information is obtained from these measurements. Therefore, a cold

target gas jet with a narrow initial momentum spread is essential to achieve high

momentum resolution in the strong-field experiments. The supersonic expansion of

target gas at few bars (typically 1–1.5 bar) into the source vacuum chamber through

a nozzle of diameter 500 µm provides an ultracold gas jet, in which the intrinsic

thermal momentum distribution of the molecules is converted into a directional

collective motion with a much narrower momentum spread. The mean free path of

the molecules during this expansion is much shorter than the nozzle’s diameter.

The dynamics of the gas jet during this expansion are determined by the

intra-molecular collisions, which in this particular case results in the formation

of a ‘zone of silence’. In this zone, the molecules undergo a free flow as they do not

interact with each other and possess the same speed causing a decrease in the internal
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temperature of the gas to a few Kelvin. The dimensions of the silence zone are

strongly dependent on the ratio of supply pressure of the target gas and background

pressure of the source chamber, which can be increased by reducing the background

pressure and using well positioned skimmers after the source chamber6.

The funnel shaped skimmer located after the source chamber selects the central

coldest part of the supersonic gas jet and stop the molecules of the gas stream from

backscattering, thereby producing a high velocity directional gas jet. Moreover, the

differential pumping situation created by the skimmers lowers down the required

pumping speeds to achieve higher vacuum after the skimmer. It also allows to control

the width of the gas stream by using specific apertures and adjustable attenuation slits

owing to the free flow of molecules at the skimming position. From the collimation

chamber, the most collimated part of the gas jet enters into the main chamber

through another skimmer of diameter 250 µm aperture . The distance between

skimmer and this aperture further narrows the transverse momentum distribution of

the molecules in the gas jet. Two sets of adjustable attenuation slits, perpendicular

to each other, provides a control over the density of molecules in the reaction volume

by making the gas stream even narrower. This arrangement helps to reduce the

space charge effect in the reaction volume. Fig. 3.3 illustrates the schematics of the

supersonic gas jet inside the REMI setup.

Only the molecules having very small transverse momentum interact with the

laser in the reaction volume. The laser beam is tightly focussed to a spot size 7.25 µm

in the reaction zone by a spherical mirror of 25 mm diameter and 75 mm focal length

mounted on a base plate connected with a bellow to an external 3D translational

stage. The translational stage is controlled manually and allows the alignment of

focusing mirror for a perfect overlapping of the gas jet of ∼ 250 µm and focussed

laser beam.

3.1.2 Detection system

The charged particles originating from the reaction volume are accelerated and

guided towards two large-area position and time sensitive detectors with the help

of homogeneous electric and magnetic fields provided by the spectrometer and

Helmholtz coils respectively.

6For the detailed information about the operation of supersonic gas jet, see e.g. [91]
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Figure 3.3: Detailed front and inside view of the REMI setup. Horizontal and vertical
micrometers are used for the alignment of gas jet through apertures and skimmers.
Four attenuation slits controlled by the micrometers are used to control the gas
density in the main chamber.

Spectrometer

The spectrometer consists of a series of 46 equidistant annular copper electrodes

stacked together along the z-axis with a separation of 0.5 cm. A constant resistance

1 KΩ between the adjacent electrodes is used to maintain a homogeneous electric

field between the ends of the spectrometer along its axis, specifically around the

reaction volume. A cut-out in one of the electrodes along the laser beam and four

electrodes along gas jet close to the reaction zone allow the focussed laser beam to

pass through without clipping. The direction of the extraction field is along the

spectrometer axis (z-axis) perpendicular to both the laser beam (y-axis) and the

gas jet (x-axis). The ions and electrons are accelerated towards the top and bottom

detectors respectively, with two meshes7 mounted in front of them. These meshes

at both ends of the spectrometer reject the unwanted external fields, suppress the

electrostatic lensing effects, shield the high operating voltage of the detectors and

thus ensure a uniform electric field within the spectrometer8 (Fig. 3.4).

The reaction volume is located at 1/3rd of the distance from the ion detector,

7Mesh80, RoentDek Handels GmbH
8For detailed information about the mesh, please refer e.g. [92]
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which is approximately 7 cm. Thus, electrons traverse the double distance compared

to ions to reach the electron detector. Since the gas jet is directed along x-axis, the

charged particles possess an initial momentum in this direction and therefore follow

the mass dependent parabolic trajectories.

Figure 3.4: Schematic illustration of REMI spectrometer.

Typically, the spectrometer consists of an extraction region and an electric

field-free drift region. The extraction region is used to extract the charged particles

from the reaction volume, whereas the drift region allows to enhance the momentum

resolution. The performance of these regions can be optimised by using meshes of

variable transmission, right choice of field strengths and occasionally by introducing

electrostatic lensing. However, in our setup, there is no drift region and the

momentum resolution is merely controlled by the applied field strength. In order to

extract all the particles of interest, the applied field is required to be strong enough

to collect all of them. However, because of shorter time-of-flight and narrower spatial

distribution of the particles at higher field strengths, the momentum resolution is

deteriorated. Therefore, the applied field is optimised as per the requirement of a

particular experiment, whether it demands higher momentum resolution or better

collection efficiency. Most of the time, there has to be a compromise between both
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factors. A dual channel high voltage power supply module9 provides the potential

difference at the two ends of the spectrometer increasing constantly between the

adjacent plates to provide the appropriate electric field strength.

Helmholtz coils

Even though the electrons and ions are created in the same ionisation event and they

are guided towards their respective detectors with the same electric field, they possess

very different velocities and energies due to the enormous difference between their

masses and because of momentum conservation. The collection efficiency, acceptance

angle and momentum resolution of the electrons can be improved by incorporating

a magnetic field parallel to the electric field, which confines the electrons close to

the spectrometer axis by forcing them to follow spiral trajectories and permits their

detection in 4π solid angle [93]. In this way, the electric field can be kept low to

retain the better momentum resolution. The effect of the magnetic field on the

motion of electrons can be treated separately as long as it is exactly parallel to the

electric field, since the Lorentz force induced by magnetic field is perpendicular to

the force due to electric field gradient.

Typically a pair of large Helmholtz coils aligned symmetrically along the spectrometer

axis are used to generate a uniform magnetic field. They are separated by the distance

equal to their radii. Same current, equal in magnitude and direction, passes through

both coils and produces a magnetic field that can be doubled by doubling the value

of current. The undesirable external magnetic fields and the magnetic susceptibility

of the REMI setup may affect the homogeneity of the magnetic field generated by

the coils. The latter factor has already been taken care of while designing the setup,

however, the external magnetic field may result from the electrical devices close-by or

earth’s magnetic field and needs to be cancelled. The affect due to electrical devices

can be avoided by restricting them in that zone, however the interruption due earth’s

magnetic field is constant. It arises owing to the fact that the spectrometer axis does

not necessarily has the same orientation as earth’s magnetic field in that particular

location (along horizontal plane in our lab) even if it is constant on the length scale

of the coils. Two additional compensating coils, therefore, provide an easy control

by cancelling the undesirable components using the appropriate parameters.

9NHQ 214M, iseg GmbH company
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Time and position sensitive detectors

After being guided through the spectrometer, the ion and electron detectors at its

both ends precisely determine the TOF and impact position in two steps. In the

first step, the impact of the particle is amplified by a micro-channel plate (MCP)

to produce TOF signal. The charged particles impinge the MCP and trigger an

avalanche process to create an electron cloud, thus enabling signal amplification for

every single hit. The resulting current provides the information about the time of

impact. The reference time provided by the laser system allows to determine the

TOF of the particle. In the second step, the information about the impact position is

determined by measuring the centre of mass of the electron cloud using a delay-line

anode (DLA) mounted at the backside of the MCP (see Fig. 3.5).

Figure 3.5: Time and position sensitive delay-line detector for ions. The impact
of ion on the chevron MCP creates an electron cloud, which is projected on the
delay-line anode placed a few mm apart. Figure adapted from [71].

Micro-channel plate:

MCP [94] is a few mm thin wafer of glass, penetrated by fine channels throughout

its surface working as electron multipliers via cascading secondary emission . The

inner walls of these channels are coated with suitable semi-conducting material. The

detection side of the MCP acts as an electrode, which is formed by a metallic coating

on its surface. The more positively charged back surface of the MCP compared to

the front surface allows to attract the electron cloud by providing a voltage difference

of ∼ 1200 V at the maximum between its front and back surface. Otherwise, there

will be a hindrance in the effective multiplication due to excessive electrons at the

end of MCP channels. In the present REMI setup, DLA provides a surface at

increased positive potential to attract electrons. The removal of electron cloud from

the MCP results in a small current that produces a voltage pulse retrieved by the

capacitive decoupler, which ultimately provides the timing information of a specific

44



Chapter 3. Ultrafast recoil-ion and electron momentum spectroscopy

hit. Moreover, a large number of fine channels preserves the information about the

impact position.

A single MCP provides an electron amplification of the order of 103–104. The

amplification is less due to the fact that not all the incident particles trigger the

secondary electron emission in the MCP and thus they are not detected. By

operating a pair of MCPs in series, known as chevron configuration MCP, the

electron amplification factor can be increased to 106–107. In Z-stack MCP, with

three MCPs in series, the electron amplification saturates at a few times 108. The

overall voltage applied to the MCP increases with the number of MCPs in the stack,

which is typically 2 KV or higher. The preferred mode of operation is to apply

highest voltage on MCP, as it can maintain a constant signal due to saturation at

that voltage, irrespective of the impact energy of ions or electrons.

Delay-line anode:

DLA [95] allows to extract the information about the impact position of the particle

from the electron cloud removed from the back surface of the MCP. Typically it

consists of two or three layers of a long thin copper wire pair to determine the two

dimensional impact position. The wire pairs are wound around the holder-plate in

such a way that the side of base plate facing the MCP has equally spaced parallel

wires. The two wires of each pair, known as reference and signal wires, are electrically

isolated from each other and the holder using threaded ceramic parts and are

responsible to determine the position along one axis. The electron density increases

in the section of wires where the electron cloud hits the windings at the same time.

To attract the electron cloud from MCP back, a more positive voltage ∼ +250 V

compared to MCP back is applied on both wires. The signal wire has even slightly

higher potential ∼ +50 V with respect to the reference wire to favour more electron

collection. As a results, the signal consisting of collected electrons, propagates along

the signal wire in both directions and is detected at each end of the wire as a current

pulse with reference wire working as a relative ground. This configuration ensures

to provide a constant impedance to reduce noise. By measuring the difference in

propagation time ∆t to each end, one co-ordinate of the impact position can be

determined. Another layer, rotated by 90◦, provides the second co-ordinate of the

impact position. The measured ∆t depends on the initial spatial offset of the electron

cloud with reference to the center of the windings of DLA and consequently on the

impact position of the particle.

DLA provides a higher spatial resolution owing to the fact that several wires

of the DLA collect signal from the electron cloud expanding from the MCP back,
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which is resulting from a particle impact on the MCP front. By determining the

centre of mass of the resulting signals, a higher resolution is achieved irrespective

of the wire spacing of DLA. Moreover, the DLA also offers multihit capability i.e.

the ability to detect and distinguish the position of several particles arising from

the same ionisation event within very short time. The high voltage power supply

module10 is used to supply the voltages to all the detectors.

Ion detection

After passing through the mesh at the end of spectrometer, the ions are guided

towards a delay line detector11 (DLD) consisting of 80 mm chevron MCP stack and

a DLA with multihit capability. The DLD provides the information of ion impact

with high spatial and temporal resolution12.

The ions are accelerated towards the MCP front at a potential ∼ -400 V. The

ion impact on the MCP front generates a TOF signal and triggers the formation of

an electron avalanche, which accelerates towards MCP back at a potential ∼ 2000 V.

The resulting electron cloud is further accelerated towards DLA with signal wire at

∼ 2250 V and reference wire at ∼ 2200 V which allows to retrieve the the impact

position (x, y) on the detector. The 3D momentum vectors (px, py, pz) are calculated

using the impact position and time and other parameters such as spectrometer length

(25 cm), spectrometer voltage, mass and charge of the ion, and reference time t0 at

which the ionisation event happens.

Electron detection

The electron detector consists of Z-stack MCP with 80 mm hexagonal delay-line

anode13 having three delay-line layers, which provides an improved detection system

for the electrons. The three layers at an angle 60◦ with respect to each other provide

redundant information to boost the multihit performance by resolving the ambiguous

position information of electrons and minimising the dead-time. The dead-time

refers to the brief time window during which the detector is insensitive to detect

another particle, typically 10 ns for DLD. In case of two electrons impacting the MCP

simultaneously, at least two layers of the Hexanode will provide the timing signals

differently which aids in distinguishing the position of both electrons, except for the

case when they hit exactly the same point. Compared to the ion detector, where the

10NHQ 214M, iseg GmbH company
11DLD80, RoentDek Handels GmbH
12For the detailed information about the working and specification of DLD, please refer e.g. [96,97]
13HEX80, RoentDek Handels GmbH
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two-layer DLD is sufficient for the detection of ions, the electron detector requires

redundant detection capability owing to the fact that the multihit events will be

dominant in case of electrons at higher intensities or due to double/higher ionisation.

Moreover, all the electrons reach the detector typically in 100 ns compared to the

ions which take several µs.

Considering the negative charge of electrons, the MCP front is kept at a low

positive voltage ∼ 600 V compared to the MCP back at ∼ 3400 V. The signal wire

is kept at a further high voltage ∼ 3650 V, with the reference wire at ∼ 3600 V. The

3D momentum vectors for electrons are determined in the same way as for ions14.

For the typical values of the parameters related to electron/ion detection, please see

Table. 3.1.

Parameters Typical values

Electric field 30 (V/cm)

Magnetic field 800 µT

Ion acceleration region 7 cm

Electron acceleration region 18 cm

Active diameter of MCPs 80 mm

Ion flight time ∼ 104 ns

Electron flight time ∼ 102 ns

Electron cyclotron period ∼ 70 ns

Table 3.1: Typical parameters: field strengths, basic geometry and characteristic
times.

3.1.3 Signal processing

The signals obtained from the detectors are processed in the following major steps: (1)

decoupling and amplification of the signal, (2) discrimination and digital processing

of the decoupled signals. The quality of the acquired data depends upon the fine

adjustments on every single step, which ultimately affect the experimental results.

Decoupling and amplification

The current pulses that are produced as a result of a particle impact on the detector

need to be decoupled from the high voltage MCP and DLA for further processing. The

14For the position and time encoding for the HEX detector please refer [96]

47



Chapter 3. Ultrafast recoil-ion and electron momentum spectroscopy

decoupling step requires a careful filtering of the voltage dip caused by these current

pulses. In case of MCP, a resistor and capacitor based high-pass filter performs this

task. The decoupling circuit is connected with both sides of MCP, thus the signal can

be retrieved from any side. The impedance between the decoupling circuit and the

cables (connecting with the subsequent electronics) is matched carefully to reduce

any electronic reflections. In case of DLA, the difference signal of the signal wire

and reference wire is also decoupled resulting in a noise-free signal.

The decoupled signals are then amplified at the next stage by ensuring that their

time-resolution remains preserved. The electrical amplifiers used for the ion signal15

and electron signal16 provide a large bandwidth to support the fast rise-time (∼ 7 ns)

of the leading edge of the signal pulse, which is typically 10% to 90% of the signal

height17.

Discrimination and digital processing

At this step, the amplified signals are fed into a constant fraction discriminator18

(CFD) to convert them into standardised logic nuclear instrument module standard

(NIM) signals. This conversion make the signals less sensitive to the external noise.

CFD ensures to provide the precise timing information by generating an output

signal always at a constant fraction of the original signal height, which makes

the timing information independent of the signal height. During this process, an

attenuated inverted copy of the original signal delayed by 80% of the signal rise

time is recombined with the original signal. The zero-crossing of the resulting signal

triggers the NIM signal, while preserving the original timing information during this

digitalisation process. Finally, after the conversion, the NIM signals are processed

digitally with the 2D position of the particle hit mapped on the detectors with the

appropriate calibration of the timing unit. Fig. 3.6 shows the schematics of all

involved components.

3.1.4 Data acquisition

To allow multiple hits on the detector, a certain time delay (∼ few µs) is given to

the trigger for recording an event in that time range. An 8 channel time-to-digital

15ATR19, ReoentDek Handels GmbH
16FAMP8 ReoentDek Handels GmbH
17For technical details of these amplifiers, please refer e.g. [98, 99]
18ATR19, RoentDek Handels GmbH for ions and CFD8c, RoentDek Handels GmbH for electrons.

For technical details please refer e.g. [98, 100]
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Figure 3.6: The signals from both detectors are further processed by passing
through a series of other components, that include delay pulse generator, decouplers,
amplifiers and constant fraction discriminator for both ions and electron detectors
and time-to-digital converter.

converter (TDC) PCI card19 is used to record the multihit signal with the timing

resolution 25 ps/bin with respect to the trigger signal. This card is useful for

high-repetition rate systems due to the fact that they can support 2 × 106 hits/s

without any dead time during readout, while still permitting the new data acquisition

during readout time. It also allows one to record the laser pulse timing signal

19TDC8HP, RoentDek Handels GmbH, for technical details please refer, e.g. [101]
PCI stands for Peripheral Component Interconnect
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acting as a trigger to define the common reference zero time, since it induces the

under-investigation strong-field ionisation process. Consequently, the particle hits

are recorded for every single laser pulse and then saved in a file using an event-based

approach provided by RoentDek’s commercial program package COBOLD, which is

a complete data acquisition and analysis program.

3.1.5 Data processing and analysis

The design of REMI’s detection system ensures the high-resolution of the coincident

measurements. However, it only provides the raw data containing the timing

information, which is used to derive the position information. Therefore, data

processing including momentum reconstruction and calibration as well as careful

data analysis are mandatory for the accurate interpretation of the acquired data.

CoboldPC20 communicates with the TDC to reconstruct particles’ 3D momenta from

the raw data. It also allows the post-processing of data and real-time visualisation of

the coincident measurements by using the scripts written in Microsoft’s visual-studio.

The processed data is then presented in the form of histograms and 1D or 2D

plots expressing different properties of the acquired data. Moreover, the processed

data can be exported in ASCII21 format for further data analysis and visualisation

using custom written codes in Mathwork’s Matlab. For a detailed description of

momentum reconstruction, calibration procesures and relevant discussion, please see

e.g. [17, 71,103].

Momentum reconstruction

The momentum of the charged particle is derived from their equations of motion

in electric and magnetic fields using their TOF and position information. These

equations are a bit more complicated for electrons compared to ions due to the

cyclotron motion of electrons in the presence of magnetic field. Two assumptions are

made for this momentum reconstruction: (1) each atom or molecule is assumed to

have the initial momentum just because of the translational temperature of the gas

jet, (2) there is a negligible momentum transfer from photon to the target gas atom

or molecule.

All the momentum vectors can be presented as a sum of transverse and longitudinal

vectors, such that (P⊥,P‖) = (
√

(Px + Py)2), Pz) where P⊥ = (Px, Py, 0) and P‖ =

(0, 0, Pz), see Fig. 3.7. As the laser field is linearly polarised along z-axis, so

20For further details about the COBOLD program, please refer e.g. [102]
21American Standard Code for Information Interchange
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the transverse components–perpendicular to laser polarisation plane–can be along

y-axis (laser propagation direction) or x-axis (direction of gas jet). The longitudinal

components of velocity are along z-axis i.e. parallel to the laser polarisation.

Figure 3.7: Convention of momentum components and angles in cylindrical
co-ordinates, as used throughout this work. The transverse P⊥ and longitudinal P‖
components of momentum holds the necessary information of the charged particle.
Directions of target gas beam, laser beam and spectrometer axis are along x, y and
z directions respectively.

The longitudinal component P‖ of the charged particles along the spectrometer

axis can be reconstructed from the measured TOF only, without any information

about its impact position. Moreover, the magnetic field does not affect P‖ as it has

no influence on the TOF of the particles. The TOF of the ion with mass m and

charge q possessing an initial longitudinal momentum P‖ and accelerated by the

extraction voltage U over an acceleration length d is given as [104]:

tP‖ =
2md√

P 2
‖ + 2mqU ± P‖

. (3.1)

The ± sign depicts the direction of extraction of the particle with respect to the

spectrometer axis. In case of an adjacent field-free drift region of length r, the above

equation includes mr/
√
P 2
‖ + 2mqU as an additional term. Eq. 3.1 depicts that

TOF is proportional to the square root of mass to charge ratio, thus it can be used

to mark different ion species in the spectrum as shown in Fig. 3.8. The longitudinal

momentum of ions can be retrieved by evaluating the inverse function P‖(t) of Eq.
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3.1, whose analytical solution results in

P‖,ion(t) =
dm

t
− qU

2d
t. (3.2)

The numerical solution of Eq. 3.1 is used to determine the longitudinal momentum

of an electron by employing Newton’s method [69].

Figure 3.8: m/q spectrum for ions obtained from strong-field ionisation of Ar by
infrared few-cycle laser pulses at 2 × 1015 W/cm2.

For the transverse components P⊥ of the charged particles, the position information

and TOF, both are essential for reconstructing particles Px and Py components,

which are perpendicular to the spectrometer axis. Also,the mean velocity of atoms or

molecules in the jet needs to be considered for the reconstruction of P⊥, which may

cause a spatial shift in the impact position of the charge particles. Moreover, the

magnetic field–applied to constrain guide the electrons towards the detector–affects

the trajectory of the electrons without affecting their absolute momentum. The

longitudinal momentum of the electrons is not affected by this magnetic field, since

it has no influence on the TOF of the electrons. However, it influences the transverse

component of the electrons owing to the cyclotron motion of electrons caused by the

magnetic field. For an electron having initial transverse momentum P⊥, travelling to

the detector under the influence of magnetic field, its circular trajectory is as shown

in the Fig 3.9. The cyclotron frequency ωc and magnetic field strength B are related
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as

ωc ≡
2π

tc
=
qB

m
, (3.3)

with tc as cyclotron period, q as charge and m as mass of the electron. The radius

Rc of the trajectory in terms of electron’s transverse momentum P⊥ is given as

Rc =
tc

2πm
P⊥ =

P⊥
qB

, (3.4)

which shows that a direct determination of P⊥ is possible by the measurement of R

as a function of B and q.

Figure 3.9: Trajectory of an electron in the xy plane with initial transverse momentum
P⊥ and magnetic field along the z-axis. Adapted from [104].

As depicted in Fig. 3.9, the impact position (r, θ) of the electron and the angle

α = ωt as function of TOF are measureable quantities, which can be used to

determine the radius of the cyclotron trajectory, such that

Rc =
r

|2 sin(α/2)| . (3.5)

The transverse momentum P⊥ of the electron can thus be obtained by using Eq.

3.3, Eq. 3.4 and Eq. 3.5, which yield

P⊥ =
ωcmr

|2 sin(α/2)| . (3.6)

The corresponding angle of the electron’s transverse momentum P⊥ (emission
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angle) can be obtained as a function of measured angle θ, such that

φ = θ ± α

2
mod 2(π), (3.7)

where ± sign refers to clockwise (for ions) and anticlockwise movement (for electrons)

as per Fig. 3.9.

The transverse momentum of ions P⊥,ion can be determined by using Eq. 3.6

with the sine function approximated by its argument, since the cyclotron frequency

of ions ωc approaches to zero due to their larger mass compared to the electrons,

P⊥,ion = lim
x→0

P⊥ =
mr

t
. (3.8)

The 3D momentum distribution of electrons reconstructed by using the longitudinal

and transverse momentum distribution are as shown in Fig 3.10.

Figure 3.10: Full 3d momentum reconstruction using position and time information
from the detector resulting from strong-field ionisation of Ar by infrared few-cycle
laser pulses.

Calibration

The exact knowledge of all the experimental parameters is mandatory for the correct

momentum reconstruction. These parameters include the position and velocity of

the gas jet and precise spectrometery details e.g. acceleration and drift lengths of

the spectrometer, applied voltages, extraction and magnetic field strengths, absolute

time-zero and so on. Some of these parameters need to be adjusted according to

the particular need of an experiment. Even for the same experiment, they may
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slightly vary over time and cause evident deviations in the momentum spectra.

Therefore, precise adjustment and suitable calibration procedure is required for every

single measurement to ensure the accuracy of the data. The calibration provides

consistency between electron and ion momenta within a single data set and ensures

the comparability of different data sets.

During the data analysis procedure, majority of the factors, constants and

parameters defined by the experimental setup can be extracted from the data itself,

thus providing an advantage of self-calibration. Some of the parameters related to

the spectrometer geometry are calibrated only once on their assembly and are kept

fixed onwards e.g. the position calibration of detectors. These fixed parameters are

assigned appropriate values and the rest of the parameters are adapted accordingly

during the calibration process, owing to the fact that the variation in any of the

experimental parameters affecting the reconstructed momenta can be compensated

by adjusting other parameters. A brief description of the calibration procedures22

for longitudinal and transverse momenta is given below:

Longitudinal momentum:

The longitudinal momentum of ions and electrons depends upon the TOF, acceleration

length and extraction field strength. The TOF is calibrated by introducing a

time-offset parameter, since the initial laser trigger might have shifted. The time-offset

calibration is achieved by following the procedures specified for electrons and ions

independently. The acceleration length for both ion and electron detectors remains

fixed. The only parameter left for adjustment is the extracting voltage, which is tuned

such that the longitudinal momentum distribution of ions are centred at zero (see

Fig. 3.11(a) and the sharp peaks of the ion TOF spectrum or mass/charge spectrum

fit precisely (see Fig. 3.8). Moreover, fitting the electron-ion coincidence spectrum

along the diagonal line PI‖ = PE‖ offers an improved electron TOF calibration and

ultimately the well calibrated longitudinal momentum as shown in Fig. 3.11.

Transverse momentum:

Unlike longitudinal momentum, the ion and electron impact positions are required

for calibrating the transverse momentum. Owing to the velocity of the gas jet, the

ions from the jet cannot determine the centre of the ion detector. However, the

ions from the background gas can be used to determine the centre position, which

ultimately calibrates the velocity of the gas jet, see Fig. 3.12.

The centre of the electron detector is determined by electron’s cyclotron motion,

since they refocus to the same central point along the spectrometer axis after every

22For the detailed calibration procedures, please refer e.g. [17, 103,105,106]
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Figure 3.11: (a) Calibrated longitudinal momentum distribution of Ar+ (b)
Coincidence spectrum as a function of electron and ion (Ar+) longitudinal momenta.

Figure 3.12: ((a) Spatial distribution of background H2O
+ to calibrate the position

of ion detector. (b) Calibration of the gas jet velocity. The velocity of Ar jet is set
to 500 m/s such that the jet hits the detector at (0,0) position.

round trip. However, the electron’s ideal trajectory might drift due to slight variation

in the magnetic field or laser beam, which can be calibrated by calibrating electron’s

cyclotron period using the time nodes formed by their revisit to the spectrometer

axis. At the same time, it also calibrates the absolute time-zero and magnetic field

strength see Fig. 3.13. The time nodes are aligned along transverse axes x = 0, and

y = 0 by choosing the appropriate correction factors.

Finally, the calibrated position and momentum distribution is obtained by using

the well-calibrated timing and position information, as shown in Fig. 3.14, whereas the

full calibrated electron momentum distribution is reconstructed by the corresponding

longitudinal and transverse momentum distribution, as shown in Fig 3.15. The

electron TOF is adjusted to optimise the axis of symmetry such that it is located

exactly at P‖ = 0. The longitudinal momenta at -0.69 a.u. and 0.5 a.u. corresponds

to the nodes of the electron TOF when they return to the spectrometer axis. At

these points the transverse momentum cannot be reconstructed.
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Figure 3.13: (a) Cyclotron motion of electrons as depicted by the wiggle spectrum
with y position as a function of electron TOF and tc as the cyclotron period.

Figure 3.14: (a) Calibrated spatial distribution and (b) momentum distribution of
electrons on the detector.

Figure 3.15: Calibrated 2D full electron momentum distribution (logarithmic scale)
obtained from strong-field ionisation of Ar by infrared few-cycle laser pulses.

3.1.6 Acceptance and resolution of the system

The performance of the detection system is determined by the acceptance and

resolution for the particles of interest. The detection of ions is generally less

complicated than their corresponding electrons which travel much faster. However,
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processes like coulomb explosion or dissociation may result in faster ions, which

might pose difficulty in containing all the ions on the detector depending upon their

masses. Considering all other calibration parameters to be fixed, the right choice of

the electric and magnetic field strength is of crucial importance, since both of them

affect the acceptance and resolution.

For example, in order to increase the acceptance of higher energy electrons on

the detector, the value of magnetic field can be increased to confine them spatially.

However, it results in poor momentum resolution due to the periodic refocusing of

electrons in the xy-plane with shorter round trips. In order to cope with this situation,

the electric field can help in increasing the momentum resolution by pushing the

electrons between two time nodes only. But, in this situation, the TOF resolution

along the z-axis will be affected due to narrowing of TOF at higher electric field

strengths. Therefore, a careful optimisation of the electric and magnetic field is

required to improve the acceptance of both electrons and ions without compromising

on their resolution. The typical parameter used for the experiments in this work,

see Table. 3.1, have been optimised systematically by obtaining the ATI spectra of

atoms and molecules for a range of different values of electric and magnetic fields.

Their high-resolution is indicative of the right choice of parameters for this work.

3.2 The beamline

The laser beam is directed towards the REMI setup through a series of pellicle

beamsplitters, a pair of fused silica wedges, a half-wave plate (HWP), and a

quarter-waveplate (QWP), as shown in Fig. 3.16. The combination of pellicle

beamsplitters on the flip-mounts, with reflection to transmission ratio of 45:55 and

7:93, provides a control over the pulse energy while maintaining the purity of laser

polarisation. A pair of fused silica wedges with adjustable insertion provides fine

tuning of GDD in the beam path, thereby providing a final adjustment of pulse

duration inside the REMI chamber. The HWP is used to align the polarisation axis

along the TOF axis of REMI, whereas QWP allows to change ellipticity of the laser

beam. Both HWP and QWP are designed to operate in the few-cycle regime. A

drop-in beamsplitter picks off the beam into the auto-correlator, which is mounted

close to the REMI setup, to determine the actual pulse duration inside the chamber.

A Mach-Zehnder interferometer is used in the beam path to provide the delay line

for the pump-probe experiments.

REMI frame of reference
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Figure 3.16: Schematic diagram of the beamline leading to the REMI.

The correct definition of REMI frame of reference is of significant importance for the

data analysis. The origin of the co-ordinate system is located at the intersection of

laser beam focus and gas jet. The x-axis goes along the gas jet in the direction away

from the gas source. The y-axis points towards the entrance window of the REMI,

along the pointing vector of the laser beam after getting reflected from the focusing

mirror. The z-axis is parallel to the TOF/spectrometer axis and its direction is

determined by taking the the cross product of x- and y-axis, which turns to be in

the upward direction towards the ion detector.

3.3 In-situ calibration of laser parameters

The correct estimation of the pulse duration and peak intensity in the reaction volume

is of crucial importance in the strong-field experiments, particularly time-resolved

and intensity-dependent measurements. Even if the values of these parameters can

be measured outside the reaction chamber, the determination of their exact values

in the reaction volume is quite challenging due to difficulty in measuring the beam

profile and temporal profile inside the chamber. However, the physical processes

induced by the laser pulses provide a chance for the in-situ measurement of the pulse

duration as well as peak intensity.

59



Chapter 3. Ultrafast recoil-ion and electron momentum spectroscopy

3.3.1 Pulse duration

The pulse duration is routinely measured close to the REMI setup by using autocorrelation

method . This can be rechecked accurately, in situ, by inspecting the kinetic energy

of H+ in the non-sequential double ionisation channel of H2. The kinetic energy

spectrum of H+ is used as a feedback to finely tune the chirp inside the reaction

chamber to achieve the minimum pulse duration. The insertion of fused silica wedges

is adjusted such that the most prominent double ionisation peak is pushed towards

higher kinetic energy aiming to go beyond 4.5 eV which is indicative of shortness

of pulse [107]. Moreover, pre- or post-pulses are avoided by suppressing the lower

energy peak attributed to the enhanced ionisation.

3.3.2 Peak intensity estimation

The peak intensity inside the reaction volume can be determined by using a number

of different methods, as described below briefly.

Ratio of double to single ionisation yield :

The ratio of double to single ionisation can provide a measure of the intensity owing

to the fact that the probability of single or double ionisation of an atom scales

differently as a function of intensity. Several experiments have been performed

to calibrate intensity using the ratio of ionisation rates of rare gas atoms such as

He [108], Ar, Ne and Xe [109] and H2 [110]. However, this method is employed in

the present work only for the purpose of laser optimisation inside the chamber rather

than the exact intensity determination. The ratio Ar+2/Ar+ is used for the fine

tuning of the hollow-core fibre and glass wedges to maximising the yield of Ar+2,

which is indicative of reduced pulse duration and increased peak intensity.

2Up Cutoff :

The classical motion of electrons in a linearly polarised oscillating field allows to

determine the intensity using the cutoff in the energy spectrum of electrons at 2Up,

such that [111]

Imax[1014W/cm2] =
Ecutoff

12
[eV ]. (3.9)

The 2Up cutoff originates because of the maximum kinetic energy of the direct

electrons gained at the zero crossing of the laser field. The higher energies beyond

the cutoff are obtained as a result of electron rescattering with the parent ion, which

happens with a lower probability. Consequently, a drop of 2–3 orders of magnitude

in the rate of electrons released is observed at higher energies, leading to a clear kink
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in the energy or momentum distribution of electrons. This method can only reliably

determine the order of magnitude of intensity, therefore it is used for the rough

estimation while conducting experiments and for the purpose of cross-checking.

Recoil-ion momentum imaging in circularly polarised laser fields :

The recoil-ion momentum of ions or streaking momentum of electrons in a circularly

polarised laser field allows to precisely calibrate the peak intensity in the reaction

volume within 10% error23. For example, the branching ratio of dissociating H+
2

is very sensitive to the intensities in the range 0.5–5×1014 W/cm2 until it reaches

a saturation level at higher intensities [112]. The separation of these branches in

the momentum spectra is directly proportional to the peak electric field of the laser

pulses. The above-saturation intensities can be determined by scaling them as a

function of pulse energy, while keeping all other laser parameters fixed. Otherwise,

for their direct measurement, a He or Ne jet can be used instead of H2 to extend the

range of intensities to 1015 W/cm2 regime. This technique is used for determining

the intensity in all the experiments presented in this work.

23For the description of detailed procedure, please refer [112]
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Relativistic electron dynamics in atomic

systems

The quantum mechanical description of the relativistic nondipole effects is of

fundamental interest in strong-field physics as they may have direct implications

on the processes relying on recollision dynamics. To get a deeper insight into the

phenomena, such as harmonic generation [113,114], atomic stabilisation, photoelectron

holography [115, 116], laser induced electron diffraction [117–119] and frustrated

tunneling ionisation [120], the investigation of these nondipole effects is of particular

importance. This chapter provides a detailed experimental and theoretical investigation

on the relativistic nondipole effects in strong-field atomic ionisation. The transverse

electron momentum distribution (TEMD) resulting from the strong-field ionisation of

noble gas Ar is therefore used to explore these effects. The photoelectron momentum

distributions (EMD) are recorded by REMI at several different intensities in the

range 1014–1015 W/cm2 using linearly polarised near-infrared few-cycle laser pulses.

The experimental results demonstrate the counterintuitive peak shifts of the TEMD

against the laser propagation direction as a function of laser intensity. Comparison

of our measurements with an ab initio fully relativistic 3D model based on the

time-dependent Dirac equation (TDDE) provides an excellent agreement with the

theoretical predictions. These counterintuitive shifts are explained on the basis of the

combined effect of Coulomb potential of the parent ion and magnetic field component

of the laser field, implying the breakdown of strong-field approximation (SFA) and

dipole approximation (see section 2.1.3 for the description of these approximations).

This explanation is theoretically supported by the simulations based on a Yukawa

potential.

The description of TEMD and the factors that may have subtle effects on its

features are presented in Section 4.1. Section 4.2 describes the relativistic nondipole

effects, followed by the overview of relevant theoretical modelling in section 4.3. The

measurement protocol and data handling is presented in section 4.4. Section 4.5

presents the theoretical model based on 3D-TDDE to support the experimental

results presented in this thesis. The results and discussion are presented in section

4.6 with the summary of the work in section 4.7. A part of this chapter is expected

to be published as a review article, whereas another part has been published as a
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letter in the Physical Review Letters [121]. This chapter is as an elaborated version

of these papers.

4.1 Transverse electron momentum distribution

This work relies on the precise measurement of TEMD (momenta in the plane

perpendicular to the laser polarisation plane, see Fig. 4.1) resulting from strong-field

ionisation. Unlike the longitudinal electron momentum that an electron gains as a

result of acceleration in the laser field, the transverse momentum provides insight

into the recollision dynamics without being screened by the large momentum transfer

from the laser field (ignoring the magnetic component of laser field) [2, 122]. TEMD

possesses the information about the influence of final-state Coulomb interaction

between the free electron and the parent ion in the transverse plane. It also provides

information about the initial-state photoelectron trajectories and can present a direct

image of the bound state orbital in the momentum space using the most commonly

used SFA [20,123,124]. However, various effects such as Coulomb focusing [26,27,34],

Coulomb asymmetry in OBI [35, 125], and information about certain time delays

in strong-field ionisation processes [126,127] cannot be explained using SFA i.e. if

the Coulomb interaction between the parent ion and free electron is not taken into

account.

Figure 4.1: Depiction of transverse and longitudinal momentum during the
strong-field ionisation. Adapted from [128].
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4.1.1 Coulomb focusing effect

Consider the case of an ultrashort linearly polarised laser pulse interacting with

an atom that has been ionised by the strong-field following the three-step model.

On the return of the photoelectron wavepacket towards ion, it is attracted to the

Coulomb potential causing the transverse velocity to modify. Due to the symmetry

of this interaction the transverse velocity is reduced manifesting in narrowing of

the transverse electron profile. Owing to the narrowing of this distribution, the

effect has been called as Coulomb focusing. This effect is more pronounced in

the low transverse momentum region and a sharp cusp appears around the zero

transverse momentum [27,129]. In contrast, electrons never return to the parent ion

for circularly polarised laser field, leading to a broader Gaussian shaped TEMD as

predicted by the SFA [26].

As a function of the ellipticity parameter, the TEMD exhibits a gradual transition

from the sharp cusp like structure to smooth Gaussian distribution between two

limiting polarisation states i.e. linear to circular in the tunneling regime, as shown

in Fig. 4.2 [130,131]. Furthermore, the TEMD can be used to distinguish the OBI

and tunneling regime experimentally, which is otherwise difficult to differentiate

due to their similar electron angular distributions and energy spectra even if the

fundamental mechanisms of these ionisation processes are significantly different [132].

The evolution of the TEMD with increasing ellipticity parameter in tunneling and OBI

was studied by our group earlier [131]. The study reveals that the TEMD is totally

different in the tunneling and OBI regimes with always having a cusp regardless of

the ellipticity parameter in the OBI regime. Therefore, these two different regimes

can be distinguished by the markedly different TEMD in the experiments, which is

indicative of the distinct details of their ionisation mechanisms [131].

Figure 4.2: TEMD of Ar obtained at different laser ellipticities (a) linear ε = 0,
(b) ε = 0.42 (c) circular ε = 1 at 4.8 × 1014 W/cm2 . A gradual transition from a
sharp cusp to smooth Gaussian distribution can be seen from (a) to (c). Adapted
from [131].
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4.1.2 Radiation pressure effect

The radiation pressure imparts a non-negligible momentum transfer along the laser

propagation direction, causing a shift in the central peak of the TEMD. This

momentum shift is attributed to the asymptotic electron momentum gain, which

mainly corresponds to the photons absorbed above the field-free ionisation threshold.

Due to the participation of a large number of photons in strong-field ionisation

processes, the total momentum imparted to an atom by a large number of photons

cannot be ignored. The average gain of the transverse electron momentum along the

laser propagation direction is associated with electrons drift kinetic energy and only

a fraction of atom’s ionisation energy for both linear and circularly polarised laser

fields [133–135], such that 〈P⊥〉 = (〈EE〉 + 0.3Ip)/c. These results were explained

on the basis of breakdown of the dipole approximation in its long wavelength limit,

where the relevant length scales associated with the target are still small as compared

to laser wavelength and electrons emerge with nonrelativistic energies at relatively

lower laser intensities ∼ 1013–1014 W/cm2 [135,136].

In the dipole approximation, considered to be valid for laser intensities < 5 × 1015

W/cm2 [137], the magnetic field component of the laser field becomes zero by treating

the laser field as spatially homogeneous. As a result, the small photon-momentum can

be neglected. Consequently, the electrons are not expected to gain any net momentum

along the direction of laser propagation leading to a symmetric distribution with

reference to the zero transverse momentum [134]. However, the high energy electrons

in the laser field are strongly affected by the magnetic field component of the Lorentz

force as it depends linearly on the ratio vE/c, where vE is the velocity of the electron

and c is the speed of light in vacuum. Thus, the relativistic effects can manifest

themselves even for near-infrared laser fields of much lower intensity due to the

onset of the magnetic field of the laser pulse, leading to the breakdown of the dipole

approximation in the strong-field ionisation, even for moderate intensities [136,138].

The TEMD can provide significant information about electron dynamics in

strong-field ionisation process, such as checking the validity of SFA and/or dipole

approximation in any given intensity regime, differentiating between OBI or tunneling

ionisation, or as in the present case, investigating the relativistic nondipole effects.
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4.2 Relativistic nondipole effects

In strong-field atomic or molecular ionisation with near- and mid-infrared lasers,

relativistic effects are known to appear at laser intensities over 1018 W/cm2 [139]

since, depending on laser wavelength, the photoelectrons can gain sufficiently high

ponderomotive energy that their velocity can approach the speed of light in vacuum.

However, the onset of relativistic nondipole effects becomes noticeable even at

moderately intense (1013–1014 W/cm2 ) low-frequency (mid- and near-infrared) laser

fields. These nondipole effects appear as a result of the high energy electrons in the

laser field being affected by the magnetic field component of the light pulse, which

induces a non-negligible momentum transfer to the photoelectrons [133,136]. The

criteria to characterise the onset of fully relativistic behaviour have been formulated

in [137, 140, 141], suggesting that the relativistic effects appear when twice the

ponderomotive energy of electron approaches its rest energy,i.e.,

2Up
c2

=
I

2ω2c2
= 1, (4.1)

where I and ω are peak intensity and carrier frequency of the laser pulse respectively.

These nondipole effects reveal themselves in the ionised electron momentum

spectra acquired as a result of strong-field ionisation. Previous experimental studies on

the relativistic nondipole effects were performed by using velocity map imaging (VMI)

spectrometer in different intensity and wavelength regimes using multi-cycle pulses.

In the first experiment by Corkum’s group (henceforth referred to as Experiment

I), for a circularly polarised laser field (800 nm and 1400 nm; 15 fs and 70 fs; ∼
1014 W/cm2 ) using Ar and Ne as target gases, the ionised photoelectrons gain

forward momentum in the laser propagation direction due to the radiation pressure

effect [133]. The momentum gain is manifested as an asymmetry in the TEMD which

can be quantified by extracting a translational shift of the photoelectron momentum

spectrum through the measurement of the peak momentum offset. This overall

momentum gained from the field is reflected as the positive expectation value of the

photoelectron momentum in the pulse propagation direction (see Fig. 4.3).

In the second experiment by Keller’s group (henceforth referred to as Experiment

II), performed with He, Ne, Ar and Xe target atoms using linearly-polarised

low-frequency laser field (3400 nm; 44 fs; ∼ 1013 W/cm2 ), the negative peak

shifts (opposite to the laser propagation direction) in the TEMD with increasing laser

intensity are reported (see Fig. 4.4) [136]. The analysis of results demonstrate that
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Figure 4.3: (a) 2D-EMD of Ne using 800 nm circularly polarised laser field at
8× 1013 W/cm2 . The central spot marked by the yellow arrow depicts the reference
point resulting from the field ionisation of highly excited Rydberg states. PzPx is
the plane spanned by the gas propagation and laser propagation direction. (b) The
measured longitudinal EMD (green crosses) with a Gaussian fit (green solid line) is
compared to the Rydberg reference distribution (blue dots) to determine the peak
shift. The center of the Ne distribution shows a net pz > 0. (c) Forward shift of the
centre of longitudinal EMD along the laser propagation direction for multi-photon
ionisation of Ar and Ne as a function of laser intensity. For the details of theoretical
simulation please refer sec. 4.3 . Adapted from [133].

the transverse electron momentum is shifted forward along the pulse propagation

direction only on average. The so-called direct electrons, which never recollide with

the parent ion, are driven in the direction of the laser photon-momentum. However,

a fraction of slow electrons, which experience recollision, acquire the momentum in

the direction opposite to that of the photon-momentum. This complex behaviour

is explained to be a result of the interplay between the Lorentz force and Coulomb

attraction from the parent ion. However, these measurements are not sensitive to

resolve the consequent signatures of photon momentum partitioning between ions

and photoelectrons in the photoelectron spectra.

In this thesis, we are interested to explore these effects using linearly polarised

few-cycle laser pulses from the most commonly deployed Ti:sapphire laser system at

intensities greater than 5 × 1014 W/cm2 .

4.3 Theoretical Modelling of nondipole effects

Considering the importance of addressing relativistic nondipole effects in strong-field

ionisation processes, theoretical modelling must extend beyond the dipole approximation,

which neglects the small photon-momentum by assuming the magnetic field component
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Figure 4.4: (a) Typical 2D-EMD of Xe using 3400 nm linearly polarised laser field
at 6 × 1013 W/cm2 , where PzPx is the plane spanned by the laser propagation
and polarisation axes. The central spot, marked by the orange arrow, depicts the
reference point resulting from the field ionisation of highly excited Rydberg states.
(b) Projection of EMD along the laser propagation direction (green circles) with
Lorentzian fit (green line) is compared with the Rydberg reference distribution
(orange solid line and squares) to determine the peak offset. The center of the Xe
distribution shows a net pz < 0. (c) Counter-intuitive peak offsets of the TEMD
along laser propagation direction with increasing laser intensity for different target
gases. Adapted from [136].

of the laser field to be zero and resulting in no momentum being transferred to the

photoelectrons along the laser propagation direction. In addition, these effects cannot

be fully explained without taking into account the Coulomb interaction between

the photoelectron and the parent ion, hence going beyond the SFA. The Coulomb

attraction imparts the momentum in the transverse direction when the laser field

is linearly polarised and draws the photoelectron towards the parent ion creating a

focusing effect [27,131]. Therefore, the combined effect of Lorentz force and Coulomb

attraction from the parent ion contributes to these nondipole effects. In order

to describe these results, theoretical modelling has evolved over time and several

theoretical models have been developed to explain the results of the aforementioned

experiments.

4.3.1 Classical model

The forward momentum shifts along the laser propagation direction, as observed in

Experiment I are well reproduced by the same group who performed the experiment,

using a purely classical simulation based on the classical equations of motion of a

photoelectron in the laser field with the inclusion of its magnetic field component

in the calculations. The forward momentum of the photoelectrons leading to the
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radiation pressure effect is attributed to their drift kinetic energy K obtained by the

transfer of linear photon-momentum Ip/c to the electron-ion system without being

affected by electron’s ponderomotive energy, where Ip is the ionisation potential of

the target atom,

pz =
K

c
, (4.2)

with pz as the net longitudinal momentum gained at the end of the laser pulse, K

as electron’s drift kinetic energy and c as the speed of light. The different slopes

of the intensity-dependent electron momentum shift for different wavelengths (as

depicted in Fig. 4.3) are due to the fact that the electron kinetic energy K depends

on the wavelength of the laser field, since K = q2E2/2mω2, where q, m are charge,

mass of the electron and E, ω are laser’s electric field and frequency respectively.

Further simulations with a linearly polarised laser field reveal that, in general, the

drift kinetic energy of the electron and its net longitudinal momentum averaged

over one optical cycle is much less for linear polarisation compared to the circular

field at the same intensity. However, the negative shifts appeared in the case of

strong-field ionisation of Ar using 800 nm at lower intensities are not addressed in

this model [133].

4.3.2 Semiclassical models beyond SFA

Classical trajectory Monte Carlo simulations by Ludwig et al.

The classical trajectory Monte Carlo (CTMC) simulations using a two-step semiclassical

model were performed by Keller’s group to support their experimental results (see

Fig. 4.4). The initial condition is chosen as the tunnel exit and the initial EMD and

ionisation rates are provided by ADK theory. The model includes the effect of Lorentz

force due to magnetic field of the laser pulse as well as the Coulomb potential of the

parent ion in calculations. Kepler’s analytical formula [142] is used to calculate the

photoelectron momenta after the pulse has passed, and the photoelectron trajectories

are propagated until that point. The results of the simulations are tested with various

initial conditions and different ionisation rates by using different target gases. The

model is found to be robust against these variations, such as details in geometry and

ionisation dynamics. The simulations reveal that the photoelectron dynamics and

counter-intuitive peak shift is significantly influenced by the magnetic field of the

linearly polarised laser pulse and Coulomb interaction between the photoelectron

and parent ion. Moreover, it also focuses on the fact that the Coulomb effects

must be compensated in the simulations for the proper description of experimental
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observations.

Classical trajectory Monte Carlo simulations by Liu et al.

To investigate the sub-cycle dynamics of the photon-momentum partitioning of

Experiment I and to understand the underlying mechanism of counter-intuitive

peak shift of Experiment II, Liu et al. presented a semiclassical model to address

the Coulomb effects during the rescattering of photoelectrons beyond SFA and

dipole approximation [143,144]. The model accounts for the complete electron and

ion dynamics during tunneling ionisation, including rescattering of photoelectrons

in the combined Coulomb and electromagnetic laser fields. It is based on the

classical trajectory ensemble simulation [145] and employs Landau effective potential

theory [146] to determine the initial position of the photoelectron along the laser

polarisation direction. The tunnel ionised photoelectron wavepacket emerges such

that it has a Gaussian transverse velocity distribution with each electron trajectory

being weighted by Ammosov-Delone-Krainov (ADK) tunneling ionisation rate. The

post-ionisation dynamics of ions and photoelectrons in the combined laser and

Coulomb field are governed by the Newton’s equations, which are solved by using the

fourth-order Runge-Kutta method. This semiclassical model can provide a physical

picture of the involved phenomena.

For the Experiment I, the simulations were performed by using Ne as the target

gas with the laser fields of varying ellipticity (χ = 1.0, 0.5, 0.0; 800 nm; 15 fs; 8× 1014

W/cm2 ) [143]. The results of these simulations show the importance of Coulomb

interaction between the parent ion and photoelectron during the tunneling and

rescattering processes, for both circular and linear laser fields. This model provides

a mechanism to describe the photon-momentum transfer to the ion during these

processes. The simulations provide information about the gain in the ion momenta

by tracing the ion dynamics for varying ellipticity. For circular polarisation, the

photoelectron never returns to the parent ion after the ionisation and the average

ion momentum along the laser propagation direction reasonably follows the Ip/c

dependence. However, in the case of linear polarisation, a sudden increase in the ion

momentum is reported with the interpretation that the photoelectron can revisit the

parent ion in a specific initial phase interval causing the repartitioning of photon

momentum between the ion and photoelectron (see Fig. 4.5). With increasing laser

intensity, the quiver length of photoelectron increases while the tunnel exit distance

decreases. As a result, when the quiver length is greater than the exit distance,

the probability of a photoelectron to recollide with its parent ion gets enhanced.

Therefore, the chances of momentum transfer to the parent ion significantly increases.
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This model also could not account for the experimentally observed negative shift of

the average photoelectron momentum at low intensities, even if the Coulomb effects

are considered in the model.

Figure 4.5: Semiclassical simulation results for the average (a) photoelectron and
(b) ion momenta along the laser propagation direction (z-axis) for three ellipticity
parameters using Ne as the target gas. Solid lines represent pez = K/c (or Ee

k/c) for
photoelectrons and piz = Ip/c for ions in (a) and (b) respectively. For details, please
see text. Adapted from [143].

The simulations for Experiment II are performed using a laser field with varying

ellipticity (χ = 1.0 0.1, 0.0 ; 3400 nm; 6× 1013 W/cm2 ) [144]. The initial TEMD

converges to a single value of transverse momentum followed by the Coulomb

rescattering process, and thus forms a bright spot in the 2D-TEMD. The bifurcation

of this 2D-TEMD is observed for the transition of laser field polarisation from

linear (single spot) to circular (dumbell shape) and is interpreted on the basis of

drift transverse velocity. With increasing ellipticity, the increase in transverse drift

velocity of the tunneled photoelectrons causes the bright spot to become vague for

elliptic and finally diminish for the circularly polarised field suggesting that there is

a negligible chance of photoelectron to revisit the parent ion. The model provides

the quantitative description of the bright spot beyond SFA and dipole approximation

and also predicts the peak position of the TEMD. For the laser parameters as used in

the experiment, the nonzero counter-intuitive peak shifts are reproduced well by the

simulations (see Fig. 4.6) and are interpreted on the basis of sub-cycle dynamics of

the rescattering trajectories. These TEMD peak shifts are attributed to the interplay
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of radiation pressure and Coulomb effect.

Figure 4.6: The semiclassical simulation results for the strong-field ionisation of Xe
with 3400 nm agree well with the experimental results of Experiment II [136]. The
solid and dashed lines represent the analytical formulae without, and with Coulomb
corrections respectively. Adapted from [144].

4.3.3 Models based on strong-field approximation approach

The strong-field approximation (SFA) approach is used to solve the Schrödinger

equation with the help of S-matrix theory. It employs analytical approximations to

determine the S-matrix element for the bound-free transitions of the photoelectron

under the combined influence of Coulomb potential of parent ion and electromagnetic

field of the laser pulse. The so-called Reiss’s version of Keldysh-Faisal-Reiss (KFR)

theory, this approach employs the velocity gauge and time-reversed S-matrix element

to determine the ionisation rates [4,147]. The SFA approach is used in all the models

presented in this subsection.

Nondipole quantum-mechanical formulation

To improve the theoretical model for the description of photon-momentum transfer as

observed in Experiment I, Titi and Drake presented a quantum-mechanical theoretical

formulation within the single-active-electron (SAE) approximation and SFA [148].

The nondipole simulations were performed for both Ne and Ar using 800 nm circularly

polarised laser field. The model considers the simultaneous transfer of the linear and

72



Chapter 4. Relativistic electron dynamics in atomic systems

angular photon-momentum during the ionisation process, however, it restricted the

calculations for the transfer of linear momentum only. Moreover, due to circularly

polarised laser field, the Coulomb effects are ignored as a first approximation in this

model.

As described by the classical model that Pz = K/c is the net longitudinal

momentum gained by an electron when the laser pulse has passed [133], the quantum-

mechanical model indicated that this momentum transfer has contribution from two

factors. The first factor accounts for the radiation pressure effect by the Lorentz

force resulting from the constant envelope of the laser pulse. The second factor

arises from the Lorentz force resulting from the gradient of laser pulse envelope

(via space-time averaging over the focal volume). This second factor creates a

negative force that cancels a part of the forward momentum. The combined effect of

both factors accurately accounts for the longitudinal momentum transfer and fits

well with the experimental data. The focal volume averaged results (solid curve),

which considers both contributing factors, agree well with the experimental data.

However, the Lorentz force produced by the constant pulse envelope alone (depicted

by dashed curve) is not sufficient to fit with the experimental results (see Fig.

4.7). Overall, the experimental and theoretical results showed a good agreement

at high intensities only. The disagreement at low intensities suggested that the

additional Coulomb interactions should be considered for a proper description of

the experimental observations, especially, the negative shift of the longitudinal

momentum.

Perturbation theory and extended SFA to explore photon-momentum

sharing

Based on the results of Experiment I, CTMC simulations by Liu et al. (Sec. 4.3.2)

accounted for the partitioning of photon-momentum between the parent ion and

photoelectron for the first time. However, in such a model the initial conditions

are unknown for the classical trajectories starting at the tunnel exit. To get more

insight into this momentum sharing, Chelkowski et al. employed time-dependent

perturbation theory and extended (nondipole) SFA method for two different ionisation

regimes i.e. single photon and multi-photon ionisation [134]. The Volkov solution

of the Klein-Gordon equation is adopted in these SFA calculation. Weak UV/XUV

laser field is used for the single photon ionisation and 800 nm and 1400 nm linear and

circular laser fields for the multi-photon case. In both cases, the degrees of freedom

of ions and electrons in the centre of mass motion are taken into account while

considering H atom as the target. Owing to the importance of the time-dependence
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Figure 4.7: Quantum mechanical simulations fitted with the experimental data
of Experiment I [133]. Solid and dashed curves are for the simulations performed
with and without focal volume averaging respectively. The focal volume averaged
results agree well with the experimental data, however, there is a disagreement at
low intensities. Adapted from [148].

of the laser pulse envelope in theoretical models, the SFA method employs Gaussian

pulse envelope in the simulations.

The photon-momentum partitioning in both regimes is found to be quite different.

In single photon ionisation, the electron gains momentum much larger than the single

photon momentum i.e. up to 8/5(~ω/c), whereas in case of multi-photon ionisation

an additional 0.3(Ip/c) momentum is gained by the photoelectrons compared to the

previous estimation of [133] i.e.

pz = K/c+ 0.3Ip/c, (4.3)

which is consistent with the experimental results within the error bars. However,

this momentum shift is not reported in previous studies (see Fig. 4.8). In both cases,

due to the greater mass of the parent ion, the momentum of almost all absorbed

photons is transferred to the parent ion via electron-ion centre of mass. Moreover,

the parent ion may take additional momentum if the photoelectron gets a chance to

revisit it depending upon the polarisation of the laser field, as revealed earlier by the

semiclassical CTMC model [143].

74



Chapter 4. Relativistic electron dynamics in atomic systems

Figure 4.8: Average photoelectron and ion momenta along the laser propagation
direction with increasing laser intensity, using nondipole SFA model for multi-photon
ionisation regime. The simulation were done for 1400 nm circularly polarised laser
field using Ar and Ne. Adapted from [134].

Quantum-trajectory-based Coulomb-corrected nondipole SFA (TCSFA)

In order to theoretically investigate the mechanism of counter-intuitive shift of

Experiment II, Keil and Bauer presented an extended quantum-trajectory-based

SFA approach, which incorporates the effect of Coulomb force of the parent ion

and magnetic Lorentz force in simulations [149]. This TCSFA method employs

SFA approach using saddle-point approximation, which provides the photoelectron

spectrum as a sum of saddle points, each of which corresponds to a single quantum

trajectory in complex time and space. In this approach, as a first step, the forward

shift of the photoelectron momentum in the laser propagation direction is calculated

perturbatively, where the magnetic Lorentz force is included in the Newton’s equations

of motion for the photoelectron trajectories at the tunnel exit. In the second step, the

perturbative Coulomb-correction to the long photoelectron trajectories is included

to account for their encounter with the parent ion. The simulations are performed

for Xe using linearly polarised laser pulses ( 3400 nm, 6 × 1013 W/cm2 , six cycle

sin2 shaped pulse). The perturbative solution of the Newton’s equations of motion

sufficiently produced these momentum shifts, which agree well with the experimental

results and provides physical insight into the underlying mechanisms. A comparison

of the results of TCSFA and simple SFA method reveals that short trajectories are
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responsible for the radiation pressure effect along the laser propagation direction,

whereas Coulomb-corrected long trajectories are accountable for the counter-intuitive

shift.

Nondipole SFA theory based on the analytical solution of TDSE

Considering the difficulty of building a self-consistent nondipole SFA theory due to

the unavailability of an exact nondipole Volkov wavefunction for the TDSE, He et al.

successfully obtained that wavefunction by solving the TDSE analytically for a free

photoelectron in the monochromatic laser field. This exact nondipole Volkov laid the

foundation of the nondipole SFA theory, which is self-consistent for a variety of laser

parameters where nondipole effects cannot be avoided and is computationally easy

to handle. The theory is developed to investigate the photon-momentum sharing

between photoelectron and parent ion in multi-photon and tunneling ionisation

regime as well as to explore the effect of combined Coulomb and Lorentz force on the

photoelectron momenta. Moreover, the influence of electron spin dynamics on the

nondipole effects are investigated for the first time by including the spin-magnetic

coupling in the Pauli equation. Unlike previous SFA models in which the velocity

gauge is used to get more intuitive insight, the current model utilises SFA in the

length gauge as it showed to provide quantitatively accurate results [150].

The theoretical predictions for the expectation value of photoelectron momenta in

the laser propagation direction, using the laser parameter as were used in Experiment

I with H-atom as target, are the same as found in previous studies, i.e. pz =

K/c+ 0.3(Ip/c) [133, 134]. For the two ionisation regimes, the the expected value of

the photoeletcron momentum shift is formulated as:

〈pz〉 =
α〈K〉+ β〈Ip〉+ γ〈Up〉

c
, (4.4)

where, α, β, and γ are fitting parameters that depend on the number of absorbed

photons. Moreover, it is reported that the partition of photon-momentum depends

on the initial angular momentum. However, the magnetic-spin coupling effects on the

photoelectron momentum spectra are not discernible and found to have negligible

influence on the momentum shift.
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4.3.4 Models based on time-dependent Schrödinger equation

(TDSE)

Numerical solution of nondipole 2D-TDSE for one electron systems

Following the study of photon-momentum partitioning between parent ion and

photoelectron within SFA using circularly polarised laser field [134] (see sec. 4.3.3),

Chelkowski et al. presented a method based on the numerical solution of 2D-TDSE

for hydrogen-like (single electron) systems using linearly polarised laser field to

investigate the counter-intuitive momentum peak shift [135]. It claims to be the first

TDSE calculation performed for such a long wavelength. The simulations incorporate

the Hamiltonian in the velocity-gauge and a 2D-softcore model of H-atom having

a regularised 2D-Coulomb potential. Linearly polarised laser field (80 fs, 3400 nm,

1014 W/cm2 with Gaussian pulse-envelope is used in the calculations. The TDSE

is solved numerically using Fourier-split operator method [151] within and beyond

dipole approximation with the results as shown in Fig. 4.9.

Figure 4.9: Difference in the EMD along laser propagation direction within and
beyond dipole approximation using 3400 nm linearly polarised laser fields at 1014

W/cm2 . Adapted from [135].

A comparison of the 2D-TDSE results with the semiclassical calculations (similar

to [136,143]), while taking both Lorentz force and Coulomb force into account, allows

for an intuitive interpretation of the 2D-TDSE results and helps in identifying the

trajectories leading to the counter-intuitive shifts. For linearly polarised laser field,
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the direct electrons, that never revisit the parent ion and directly reach the continuum,

are mainly responsible for the radiation pressure effect forming the wings of the

photoelectron momentum spectra. Those electrons that revisit to the parent ion

show a different behaviour, depending upon their specific birth times trajectories. A

fraction of slow photoelectrons corresponding to the long trajectories are responsible

for the counter-intuitive shift of the central peak of the photoelectron momentum

spectra as they are attracted in the opposite direction of laser propagation due to

Coulomb effects. However, the fast photoelectrons corresponding to short trajectories

do not contribute to this opposite shift, owing to their shorter return time to the

parent ion, so they cause the positive shift, as shown in Fig. 4.10. On the average,

the photoelectron momentum is along the laser propagation direction i.e. in the

direction of photon momentum, as reported for the circular polarisation. Moreover,

the model predicts that these nondipole effects are discernible in the time-resolved

atomic and molecular photoelectron holography in the form of interference patterns

and fringes, which are formed by the interference of direct photoelectrons and the

large-angle rescattered electrons under the influence of Coulomb attraction.

Figure 4.10: high-resolution 2D-EMD obtained from the TDSE simulations for
(a) slow electrons (b) fast electrons. Solid black line indicates Pz = 0 and red line
indicates the shift in central features with respect to the results obtained from dipole
approximation. Adapted from [135].

Numerical solution of nondipole 3D-TDSE for one electron systems

After investigating the mechanism for the counter-intuitive peak shift of photoelectron

momentum spectra using 2D-TDSE [135], Chelkowski et al. further investigated the

gradual transition of photon-momentum transfer and radiation pressure effect in three

different ionisation regimes, i.e. few photon, multi-photon and tunneling and checked

its dependence on the laser polarisation using 3D-TDSE [152]. The simulation were

performed for H-atom, using exact nondipole nonrelativistic Hamiltonian in Coulomb
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gauge, with regularised 3D-Coulomb potential. Linear and circular few-cycle laser

fields at different wavelengths and intensities are used for the comparative studies.

Theoretical predictions show that in all the regimes, the average photoelectron

momentum acquired by the absorption of photons is linearly dependent on their

average energy, however their slopes are different for different regimes. Moreover,

the signature of photon momentum transfer discerns differently in the photoelectron

momentum spectra for linear and circular laser fields. In case of single photon

perturbative transition, there is no difference in the radiation pressure effect for two

different polarisations, i.e. linear and circular. However, in multiphoton regime,

for the same intensity the photoelectrons acquire approximately 2.5 times greater

momentum for circular polarisation compared to linearly polarised laser fields, leading

to stronger radiation pressure effect. However, the average photoelectron momentum

gain in both cases is nearly equal to the average photoelectron energy over speed of

light i.e. pz = K/c.

4.3.5 Relativistic treatment

Relativistic SFA formulation

The first purely relativistic theory to account for the radiation pressure effect was

presented by Reiss using relativistic SFA (RSFA) method [140]. The simulations

are based on the Dirac-relativistic S-matrix formulation, which incorporates the

Dirac-Volkov-wavefunction for the final state and the solution of Dirac equation for

H-atom in its initial bound state. The simulations are independent of the atomic

species, but dependent on the frequency and intensity of the laser field and are

simulated with the laser parameters as used in Experiment I.

The theoretical predictions of the RSFA agree well with the experimental results,

and with the approximated predictions of Titi and Drake [148] (see sec. 4.3.3) in

a universal context. However, the behaviour of shift at lower intensities could not

be explained due to the the approximation used in this model, which assumes that

the interaction of the photoelectron with the laser field is much greater than the

neglected Coulomb interaction. The RSFA model provides a simple explanation of the

photoelectron dynamics on the basis of both linear and angular photon momentum

transfer. The linear photon momentum creates the radiation pressure effect and

the angular photon momentum keeps the photoelectrons in a circular orbit around

the parent ion (see Fig. 4.11). This picture (in Coulomb gauge) contrasts with

the one provided by the rescattering theory in the length gauge, which suggests
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that the photoelectron draws away from the parent ion on a linear path along laser

propagation direction. Thus, this model indicates the gauge-dependent disagreement

in the physical interpretations of a particular situation.

Figure 4.11: Illustration of photoelectron dynamics in the circularly polarised laser
field. The path of photoelectron is affected by the radiation pressure. The sum of
angular photon momenta accounts for the movement of photoelectron in the circular
orbit, whereas the linear photon momenta (radiation pressure) shifts the plane of
the circular orbit in the forward direction. Adapted from [140].

Coulomb-corrected, nonrelativistic and relativistic SFA formulation

Following the theoretical studies that incorporated SFA approach, Krajewska and

Kamiński further developed this method in three formulations i.e. nonrelativistic

SFA (NSFA), fully relativistic SFA (RSFA) and quasi-relativistic SFA (QRSFA)

[153]. The QRSFA is obtained as a reformulation of NSFA by taking the Coulomb

interaction between the parent ion and photoelectron into account using complex-time

trajectories, which is a bit difficult task from the point of view of RSFA. In turn,

two corrections are incorporated into NSFA, namely, retarded and recoil corrections.

The QRSFA formulation is computationally less demanding and can be generalised

further in terms of complex-time trajectories. The simulations are done using H atom

and linearly polarised short laser pulses (800 nm; few-cycle; 2 × 1014 W/cm2 and

9 × 1015 W/cm2 ). Unlike previous SFA methods, which could only account for the

radiation pressure effect using circularly polarised laser pulses, this study presents

Coulomb-corrected SFA (CSFA) theory using Coulomb-corrected Volkov states to
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investigate the effect of Coulomb corrections on the radiation pressure. Moreover, the

angular distributions of photoelectrons ionised at both low and high intensities are

used to get a detailed insight into the nondipole effects. The simulation results reveal

that the predictions of both QRSFA and RSFA formulations agree well with each

other and are nearly identical. Furthermore, the angular photoelectron distributions

obtained from all the three formulations demonstrate that the recoil corrections of

QRSFA are mainly responsible for the radiation pressure effects and QRSFA remains

valid even at the high intensity 9 × 1015 W/cm2 used in these simulations.

Numerical solution of 3D-TDSE with leading order relativistic correction

Hitherto the theoretical models based on the relativistic treatment of nondipole

effects did not take Coulomb effects into account, as they are based on the SFA

approach. However, the Coulomb effects can be incorporated in the relativistic

formulation by numerically solving a suitable relativistic generalisation of TDSE

used for the quantum evolution of an atomic system in the laser field. Ivanov et

al. presented a semi-relativistic formulation based on the solution of 3D-TDSE

with leading-order relativistic corrections of the order of 1/c, where c is speed of

light [154]. The simulations are performed for Ar atom using SAE approximation

and a model potential, with 790 nm linearly polarised laser pulses in the tunnel

ionisation regime. The p state is considered as the initial state of Ar system in the

SAE approximation, with m = 0, 1 as the orbital angular momentum projection. The

electron-spin-magnetic field-interaction is also taken into account in these calculations

to provide more accurate results. The initial electron state is assumed to have a

spin-up state. Being in the tunneling regime, the electron dynamics are completely

nonrelativistic, however, the atom-laser interaction would require the relativistic

treatment. The 3D-TDSE is solved by combining the procedures employed for the

solution of nonrelativistic TDSE and relativistic Dirac equation.

The simulation results agree quite well with the previous studies and support

the picture of energy-dependent momentum shift in which the slow electrons cause

the negative shift and fast electrons are responsible for the positive shift [135].

More importantly, these counter-intuitive peak shifts due to the Coulomb effect are

discerned in the quantum calculations, which were previously obtained via classical

models. Moreover, this current semi-relativistic approach is extended to include

the effects related to electron spin-orbit coupling with the inclusion of next order

terms (of the order of 1/c2) in the Hamiltonian. However, being negligible for the

nonrelativistic regime of ionisation they can be ignored safely, without affecting the

nondipole effects.
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Relativistic generalisation of matrix iteration method for time-dependent

Dirac equation (TDDE)

In addition to the model based on 3D-TDSE, Ivanov presented another relativistic

model by numerically solving the TDDE with the help of relativistic generalisation

of the matrix iterative method [138,155]. In this approach, the relativistic effects are

addressed in an ab initio way, as long as the quantum electrodynamics effects can be

ignored. This theoretical formulation is fast, accurate and reliable and can be used

for the laser fields of arbitrary polarisation. The calculations are done for H-atom

using Coulomb potential, with linearly polarised laser field in tunneling ionisation

regime (800 nm, ∼ 5 fs, ∼ 1014 W/cm2 to explore the results of Experiment I. The

Hamiltonian in the Coulomb gauge is incorporated in these simulations, with the

Coulomb potential of the form V (r) = −1/r.

The comparison of relativistic and nonrelativistic calculations based on matrix

iteration method presents virtually identical energy spectra. However, the fine details

of the EMD enables to discern the relativistic effects. The theoretical predictions

result in an appreciable shift in the EMD due to the relativistic nondipole effects,

with the expectation value of longitudinal momentum i.e. Pz = K/c increasing

linearly with intensity, which is in agreement with the experimental observations (see

Fig. 4.12). This relativistic formulation is extended further to provide theoretical

support for the experimental work presented in this thesis.

Figure 4.12: The expectation value of longitudinal photoelectron momentum
increases with intensity (red crosses). The ratio of photoelectrons energy and
speed of light i.e. K/c mimics closely to the behaviour shown by the expectation
value of photoelectron momentum (green dashed line). Adapted from [138].

A couple of other experimental papers related to these nondipole effects have
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been published in recent years. Since those experiments are not in the scope of this

thesis, therefore they are not discussed here. The overview of all the experimental

and theoretical work on the relativistic nondipole effects presented so far is shown in

Fig. 4.13.

Figure 4.13: Overview of the research carried out to explore the nondipole effects.

4.4 Measurement protocol

In this work, a linearly polarised few-cycle pulse (∼ 6 fs, ∼ 740 nm, produced by

Femtopower Compact Pro CE Phase amplified laser system) propagating along y-axis

is focussed on a supersonic Ar jet, which is propagating along x-axis (see Fig. 3.16).

The peak intensity of the few-cycle pulse is varied by a set of pellicle beam-splitters

to cover a range of 6 × 1014—3 × 1015 W/cm2 . A Berek compensator inside the

laser system allows us to achieve the linear polarisation of light pulses, where the

inherent ellipticity in the few-cycle pulses is removed by a quarter-waveplate. A

half-wave plate then rotates the polarisation axis to z-axis (time-of-flight axis of

REMI). A pair of fused silica wedges with adjustable insertion can compensate the

chirp of the few-cycle pulses, minimising the pulse duration in the interaction region.
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The in situ laser intensity in the interaction region is precisely calibrated by the

recoil-ion momentum imaging method [112,156] within 10% confidence. Moreover,

CEP dependent measurements were carried out by varying the CEP over π phase

(−π/2 to π/2) at intensity 1.2× 1015 W/cm2 .

In the current experiment, it is important to take special care of the undesirable

space charge and focal volume effects [11], as they may lead to broadening or shift in

the peaks of energy and momentum spectra due to long-range Coulomb interaction

with other charge particles. This experiment requires the resolution of a subtle peak

shift due to relativistic nondipole effects, these effects need to be avoided carefully by

minimising the size of interaction region defined by the overlap of focused laser beam

and atomic gas jet. It is achieved by controlling the aperture size in path of the

gas jet such that a low ionisation rate of < 1 ionisation event per pulse is achieved,

which supports the interaction of only one electron with its parent ion. However,

due to the demands on computation time it isn’t possible to undertake the number

of simulations to volume average the data.

The main aim of this work is to investigate the relativistic effects at the highest

achievable intensities with this laser system, but the maximum intensity at which the

actual experiment is performed is limited by the space charge effect. At intensities

greater than 2.5×1015 W/cm2 , the condition of getting < 1 ionisation event per pulse

gets violated leading to unreliable results. Due to lower ionisation potential of Ar, it

is chosen as a target species to span the experiment over a broader intensity range

as per the requirement of this measurement. At intensities higher than 2.5× 1015

W/cm2 , Ar+ signal starts depleting and due to the saturation of Ar++ at such high

intensity the undesired space charge effect came into play. Thus, 2.5× 1015 W/cm2

marks the maximum intensity in this measurement. The lowest intensity for this

experiment is chosen such that we get an acceptable count rate, which does not

require a very long data acquisition time that may question the stability of the laser

system over that period.

Data acquisition and handling

Full 3D EMDs from the strong-field ionisation of Ar atoms are recorded by the

high-resolution REMI. In order to ensure that the electrons considered are from Ar+,

both ions and electrons are measured in coincidence, and only those electron-ion

pairs are preserved during data processing which conserved the momentum mutually.

This condition is achieved by choosing appropriate filters on the TOF of electrons

and ions that corresponds to Ar+, followed by the choice of those ionisation events
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in which only one Ar+ is detected. The final selection retains only those events in

which a single electron is detected simultaneously in a particular ionisation event.

The typical 2D-EMDs are presented in Fig. 4.14(a). The 2D photoelectron

momentum spectrum integrated over y-axis evolves into a cusp, as shown in Fig.

4.14(b). The cusp profile of the TEMD—centred at zero transverse momentum

Py—is attributed to the Coulomb focusing effect, which implies that the ionised

photoelectron is attracted towards the parent ion due to the momentum transfer

in transverse direction as a consequence of Coulomb attraction. Moreover, this

cusp exhibits slight asymmetry, which becomes more pronounced as the intensity

increases. This nondipole effect induced asymmetry in the laser propagation direction

is resolvable due to sufficiently high-resolution of REMI. The asymmetry is extracted

in the form of peak shift, which is the key observable in this experiment to explore

the relativistic nondipole effects.

Figure 4.14
(a) Measured EMDs projected onto three orthogonal planes recorded at 6 × 1014

W/cm2. (b) Evolution of cusp in the TEMD obtained with an intensity of 6 × 1014

W/cm2 .

To scale the features of the cusp for a better discernment, the plot of ionisation

rate W (Py) is used. The function V (Py) = lnW (Py) is then analysed in a narrow

range of transverse photoelectron momenta |Py| ≤ 0.5 a.u. (a.u. refers to atomic

units) [131]. For the TEMD to have a cusp profile, V (Py) should have a singularity

at its maximum near the point Py = 0, which can be described by representing V (Py)

in the vicinity of the maximum as [130,131],

V (Py) = B + A|Py − β|α. (4.5)

The experimental data is fitted with the same function V (Py) by performing a

series of least square fits , as shown in Fig. 4.15. The coefficients A, B, α and β are

the fitting parameters. A and B are expansion coefficients, α describes the shape
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of the TEMD (α → 1.35 present case) and β accounts for the peak shift 〈Py〉. The

peak shifts 〈Py〉 as a function of laser intensity are extracted with reference to the

data obtained at the lowest intensity.

Figure 4.15
Projection of TEMD onto the laser beam propagation axis at intensity 6.5 × 1014

W/cm2 fitted with the function V (Py). Inset figure shows the normalised ionisation
rate obtained from theoretical and present experimental data.

4.5 Theoretical Model based on 3D-TDDE

A theoretical model based on the numerical solution of the 3D time-dependent Dirac

equation (3D-TDDE) by Igor Ivanov is used to support this work. An approach based

on the 3D-TDDE allows the ab initio description of the relativistic effects, and has

been advocated recently by different groups [138,157]. Such a relativistic development

of theory which is essential for describing the ionisation processes occurring at truly

relativistic intensities (> 1018 W/cm2 ) and higher. This theoretical approach is

based on 3D-TDDE that incorporates relativistic effects, such as the nondipole

effects, effects of the relativistic kinematics and spin-orbit interactions in the most

natural way i.e. without using many approximations. Comparing to the more

traditional approaches, treating the relativistic effects in the framework of the lowest

order perturbation theory (LOPT), the approach based on the 3D-TDDE offers

also an advantage of a technical character which may be quite useful in practical

calculations. Indeed, some terms of the Breit-Pauli Hamiltonian [158] describing

relativistic interactions in the LOPT, are highly singular operators. The spin-orbit

interaction operator and the Darwin term used to change the effective potential
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at the ionic core, for instance, exhibit at the origin the 1/r3 and delta-function

singularities, respectively. Treatment of such singular behaviour in a numerical

calculation necessitates the use of various ad hoc regularisation techniques. Solution

of the 3D-TDDE, on the other hand, does not pose such technical problems. The

price to pay for this advantage is a somewhat higher computational cost which is not,

however, an insurmountable obstacle. In the regime of the moderately intense fields

considered in this work, we obtain accurate experimental results for the relativistic

effects, thereby providing an opportunity for a precise comparison between theory

and experiment.

To obtain theoretical predictions, we solve the TDDE

i
∂Ψ(r, t)

∂t
= ĤΨ(r, t), (4.6)

for the bispinor Ψ(r, t) with the Hamiltonian operator:

Ĥ = Ĥatom + Ĥint , (4.7)

with

Ĥatom = cα · p̂+ c2(β − I) + I V (r) , (4.8)

and

Ĥint = cα · Â. (4.9)

Here α, β are Dirac matrices, c = 137.036 speed of light in atomic units. A is the

vector potential describing the laser pulse .

The pulse is defined in terms of vector potential A(y, t) which, when nondipole

effects are included, is a function of temporal and spatial variables A(t − y/c) for

the pulse propagating in the y direction and is given as

Â(y, t) = −Ê
ω

sin2(
πu

T1
) cos(ωu+ φ), (4.10)

for 0 < u < T1, and 0 elsewhere. Here u = t − y/c, E is the field strength, ω the

carrier frequency is 0.059205 a.u. corresponding to wavelength 770 nm, T1 = 5×2π/ω

corresponds to the pulse duration 6 fs and φ is the carrier envelope phase (CEP)
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which is zero in all calculations.

The SAE approximation is used to describe the target atom, employing a model

potential V (r) [159] in Eq. (4.8). Solution is sought as a series in basis bispinors:

Ψ(r, t) =
∑
j

l=j±1/2

j∑
M=−j

ΨjlM(r, t). (4.11)

A detailed description of the procedure used to solve the TDDE numerically can

be found in [129]. The EMD is obtained by projecting solution of the TDDE after

the end of the pulse on the set of the scattering states of the Dirac Hamiltonian (Eq.

4.8) with ingoing boundary conditions.

The EMDs extracted from theoretical 3D-TDDE simulations at the minimum

and maximum intensities used for the experiment are compared in Fig. 4.16. The

asymmetry is quite obvious in the EMDs measured at the higher intensity as depicted

in Fig. 4.16(b).

Figure 4.16
EMDs (Logarithmic scale) in the detector plane, gas jet plane and polarisation
plane (left to right) extracted from theory data at peak intensity (a) 6× 1014

W/cm2 (b) 2.5× 1015 W/cm2 using Ar.

.
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4.6 Results and discussion

The experimental results are compared with theoretical predictions with error bars

on both intensity and peak shift in Fig. 4.17. The horizontal error bars depict

uncertainty in the intensity due to systematic errors, whereas confidence bounds of

the fitting parameter β serve as error bars on the peak shifts. Clearly, increasing

counter-intuitive peak shifts are observed with increasing laser intensities due to the

effect of the attractive Coulomb force on the low-energy electrons. The experimental

and theoretical results are in quite good agreement within the entire intensity range.

Figure 4.17
The relative peak shift 〈Py〉 extracted from experiment and theory agree well in the

entire intensity range.

Analysis of the TEMD extracted from simulations also shows a slight departure

from symmetry at the maximum experimental intensity 2.5× 1015 W/cm2 due to

the combined effect of radiation pressure and the Coulomb attraction of the parent

ion. Fig. 4.18 shows that not only the slope of the TEMD obtained at the maximum

intensity 2.5×1015 W/cm2 is greater along laser propagation i.e. positive Py compared

to negative Py, but also the wings of the curves are different in both cases. The wings

show a positive shift contrary to the negative peak shift of the cusp, owing to the fact

that the electrons carrying higher momentum and energy are always shifted in the

direction of laser photon-momentum i.e. radiation pressure. In case of experiments,

the asymmetry was not quite obvious due to the low statistics of experimental data
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caused by strong filters used to ensure the coincidence measurement.

Figure 4.18
TEMD along laser propagation direction at intensity 2.5× 1015 W/cm2 shows
different feature than TEMD at 6× 1014 showing a hump in the wings of the

spectrum at higher intensity and different slopes of the curve along (+ve Py) and
opposite (-ve Py) to the propagation direction.

In order to unravel the effect of long-range Coulomb potential on the peak shift,

we performed simulations for a model Ar atom with Yukawa-type potential, which is

a short-range screened Coulomb potential,

V (r) = −g2 e
−αr

r
, (4.12)

with g2 and α as the scaling constants and m as the mass of electron. The simulations

were performed for two different values of the Yukawa potential, with scaling constants

[g2 = 2.61, α = 0.1] and [g2 = 3.38, α = 0.3] respectively. The particular values for

the scaling constants were chosen such that the system has the ionisation energy

close to that of the Ar atom in the initial p state. We used the initial p state for

the ionisation in the Yukawa potential so that all the relevant details of the initial

state (energy and angular momentum) would mimic those of the Ar atom closely,

as well as to demonstrate the effect of the Coulomb potential unambiguously. The

simulations were performed with the same pulses parameter as used in the previous

simulations at an intensity of 2.5x1015 W/cm2 , where the effect of the Coulomb

potential was most pronounced. The comparison of the peak shifts extracted from

90



Chapter 4. Relativistic electron dynamics in atomic systems

the simulations performed for the Coulomb potential and the Yukawa potentials is

depicted in Fig. 4.19. All the curves are normalised to unity in order to highlight

the relative peak shift. We observe that the long-range Coulomb potential shows the

greatest peak shift, whereas the shortest range [g2 = 3.38, α = 0.3] of the Yukawa

potential results in the least peak shift—attributed to the fact that it is unable to

attract the electron towards the parent ion significantly. The intermediate value of

the Yukawa potential [g2 = 2.61, α = 0.1], as expected, yields a peak shift lying

between the two extreme cases, which is sufficient to conclude that counterintuitive

peak shifts of TEMD definitely result from the longer range Coulomb attraction of

the parent ion.

Figure 4.19
Coulomb potential has a more pronounced effect on the peak shift with reference to

the zero transverse momentum (vertical dotted line). Two different values of
Yukawa potential yield a lesser peak shift as compared to the Coulomb potential at

the same intensity of 2.5x1015 W/cm2.

To demonstrate the requirement on the solution of the Dirac equation instead

of using the LOPT (for relatively low intensities of the order of 1016 W/cm2 , a

comparison between the theoretical model based on 3D-TDDE is made with the

solution of the time-dependent Schrödinger equation with leading order relativistic

corrections (LOPT-TDSE). The procedure used for the LOPT TDSE is described in

details in [154], however the most essential details are detailed as follows:

Here, the aim is to obtain the leading order relativistic corrections to the nonrelativistic

TDSE describing evolution of an atomic system. The field-free atomic Hamiltonian

including the leading order relativistic corrections, the Breit-Pauli Hamiltonian [158],
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differs from the nonrelativistic Hamiltonian in the terms of the order of c−2. If only

the corrections of the order of c−1 are of interest, the nonrelativistic expression for

the field-free atomic Hamiltonian can still be used.

For the nonrelativistic atom-field interaction Hamiltonian, the velocity gauge is

used:

Ĥnr
int(t) = p̂ · A(t) +

Â2(t)

2
, (4.13)

where A(t) is the vector potential of the pulse, which in the nonrelativistic dipole

approximation as a function of the time variable only. Relativistic corrections to

this Hamiltonian arise from the fact that vector potential of a traveling wave is a

function of time and space variables. The geometry of the laser pulse is such that it

is polarised along z-direction and propagates along the y-axis. Vector potential is

then a function A(t− y/c) of the combination t− y/c. Leading relativistic correction

to the operator (4.13) can be obtained by substituting this expression for the vector

potential instead of A(t) in Eq.(4.13), performing expansion in powers of c−1 and

keeping the terms linear in c−1. Following this strategy, a field-atom interaction

operator containing relativistic corrections linear in c−1 is obtained:

Ĥr
int(r, t) = p̂zA(t) +

p̂zyE(t)

c
+
A(t)E(t)y

c
, (4.14)

where the electric field of the pulse E(t) = −∂A(t)

∂t
is introduced.

As in the case of the 3D-TDDE, Ar atom described by means of a SAE model

potential [159] is considered as a target system. The LOPT-TDSE with the interaction

Hamiltonian is solved using the numerical procedure described in [154].

The results of the simulations based on 3D-TDDE and LOPT-TDSE show the

same peak shift and TEMD features at 2.5 × 1015 W/cm2 , as expected. However,

at the higher intensity 1 × 1016 W/cm2 , a substantial qualitative difference in the

TEMD features is observed even if the peak shift remains the same quantitatively

(see Fig. 4.20). It is clear from the right panel of Fig. 4.20, that at the intensity of

1016 W/cm2 , the regime with the dominating radiation pressure positive peak shift

Up/c is approached. The model based on 3D-TDDE offers to probe the fine details

in the TEMD and provides information about electron dynamics at high intensities.

Furthermore, the effect of carrier envelope phase (CEP) on the peak shift is

investigated experimentally as well as theoretically. The peak shifts extracted from
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Figure 4.20
The TEMDs obtained from the simulations based on 3T-TDDE and LOPT-TDSE
at 1 × 1016 W/cm2 (right) show quite different features qualitatively compared to

the results obtained at lower intensities 2.5 × 1015 W/cm2 (left).

the theoretical simulations performed for the cos and sin pulses are slightly different

(-0.0056 a.u. and 0.0048 a.u. correspondingly), however, this shift is much smaller

than the experimental uncertainty as shown in Fig. 4.21. In agreement with theory,

no modulation as a function of CEP is observed in the experimental results (see Fig.

4.22) which reflects that the CEP dependent peak shift was not resolvable within

experimental uncertainty.

Figure 4.21
Negligible difference in the peak shifts extracted from the theoretical simulations for
cosine and sine pulses infers lack of CEP dependence at intensity 1.5 × 1015 W/cm2.
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Figure 4.22
CEP dependent peak shift shows that the difference in the values of peak shift, at
different CEPs, is almost within the experimental uncertainty. Experimental and
theoretical results are shown for comparison at intensities 1.2× 1015 W/cm2 and

1.5× 1015 W/cm2 respectively.

4.7 Summary

In summary, a comparative theoretical and experimental study of the relativistic

nondipole effects emerging at moderately intense laser fields is presented, illustrating

the failure of dipole approximation and strong-field approximation even at laser field

intensities commonly considered to be nonrelativistic. The measured and calculated

peak shifts in the direction opposite to the laser beam propagation increase with laser

intensity due to the Coulomb attraction from parent ion. Simulations performed

here for a model Ar atom with Yukawa potential further supports this claim. The

truly relativistic ab initio model based on 3D-TDDE agrees quantitatively with

the experimental results. The comparison of our model based on 3D-TDDE with

LOPT-TDSE indicates that, while the perturbative approach is sufficiently accurate

at lower intensities (< 2.5× 1015 W/cm2 ), there are notable differences in the EMD

simulated using 3D-TDDE and LOPT-TDSE at 1× 1016 W/cm2 . With 3D-TDDE

being the most advanced theory for the description and analysis of relativistic

strong-field effects while being only moderately more computationally demanding,

its application for a broad range of intensities is fully justified.
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Disentangling low-energy recollision

electron dynamics in atoms

In strong-field ionisation, the study of energy-dependent features of the photoelectron

spectra has been an active area of research for last couple of decades. Several

experimental and theoretical studies have been reported regarding the high-energy

features dominated by ATI [160–162] as well as low-energy features of the photoelectron

spectra [163, 164] for a range of different laser parameters and ionisation regimes

for atomic systems. These features appear as a consequence of the recollision of the

photoelectrons with the parent ions, as explained in section 2.2. The EMD associated

with high-energy photoelectrons are used for the characterisation of few-cycle laser

pulses, such as CEP tagging and measurement of pulse duration. Moreover, using the

laser-induced electron diffraction (LIED) technique [119], the analysis of high-energy

EMD allows to determine the electron-ion scattering potentials for atomic targets [165]

and imaging of bond-breaking dynamics of small aligned molecules [166].

The low-energy features in the photoelectron spectra include the so-called

low-energy structures (LES) [28,167] and zero-energy structures (ZES) [168], which

are typically prominent for the mid-infrared laser fields (λ > 1000 nm) with a

characteristic spike at low or near-zero energy in the photoelectron energy distribution.

In case of near-infrared laser fields, resonance-like interference patterns appear in

the EMD. The insight into these low-energy features is of great importance for the

photoelectron holography, which is used to determine the structural properties of the

parent ion [116,118,169] and to study the time-resolved tunneling dynamics [170].

Moreover, the explanation of these features pushed the theoretical models to develop

further. After exploring the relativistic nondipole effects in the TEMD as a function

of laser intensity in chapter 4, this chapter investigates the influence of nondipole

effects on the low-energy features of the photoelectron momentum spectra of Ar using

near-infrared, ultrashort laser pulses and a reaction microscope. Theoretical model

based on 3D-TDDE simulations provides support to the experimental observations

with the physical explanation provided by a modified three step model.

A brief overview of the experimental and theoretical studies on the LES and ZES

is presented in section 5.1. The low-energy features and energy-dependent nondipole

effects in the near-infrared case are explored in section 5.2, where the modified
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three step model is introduced as well. The details and results of the experiment

and theoretical simulations are also presented in this section. The last section 5.3

summarises the work presented in this chapter.

5.1 low-energy features in photoelectron spectra

The low-energy features are created as a result of rescattering effect, which is a

consequence of the breakdown of SFA. They may appear in the form of LES, ZES or

holography-like interference patterns in the EMD originating from the interference

between the direct and rescattered photoelectron trajectories [28,167,168].

5.1.1 Low-energy structures (LES)

The LES, in the form of a significant peak at a few eV, appeared in the longitudinal

EMD (along the laser polarisation direction) of several different atomic and molecular

targets (noble gas atoms and diatomic molecules) using linearly polarised mid-infrared

(1700–3600 nm) laser fields (see Fig. 5.1). The presence of LES in all the targets

indicates that there is a common universal mechanism causing this feature [28]. The

position and width of the LES in the photoelectron energy spectrum is found to be

dependent on the Keldysh parameter ‘γ’ as well as laser’s wavelength and intensity,

but the LES remains invariant for a constant ponderomotive energy Up. In case

of typical Ti:sapphire laser field (800 nm), no visible LES appeared, however, the

well-established ATI peaks dominated the spectrum. It indicates that the tunneling

regime with γ � 1 is mandatory to observe the LES. Moreover, circularly polarised

laser field suppressed the LES, which suggests the importance of laser polarisation

in the creation of these features; speculating that the origin of LES might be linked

with the rescattering. [171].

The calculations based on SFA failed to reproduce the LES as observed in the

experiment, however the predictions based on TDSE agreed well with the experimental

observations. In accordance with the results from circularly polarised laser fields, the

TDSE results also suggest that rescattering is involved in the creation of LES. Initial

theoretical investigations [172, 173] attributed LES to be the result of interplay

between forward scattering and Coulomb focusing effect, which supported the

proposition of recollision. Another model suggested that the creation of LES is linked

with the bunching of photoelectrons, which miss the parent ion upon the so-called soft

recollisions [174]. The same group, which presented the model just mentioned before,
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Figure 5.1
Typical LES as observed in the photoelectron energy spectrum in the tunneling

regime. The peak appears at a low-energy of few eV for different targets using 2000
nm, linearly polarised laser pulses at 1.5 ×1014 W/cm2 . The intensity averaged

KFR predictions show a prominent breakdown to explain the measurements. Inset
represents the known behaviour of the direct electrons and high-energy ATI plateau
formed by rescattered electrons, which could not be reproduced by KFR simulations

as it neglects rescattering phenomena. Adapted from [28].

extended the investigation by demonstrating the dependence of LES on the pulse

duration and CEP of the ultrashort laser pulses [175]. Further modelling based on

the improved SFA with the inclusion of 2nd-order rescattering term in the S-matrix

expansion, investigated the scaling properties and supported the experimental results

quite well [176,177]. The analytical approach based on the concept of soft recollision

and classical trajectories confirms photoelectron momentum bunching as the origin

of LES and establishes the universal character of LES [178]. With the improvement

in precision measurements in recent years, fully resolved 2D-EMDs confirmed the

above-mentioned reason of LES formation in the photoelectron spectra [179,180].

5.1.2 Very-low-energy structures (VLES)

Another experiment, performed with similar mid-infrared laser pulses as used for [28],

reported the appearance of very-low-energy structure (VLES) for noble gas atoms

at energies close to 100 meV [167]. Further REMI studies provided the access
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to the EMD, which revealed a double hump like VLES in the laser polarisation

direction [181], as previously observed for 800 nm laser field [164]. The semiclassical

model based on CTMC simulations agreed well with the experimental results at

longer wavelengths (> 1200 nm) suggesting that these structures appears due to a

purely classical recollision phenomena, while ruling out the possibility of quantum

effects behind their formation [167]. In another model, the creation of VLES is

attributed to the effect of long-range Coulomb potential [181] or a short-distance

Coulomb interaction of the photoelectrons with the parent ion. Further investigations

interpreted the VLES to be the result of second-order soft recollisions [174,182]. By

using an alternate approach, another model based on CTMC simulations revealed a

2D caustic-like feature in both angular momentum and energy distribution of the

photoelectrons, which cannot be observed in the experimental results due to the

inability of measuring the angular momentum experimentally [183]. These results

agreed well when compared with TDSE and Coulomb-corrected SFA calculations in

an extended model [182].

5.1.3 Zero-energy structures (ZES)

The experiments performed in the tunneling regime (γ = 0.3) using mid-infrared

laser field revealed another feature at near-zero energy level possessing very low

momentum, known as near-zero-energy structure (ZES) [168]. ZES is found to

be more prominent than the VLES and as clear as LES. The initial speculations

suggested that the origin of these structures might be related to the population

trapping in the Rydberg states or the result of a rescattering process giving birth to

frustrated tunneling ionisation. However, it is found that instead of any rescattering,

ZES is created by the Rydberg electrons released under the influence of detection

system’s static electric field [184,185].

The full low-energy map as observed in the 3D-EMD of N2 using 3100 nm

mid-infrared laser pulses using REMI [186] is shown in Fig. 5.2. The figure on the

right hand side corresponds to the cross-section of the EMD at p‖ = 0 (black vertical

dotted line), which represents three distinct low-energy features. The transverse

electron momentum in the range 0.1 a.u. < p⊥ < 0.4 a.u. corresponds to the LES

(green shaded region). This structure is spread over a range -0.55 a.u.< p‖ < 0.55

a.u. with a peak near p⊥ = 0.15 a.u. The corresponding energy range 0.3 eV < E <

5 eV of the LES is in good agreement with the earlier reports [28,167]. The VLES

(blue shaded region of the figure on the right) corresponds to the transverse electron

momentum ranging from 0.03 a.u. to 0.1 a.u. The well separated ZES lies in the
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momentum range 0.001 a.u. < p⊥ < 0.03 a.u. as depicted in the pink region.

Figure 5.2
low-energy structures in the EMD of N2 recorded by REMI by using 3100 nm

mid-infrared laser pulses. The right side of figure represents the position of LES
(shaded green), VLES (blue) and ZES (pink) with reference to the black vertical

dotted line. White dashed lines correspond to the acceptance angle of the
photoelectron detection, typically 6◦. Adapted from [186].

5.1.4 Low-energy features for near-infrared laser fields

The low-energy structures (LES, VLES, ZES) discussed so far, for the mid-infrared

laser pulses, are characteristic of the photoelectron spectra in the tunneling ionisation

regime (γ � 1). However, the photoelectron spectra for 800 nm laser pulses do

not show such low-energy structures, instead they exhibit ATI-like modulations

in the photoelectron energy spectrum, as shown in Fig. 5.3. These modulation

are attributed to the multi-photon resonant enhanced ionisation, that are present

even in the tunneling ionisation regime [164,187]. These resonant enhancements are

attributed to the recollision effects, which manifest themselves at low energies [90,188].

The angle resolved EMD exhibits a number of low-energy features, which includes:

1. Intercycle interferences evolving into concentric ATI-rings centered at zero

momentum with radii R =
√

2En, which are formed as a result of superposition

of electron trajectories corresponding to complex release time during multiple

optical cycles. Here, En refers to the ATI energies corresponding to n photon

absorption, given by En = nω − Up − Ip [189, 190]. The ATI-rings are found

to be insensitive to the Coulomb potential and their yield depends upon the

direction of photoelectron emission.

2. Intracycle interferences refer to the interference of electron trajectories within

one optical cycle leading to the formation of fan-like stripes. These trajectories
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Figure 5.3
Comparison of low-energy features in the photolectron energy spectra of Xe for

different wavelength at constant intensity 8 ×1014 W/cm2 . Unlike the LES
appeared at ∼ 2.5 eV for longer wavelength (blue and red solid lines), the energy

distribution for 800 nm shows ATI-like peaks (black solid line). Adapted from [28].

include the ones which reach the detector directly and those which do not

experience any hard recollision but are deflected by the Coulomb potential of

the parent ion [191]. These interferences cause the coherent superposition of

distinct states, known as Freeman resonances [192]. It is important to note

that a range of intensities below the peak intensity, corresponding to the focal

volume, contributes to the formation of these resonant features. However, the

pattern of these fan-like features exhibit strong dependence on the wavelength

since it influences the states to be populated with a particular angular quantum

number (l) [193]. These fan-like vertical stripes tend to bend with increasing

transverse momentum and get wider with increasing longitudinal momentum

as shown in Fig. 5.4(a).

3. Carpet-like features are generated by the interference of ATI rings, which are

separated by a number of cycles. The ATI rings are known to exhibit maxima

if they are along the polarisation direction, but show maxima and minima in

the the alternate rings if they are perpendicular to the polarisation direction.

Their interference leads to the formation of regular carpet-like features [194].

4. Beside these main structures, there are many other fine holographic features

resulting from the intracycle interferences between the direct photoelectron

trajectories and the ones which are associated with hard recollisions. These

elecron trajectories are found to be distorted by the Coulomb potential of the

parent ion, which ultimately affects the relevant features in the EMD [195].

Further investigations reveal that the intracycle features are independent of

the pulse duration, but the contrast of the ATI-rings improves with increasing
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pulse duration without affecting their structure (see Fig. 5.4(d-e)). Overall, it

has been established that some of these low-energy features are sensitive to

laser intensity and wavelength [193,196].

(d)

(e)

Figure 5.4
The intracycle and intercycle interferences in 3D-EMD, as predicted by a

semiclassical model based on saddle-point approximation, are shown in (a) fan-like
stripes and (b) ATI rings respectively. (c) The complete picture with the

modulation of intercycle patterns due to intracycle interferences (or vice versa).
Comparison of TDSE simulation results for the EMDs using (d) four cycle and (e)

eight cycle laser pulses. Adapted from [190].

5.2 Energy-dependent relativistic nondipole effects

The main focus of this work is to investigate the energy-dependent relativistic

nondipole effects by examining the photoelectron momentum spectra that contain

rich information on the ionisation dynamics. In particular, the interest is to explore

the influence on the low-energy electrons, which demands high-resolution to access

the well-resolved low-energy features. The basic measurement protocol for the

experiments performed with 800 nm, 6 fs and 30 fs laser pulses is same as described

earlier in the section 3.16. However, for second harmonic generation from the

fundamental 800 nm multi-cycle pulses, a thin BBO crystal is introduced in the

beamline, thus generating 400 nm pulses with relatively longer pulse duration ∼50 fs.

In order to improve the resolution, the electric and magnetic fields are decreased; but

optimised such that the collection efficiency of the photoelectrons remains acceptable.

Also, the magnetic field was chosen so as to decrease the number of nodes where the

transverse momentum has no resolution, and adjust their position such that they do

101



Chapter 5. Disentangling low-energy recollision electron dynamics in atoms

not disturb the main features. Providentially, the low-energy region of the EMDs

always has better resolution than the high energy part owing to the specifics of the

measurement technique.

5.2.1 Low-energy features in the EMD

The 2D-EMD from the strong-field ionisation of Ar and Ne using 800 nm multicycle

laser pulses exhibit slightly different low-energy features. They reveal themselves

as a superposition of multiple symmetric patterns about the polarisation axis (i.e.

z-direction) as discussed earlier in section 5.1. The higher energy region of the

spectrum for multicycle 800 nm pulses contains a series of ATI rings and a fine

carpet-like pattern (intercycle features), whereas (intracycle) fan-like stripes emerging

radially outwards in the range -0.3 < p‖ < 0.3 can be seen in the low-energy regions

as shown in Fig. 5.5.

Figure 5.5
Comparison of EMDs from the strong-field ionisation of Ar and Ne using 800 nm

multicycle pulses using. The intercycle and intracycle interference features are
shown in (a) and (c), whereas their logarithmic versions are depicted in (b) and (d).
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The ionisation scenario alters completely in case of 400 nm, with ATI rings being

the only features visible at low energies. The formation of ATI rings is attributed

to the multi-photon ionisation, which is dominant in the 400 nm cas, as shown in

Fig. 5.6. Even if the intensity is chosen to be high, the tunneling regime is never

achieved for 400 nm as the intensity required to sustain the low value of Keldysh

parameter exceeds the intensity at which the potential barrier of the target can be

suppressed [187].

Figure 5.6
The ATI-rings for strong-field ionisation of Ar with 400 nm multicycle laser pulses.

In case of few-cycle 800 nm laser pulses (see Fig. 5.7), almost all the features

of EMD are smeared out leading to much smoother momentum distribution. The

interference patterns originating from the rescattering electron trajectories, that stay

in the laser field for a longer time, are naturally not supported by the few-cycle laser

pulses.

5.2.2 Energy-dependent peak shift in TEMD

In chapter 4, it was established that the Coulomb interaction between the photoelectron

and parent ion cause the peak shift of TEMD in the counter-intuitive direction. Here,

the aim is to investigate the influence of relativistic nondipole effects on the low

and high energy photoelectrons. The rescattering electron trajectories corresponding

to the very low- or zero-energy photoelectrons cause them to experience strong

Coulomb focusing effects. As the low-energy photoelectron typically gets ionised at

the peak of the laser field and returns to the parent ion with close to zero momentum,

therefore it stays longer around the ion experiencing stronger Coulomb attraction.

The interaction between the Coloumb focusing and relativistic nondipole effects

leads to the spectral narrowing of the low-energy TEMD with the peak shift in the
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Figure 5.7
The EMDs of Ar and Ne by using few-cycle 800 nm laser pulses as shown in (a) and
(c) respectively. The corresponding logarithmic versions are shown in (b) and (d).

counter-intuitive direction. However, the high-energy TEMD gets broadened with a

forward peak shift as shown in Fig. 5.8. The spectral variation and peak shifts for

high and low-energy regimes is evident in the experimental results for the strong-field

ionisation of Ar at 1.2 × 1015 W/cm2 . The photoelectrons possessing 0-5 eV energy

are assigned as the low-energy photoelectrons, whereas the region defined by 5-20

eV corresponds to high energy photoelectrons. This energy-dependent offset can be

used as a self-referencing technique for the detection and analysis of the relativistic

nondipole effect, without relying on the auto-ionisation of Rydberg state molecules

to calibrate the transverse momentum offset [133,136].

The experimental results agree quite well with the theoretical predictions proposed

earlier using the numerical solution of 2D-TDSE for hydrogen like systems [135]. The

theoretical investigation based on 3D-TDDE for the strong-field ionisation of Ar at

1.4× 1015 W/cm2 and an order of magnitude higher intensity 1× 1016 W/cm2 reveal

interesting features in the energy-resolved transverse momentum spectrum. The

low-energy region exhibits the energy-dependent tilting in the transverse momentum

towards the negative direction with increasing energy (see Fig. 5.9).
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Figure 5.8: The narrower low-energy TEMD of the strong-field ionisation of Ar using
6 fs laser pulses at 1.5 × 1015 W/cm2 shows a counter-intuitive peak shift, whereas
the broader high-energy TEMD distribution gives a forward peak shift. The overall
TEMD shows a counter-intuitive peak shift as investigated earlier. The curves shown
here are the functional fitting of the experimental data.

Figure 5.9: Energy-resolved transverse momentum spectrum at 1.4 × 1015 W/cm2

from the 3D-TDDE simulations (a) full energy range (b) low-energy region with
clear tilting towards negative direction.

The peak position of the transverse momenta, integrated over the energy range

0.45 eV, as a function of energy is plotted in Fig. 5.10. The results show an increasing

tilting with increasing kinetic energy of the photoelectrons.

The experiment performed with another atomic target Ne at 1.5 × 1015 W/cm2

also shows the same trend of peak shift for the high- and low-energy electrons (see

Fig. 5.11(b)). However, the tilting of transverse momentum in Fig. 5.11(a) is not

quite evident in the experimental results as compared to theoretical results due to

insufficient energy resolution, which can be improved by further optimising the values

of electric and magnetic fields of the detection system.
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Figure 5.10: The 3D-TDDE simulation results exhibit the increasing tilting of
transverse momenta with the increasing kinetic energy.

high-energy 

electrons

low-energy 

electrons

(a) (b) 

Figure 5.11: The measurement results for Ne at 1.5×1015 W/cm2 (a) energy-resolved
transverse momentum spectrum (b) energy-dependent peak shift.

The comparison of 3D-TDDE simulations for two intensities, which are an order

of magnitude different, are shown in Fig. 5.12. The EMD for 1 × 1016 W/cm2 using

5 fs laser pulses exhibit completely different features for electron momenta P|| > 0

and P|| < 0 compared to its counterpart at a lower intensity.

This difference is a result of the duration of pulse used for the simulations. The

complete pulse being just 5 fs, which can be considered as single- or even sub-cycle

pulse, might allow only one returning photoelectron trajectory. In case of multi-cycle

pulses, the returning photoelectron can come from both directions, top to bottom or

bottom to top. However, for single- or sub-cycle pulse, the returning photoelectron

can only come in one direction. So, only one momentum region (P|| > 0) of the EMD

exhibits the focusing and tilting feature. This provides the motivation to explore the

role of photoelectron trajectories in the relativistic nondipole effects.
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Figure 5.12: The comparison of EMDs obtained at (a) 1.5 × 1015 W/cm2 and (b)
1 × 1016 W/cm2.

The EMD for P|| > 0 reveals the energy-dependent tilt and a narrower cusp-like

feature in the TEMD for low-energy electrons due to the Coulomb focusing, as

observed earlier for lower intensities (see Fig. 5.13(a,c)). For P|| < 0, the spectrum

window is not large enough to show all the details. However, it is obvious that there

is no cusp structure, which means the Coulomb focusing effect is not as strong as for

P|| > 0 as shown in Fig. 5.13(b,d).

Figure 5.13: The comparison of 2D-EMDs (a,b) and TEMDs (c,d) obtained at
1 × 1016 W/cm2 for P|| > 0 and P|| < 0 using Ar.
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5.2.3 Modified three step model

To investigate the role of photoelectron trajectories on the relativistic nondipole

effects, a simple physical picture based on a modified three step model is presented.

In the first step, the electron is ionised close to the peak of laser electric field. In

the next step, the photoelectron is accelerated by the driving laser field along its

polarisation axis and follows its oscillatory motion with a constant drift motion

given by the laser field at the tunnel exit. Due to this drift momentum, which the

photoelectron possesses when the laser pulse is over, the photoelectron gets detected

at the detector. However, perpendicular to the polarisation axis, the photoelectron

is pushed along its propagation axis with a constant velocity due to the Lorentz

force. In the third step, the photoelectron obtains a negative transverse momentum

when it revisits and gets elastically scattered by the Coulomb potential of parent

ion, which is similar to the Rutherford scattering process (see Fig. 5.14). The drift

momentum gained in the second step is responsible for the particular trajectories that

allows the low-energy rescattering and cause the photoelectron to be strongly focused.

Thus, the negative photoelectron momentum shift is sensitive to the photoelectron

trajectory, and it happens within one optical cycle.

Figure 5.14: Modified three step model 1. strong-field ionisation close to the laser
field maximum. 2. Photoelectron’s driven dynamics in the laser field. 3. Revisit to
the parent ion with elastic rescattering causing negative transverse momentum in
the TEMD.

The validity of this modified three step model can be explored in further detail
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by performing a pure classical electron trajectory simulation for different ionisation

times. Experimentally, it can be confirmed by using CEP locked few-cycle pulse or

two-color laser field to break the top/bottom symmetry. In this way, the photoelectron

trajectory and thus its momentum shift along laser propagation direction are expected

to be different for P|| > 0 and P|| < 0. However, this proposal is out of scope for this

thesis.

5.3 Summary

In conclusion, an overview of the low-energy features manifested in the photoelectron

spectra for longer mid-infrared wavelengths and near-infrared laser field is presented

in this chapter. The measured 2D-EMDs for Ar and Ne using 800 nm and 400

nm laser fields show very interesting sharp features in the form of ATI-rings and

Freeman resonances due to inter- and intra-cycle resonances. Further investigations

on the energy-resolved relativistic nondipole effects reveal that the TEMD peak

corresponding to low-energy photoelectrons is always shifted in the direction opposite

to the laser propagation, whereas the TEMD for high energy photoelectron show

forward shift i.e. in the laser propagation direction. The theoretical simulations based

on 3D-TDDE support the experimental results. Further analysis of the theoretical

results shows a tilt in the energy-resolved transverse momentum spectrum. However,

this tilt is not observed in the existing experimental data which suggests to take

another measurement with improved energy resolution. A modified three step

model is proposed to get insight into the role of photoelectron trajectories on the

counter-intuitive peak shifts. To confirm this model, a purely classical photoelectron

trajectory-based theoretical model is proposed.
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Conclusion and Outlook

The work presented in this thesis provides a comprehensive experimental and

theoretical study on the photoelectron dynamics resulting from the strong-field

ionisation of noble gas atoms at moderately intense laser fields. The aim of this

work is to demonstrate the role of Coulomb interaction between the parent ion and

photoelectrons beyond dipole approximation for the strong-field ionisation processes

in the form of relativistic nondipole effects. The particular interest is to investigate

the consequences of these effects at nonrelativistic intensities of the commonly

used near-infrared linearly polarised Ti:sapphire laser pulses. For this purpose,

highly resolved angular momentum distributions are obtained using a high-resolution

reaction microscope.

The first experimental study (chapter 4) seeks to explore the relativistic nondipole

effects as a function of laser intensity in the range 1014–1015 W/cm2 for the strong-field

ionisation of Ar using few-cycle laser pulses. The measured peak of the TEMD,

which is used as an observable to probe the relativistic nondipole effects, reveal

to be increasingly shifted in the direction opposite to the laser beam propagation

direction (counter-intuitive) with increasing laser intensity. This peak shift of the

TEMD is attributed to the combined effect of Coulomb attraction from the parent

ion and the Lorentz force caused by the laser field on the photoelectrons, reflecting

the breakdown of strong-field and dipole approximations.

Considering the importance of these nondipole effects, several theoretical models

have already developed to gain more insight into these effects. However, in order to

support the experimental observations of this work, a truly relativistic model based

on the numerical solution of 3D-TDDE is formulated. The theoretical predictions

agree quite well with the experimental result over the entire intensity range. Further

simulations are performed for a model Ar atom using Yukawa potential to assert

that the attractive Coulomb potential is the origin of counter-intuitive peak shift.

The results of these simulations do not show any counter-intuitive peak shift, thus

demonstrating that the effect of Coulomb force cannot be neglected for the strong-field

ionisation processes based on recollision. Moreover, the comparison of the current

model based on 3D-TDDE with the numerical solution of TDSE using lowest order

perturbation theory (LOPT-TDSE) indicates that even if the perturbative approach is
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sufficiently accurate at intensities lower than 2.5×1015 W/cm2 , notable differences are

found in the photoelectron momentum distributions at 1×1016 W/cm2 . Therefore, it

can be concluded that 3D-TDDE is the most advanced theory for the description and

analysis of the relativistic nondipole effects in the strong-field ionisation at moderate

and higher intensity regimes. Although it is moderately more computationally

demanding, the application of this theory over abroad range of intensities is fully

justified.

Having studied the influence of relativistic nondipole effects on the TEMD, the

next step is to unravel their dependence on the photoelectron energy to gain deep

insight into the underlying mechanisms. The second set of experiments (chapter 5)

are performed with Ar and Ne at moderate intensities using near-infrared 800 nm

and its second harmonic 400 nm multicycle laser pulses. The measured photoelectron

momentum distributions reveal sharp features in the form of ATI-rings for the

high-energy photoelectrons and Freeman resonances for the low-energy photoelectrons

resulting from the inter- and intra-cycle interference respectively. However, these

features are significantly washed away in case of few-cycle laser pulses, which do

not support such interference naturally owing to the very short laser cycle. Further

investigation focusing particularly on the TEMD reports that the TEMD exhibit

significant energy dependence. The TEMD narrows down for the low-energy electrons

due to stronger Coulomb focusing effect compared to the high-energy electrons.

Moreover, the counter-intuitive peak shift of the TEMD, which is the signature

of the relativistic nondipole effects, is only visible for the low-energy TEMD. The

high-energy TEMD always gets shifted in the forward direction along the laser

propagation due to the radiation pressure imposed by the Lorentz force of the laser

field.

Here again, the same model based on 3D-TDDE is used to support the experimental

observations, which provides a good agreement between experiment and theory.

However, the theoretical predictions reveal an energy- dependent tilt in the energy-resolved

photoelectron momentum distribution, which could not be seen in the experimental

results. In order to draw an intuitive physical picture to describe these observations,

a modified three step model is proposed. This model suggests that the returning

electrons towards the parent ion gets elastically scattered by the Coulomb potential,

similar to the Rutherford scattering process. As a result the photoelectrons gain

the momentum in the counter-intuitive direction. The model further emphasizes

the role of photoelectron trajectories on the recollision dynamics and thus on the

counter-intuitive peak shift, and provokes to perform a purely classical photoelectron

trajectory-based simulation.
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In short, the first experimental study on the relativistic nondipole effects has

significance importance in the strong-field physics as these may affect the processes

dependent on the recollision dynamics, such as high harmonic generation, photoelectron

holography, laser induced electron diffraction and frustrated tunneling ionisation.

The study is complete in itself, both experimentally and theoretically, however

it led to another important energy-dependent experimental studies to gain more

insight into these effects. The energy-resolved measurements provided important

results regarding the underlying mechanism and provide an important self-referenced

technique based on the energy dependent peak shift of the TEMD for the detection

and analysis of the relativistic nondipole effects without the need of any external

referencing signal.

The future direction in view of continuing this work and in particular completing

the second study requires a few more experiments and some theoretical simulations.

First of all, the validity of the above-mentioned modified three step model needs

to be confirmed by performing a purely classical electron trajectory simulation for

different ionisation times and phases. Experimentally, this can be achieved by either

employing CEP stabilised few-cycle laser pulse or two-color laser fields to break

the top-bottom symmetry. By doing this, the particular photoelectron trajectory

and shift in its momentum along the laser propagation direction are expected to

be different for the photoelectron momenta greater than zero and less than zero.

Furthermore, in order to observe the tilt in the measured photoelectron energy

dependent momentum distribution, as reported by the theoretical predictions of

3D-TDDE model, the photoelectron energy resolution needs to be improved in the

experiment by optimising the values of electric and magnetic field of the detection

system. The high energy resolution experiments may open path for future studies

related to the low-energy electron dynamics.
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[104] T. Pflüger. Electron Impact Ionization Studies of Small Rare Gas Clusters.

PhD thesis, Ruperto-Carola University of Heidelberg, Germany, 2012. 51, 53

121



Bibliography

[105] T. Osipov. Experimental study of photo-electron diffraction from two-centre

molecules by means of the COLTRIMS technique. PhD thesis, Department of

Physics, Kansas State University, 2003. 55

[106] C. M. Maharjan. Momentum imaging studies of electron and ion dynamics in a

strong laser field. PhD thesis, Department of Physics, Kansas State University,

2007. 55

[107] A. Rudenko, B. Feuerstein, K. Zrost, V. L. B. de Jesus, T. Ergler,
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M. Büttiker, and U. Keller. Attosecond ionization and tunneling delay time

measurements in helium. Science, 322(5907):1525, 2008. 63

[127] A. N. Pfeiffer, C. Cirelli, M. Smolarski, D. Dimitrovski, M. Abu-samha,

L. B. Madsen, and U. Keller. Attoclock reveals natural coordinates of the

laser-induced tunnelling current flow in atoms. Nature Physics, 8(1):76, 2011.

63

[128] J. E. Calvert, A. J. Palmer, I. V. Litvinyuk, and R. T. Sang. Metastable noble

gas atoms in strong-field ionization experiments. High Power Laser Science

and Engineering, 4:e29, 2016. 63

[129] I. A. Ivanov. Origin of the cusp in the transverse momentum distribution for

the process of strong-field ionization. Physical Review A, 92:063417, 2015. 64,

88

[130] I. A. Ivanov. Evolution of the transverse photoelectron-momentum distribution

for atomic ionization driven by a laser pulse with varying ellipticity. Physical

Review A, 90:013418, 2014. 64, 85

[131] I. A. Ivanov, A. S. Kheifets, J. E. Calvert, S. Goodall, X. Wang, Han Xu, A. J.

Palmer, D. Kielpinski, I. V. Litvinyuk, and R. T. Sang. Transverse electron

momentum distribution in tunneling and over the barrier ionization by laser

pulses with varying ellipticity. Scientific Reports, 6:19002, 2016. 64, 68, 85

[132] N. B. Delone and V. P. Krainov. Tunneling and barrier-suppression ionization

of atoms and ions in a laser radiation field. Physics-Uspekhi, 41(5):469–485,

1998. 64

124



Bibliography

[133] C. T. L. Smeenk, L. Arissian, B. Zhou, A. Mysyrowicz, D. M. Villeneuve,
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S. Gräfe, O. Vendrell, C. D. Lin, and J. Biegert. Ultrafast electron diffraction

imaging of bond breaking in di-ionized acetylene. Science, 354(6310):308, 2016.

95

[167] W. Quan, Z. Lin, M. Wu, H. Kang, H. Liu, X. Liu, J. Chen, J. Liu, X. T.

He, S. G. Chen, H. Xiong, L. Guo, H. Xu, Y. Fu, Y. Cheng, and Z. Z. Xu.

Classical aspects in above-threshold ionization with a midinfrared strong laser

field. Physical Review Letters, 103:093001, 2009. 95, 96, 97, 98

[168] J. Dura, N. Camus, A. Thai, A. Britz, M. Hemmer, M. Baudisch, A. Senftleben,
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Appendix A

Personal Contributions

A.1 Statement of Contributions

The work presented in this thesis is based on the data acquired at the Australian

Attosecond Science facility (AASF) hosted by the Centre for Quantum Dynamics

at Griffith University in Brisbane, Australia. The facility houses the commercially

available few-cycle laser system and a reaction microscope. All the experimental

work is carried out by the author, with the guidance and assistance provided by the

post-doctoral fellow and senior team members for designing the experiment, laser

maintenance and trouble shooting. The main direction for the project design was

under the supervision of principal supervisors.

A.1.1 Experience of operating the laser system

The different optical stages of the few-cycle laser system (from oscillator to the

hollow-core fibre) need to be optimised every time, mostly on daily basis, to obtain

the desired pulses for a particular experiment. This optimisation which may take

an hour, a day or a couple of days depending upon the conditions. The stability of

the whole laser system depends upon the optimum mode-locking operation of the

oscillator (the first stage), which is sensitive to the cavity alignment and ultimately

on the laboratory environment e.g. temperature and humidity fluctuations. Even if

the laboratory is under nominal climate control, it may show variations as a function

of the external weather conditions. My personal experience, independently or in

a team, of the operation, maintenance and troubleshooting of the laser system is

mentioned as follows:

• Routine alignment of the oscillator cavity and adjustment of the PPLN and Ti:

crystal for optimum modelock operation including the cleaning of Ti:sapphire

crystal. Complete realignment of the oscillator cavity when it stopped lasing

accidently (team effort).

• Routine optimisation of the amplifier and compressor stages to achieve the

optimum output power. Cleaning the amplifier Ti:sapphire crystal and its
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vacuum chamber. Speculating and troubleshooting the problems related to

the power fluctuations. It turned out that amplifier’s pump laser caused these

issues, which were solved by the replacement of the pump laser. Complete

amplifier and compressor realignment a few times (team effort).

• Beam profiling of the amplifier and compressor output. Troubleshooting the

beam pointing stabilisation system. Beam alignment til the entrance of the

hollow-core fibre.

• Installation and alignment of the hollow-core fibre to get the desired few-cycle

laser pulses.

• Regular maintenance of the water cooling system for the amplifier stage that

included plumbing and cleaning of the chiller to terminate the algae growth.

All these issues caused a down time of several months over the course of my PhD.

A.1.2 Experience of operating the reaction microscope

For every experiment, the electric and magnetic field values of the reaction microscope

and other relevant parameters of the detection system need to be adjusted carefully to

get the required data output. Based on a particular situation, the reaction microscope

also requires occasional maintenance/troubleshooting. Some important issues that

have been resolved with my assistance are stated below:

• Optimisation of various voltages to improve the detection efficiency and achieve

the required momentum resolution of the ions and electrons for a particular

experiment.

• Maintenance of the vacuum system that includes baking the chambers and

troubleshooting after the leak detection.

• Alignment of the gas jet and laser beam to overlap in the reaction volume with

the adjustment of the focus

• Installation of the new MCP for the ion detection to replace the old one with

a damaged central spot.

• Optimisation of all the relevant parameters of the amplifier and discriminating

modules to get the required digital signal output.
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• Troubleshooting the issues with the vacuum pumps

The problems with the reaction microscope also caused a down time of several

months during my PhD tenure.

A.2 Publication list

The following refereed journal articles have been published during my PhD candidature.

I worked as a lead experimentalist for the research constituting my thesis i.e.

publication 1, 5, 6. I performed the experiments several times to get the optimum

experimental conditions, processed and analysed the data, and finally presented the

work in the form of published articles and thesis. For the publication 2, 3 and 7, I

have been closely involved in performing the experiment and in the discussion and

interpretation of the experimental results.

1. N. Haram, I. Ivanov, H. Xu, K. T. Kim, A. Atia-tul-Noor, U. S. Sainadh, R.

D. Glover, D. Chetty, I. V. Litvinyuk, & R. T. Sang, Relativistic nondipole

effects in strong-field atomic ionisation at moderate intensities, Phys. Rev.

Lett., 123, 093201 (2019).

2. C. Burger, A. Atia-tul-Noor, T. Schnappinger, H. Xu, P. Rosenberger, N.

Haram, S. Beaulieu, F. Légaré, A. S. Alnaser, R. Moshammer, R. T. Sang, B.

Bergues, M. S. Schuurman, R. de Vivie-Riedle, I. V. Litvinyuk, & M. F. Kling,

Time-resolved nuclear dynamics in bound and dissociating acetylene, Struct.

Dyn, 5, 044302 (2018).

3. A. Atia-tul-noor N. Haram, H. Xu, U. S. Sainadh, R. T. Sang, & I.V.

Litvinyuk, Ellipticity-dependent fragmentation of acetylene dications, Phys.

Rev. A., 97, 033402 (2018).

4. N. Haram, H. Xu, A. Atia-tul-noor, U. S. Sainadh, I. Ivanov, I. V. Litvinyuk,

& R. T. Sang, Intensity-dependent shift in transverse electron momentum

distribution for strong-field ionisation, IOP Conf. Series: Journal of Physics:

Conf. Series, 875, 022020 (2017).

The following articles are currently under-preparation and hopefully they will

be published soon in well-reputed journals.
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5. N. Haram, H. Xu, I. V. Litvinyuk, R. T. Sang, nondipole effects in strong-field

ionisation: a comprehensive study

6. N. Haram, H. Xu, I. V. Litvinyuk, R. T. Sang, I. Ivanov, Energy dependent

nondipole effects on slow photon electrons

7. U. S. Sainadh, N. Haram, H. Xu, I. V. Litvinyuk, R. T. Sang, Attoclcok

studies on dissociative dynamics of H2
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Appendix B

Atomic Units

Theoretical description of different processes in atomic and molecular physics is

greatly simplified by the use of Atomic Units (a.u.) instead of International System

of Units (SI). Atomic Units deal with the concerned processes on their respective

length, time or energy scale at atomic level and helps in assessing the process to be

fast or slow, or the length to be large or small as compared to the atomic dimensions.

The physical quantities are thus related to the properties of the electron in a hydrogen

atom.

In atomic units, the electron mass me, charge qe, Coulomb’s constant 1/4πε◦

and the reduced Planck’s constant ~ are equal to unity by definition. Moreover,

the fine-structure constant α is defined by α = e2/(4πε◦)~c ≈ 1/137, which gives

the speed of light in atomic units c ≈ 137. The commonly used basic and derived

physical quantities and the relation between their atomic SI units are listed in Table

B.1. Some physical constants with their conversion factors from SI to atomic units

are given in Table B.2. Other important relations for the conversions of intensity

and wavelength are given in Table B.3.

136



Appendix B. Atomic Units

Physical quantity Symbol/Formula Atomic
unit

SI Unit

charge qe 1 1.602 ×10−19 C

mass me 1 9.109×10−31 kg

length (Bohr radius) a◦=4πε◦~/mee
2 1 5.292 ×10−10 m

velocity v◦ 1 2.187 ×106 m s−1

energy (Bohr energy) Eh = e2/4πε◦a◦ 1 4.360 ×10−18 J

time a◦/v◦ 1 2.149 ×10−17 s

momentum mev◦ 1 1.993×10−24 kg m s−1

angular momentum ~=a◦mev◦ 1 1.055×10−34 kg m2 s−2

frequency vo/2πa◦ 1 6.579×1015 Hz

angular frequency v◦/a◦ 1 4.134 ×1016 Hz

electric field Eh/ea◦ 1 5.142 ×1011 V m−1

magnetic field ~/ea2◦ 1 2.350 ×105 T

intensity e2/2cε◦(4πε◦a
2
◦)

2 1 3.509 ×1016 W cm−2

Table B.1: Some basic and derived physical quantities and their SI values (upto four
significant figures) corresponding to atomic units with relevant conversion factors
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Physical constant Symbol/
Formula

Atomic unit
[a.u.]

SI Unit

elementary charge qe 1 1.602 ×10−19 C

electron mass me 1 9.109×10−31 kg

proton mass mp 1836.15 1.673×10−27 kg

atomic mass unit amu 1822.89 1.660×10−27 kg

velocity of light c 137.04 2.998 ×108 m s−1

Planck’s constant h 1 6.626 ×10−34 J s

reduced Planck’s
constant

~ 1 1.055 ×10−34 J s

permittivity ε◦ 1/4π 8.854 ×10−12 C/V m

permeability µ◦ = 1/c2ε◦ 4 π/137.042 4 π.10−7Vs/Am

Table B.2: Physical constants and the relation between their SI values (upto four
significant figures) and atomic units

Physical
quantity

Relation

Intensity E[a.u.] =
√

2.849 × 10−17I[W/cm2]

Wavelength ω/[a.u.] = 45.56/λ[nm]

Table B.3: Other useful conversions
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Relativistic Nondipole Effects in Strong-Field Atomic Ionization at Moderate Intensities
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(Received 2 August 2018; published 28 August 2019)

We present a detailed experimental and theoretical study on the relativistic nondipole effects in strong-
field atomic ionization by near-infrared linearly polarized few-cycle laser pulses in the intensity range of
1014–1015 W=cm2. We record high-resolution photoelectron momentum distributions of argon using a
reaction microscope and compare our measurements with a truly ab initio fully relativistic 3D model based
on the time-dependent Dirac equation. We observe counterintuitive peak shifts of the transverse electron
momentum distribution in the direction opposite to that of laser propagation as a function of laser intensity
and demonstrate an excellent agreement between the experimental results and theoretical predictions.

DOI: 10.1103/PhysRevLett.123.093201

In strong-field atomic or molecular ionization with near-
and midinfrared lasers, relativistic effects are known to
appear at laser intensities over 1018 W=cm2 [1] because,
depending on the laser wavelength, the photoelectrons can
gain sufficiently high ponderomotive energy that their
velocity can approach speed of light in the vacuum.
However, the onset of relativistic nondipole effects becomes
noticeable even at moderately intense (1013–1014 W=cm2)
low frequency (mid- and near-infrared) laser fields. These
nondipole effects appear as a result of the high energy
electrons in the laser field being affected by the magnetic
field component of the light pulse, which induces a non-
negligible momentum transfer to the photoelectrons [2,3].
To understand and describe these effects, theoretical mod-
elling must extend beyond the dipole approximation, which
neglects the small photon momentum by assuming the
magnetic field component of the laser field to be zero,
resulting in no momentum being transferred to the photo-
electrons along the laser propagation direction. In addition,
these effects cannot be fully explained without taking into
account the Coulomb interaction between the photoelectron
and the parent ion, hence going beyond the strong-field
approximation (SFA). In the case of a linearly polarized
laser field, the Coulomb attraction imparts themomentum in
the transverse direction and draws the photoelectron
towards the parent ion, leading to the focusing effect
[4,5]. Therefore, the combined effect of the Lorentz force
and Coulomb attraction from the parent ion contributes to
these nondipole effects. Such nondipole effects may have a
direct implication on many important phenomena relying
on the recollision process, such as holography with
photoelectrons [6,7], high harmonic generation [8], laser
induced electron diffraction [9–11], and frustrated tunneling
ionization [12].

Relativistic nondipole effects are revealed in the ionized
photoelectron momentum spectra, which are acquired as a
result of strong-field atomic ionization. It was reported
experimentally that, for a circularly polarized laser field
(800 and 1400 nm, ∼1014 W=cm2), the ionized photo-
electrons gain forward momentum in the laser propagation
direction due to the radiation pressure effect [2]. The
momentum gain is manifested as an asymmetry in the
electron momentum distribution (EMD), which can be
quantified by extracting a translational shift of the electron
momentum spectrum through the measurement of the peak
momentum shift. This overall momentum gain from the
field is related to the expectation value of electron
momentum in the pulse propagation direction. This value
is positive and is well reproduced by the classical [2,13]
and semiclassical [14] theoretical models. Successful
attempts were made using theoretical models in the
relativistic framework that employs a relativistic strong-
field approximation [15,16] and a time-dependent Dirac
equation [17]. In another experiment performed with a
linearly polarized low-frequency laser field (3400 nm,
∼1013 W=cm2) [3], negative peak shifts were reported.
A more complex picture emerged when the photoelectron
momentum distribution was analyzed in detail. The trans-
verse photoelectron momentum is shifted forward along the
pulse propagation direction only on average. The so-called
direct electrons, which never recollide with the parent ion,
are driven in the direction of the laser photon momentum.
However, a fraction of slow electrons, which can experi-
ence recollision, acquire momentum opposite to the photon
momentum. This complex behavior was shown to be the
result of interplay between the Lorentz force and Coulomb
attraction [18]. Several theoretical models were developed
to describe these counterintuitive peak shifts, which include
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semiclassical models [3,19] and SFA theories, such as a
nondipole SFA theory based on exact nondipole Volkov
solutions for the time-dependent Schrödinger equation
(TDSE) [20] and a nondipole quantum trajectory-based
Coulomb-corrected SFA theory [21]. However, proper
treatment of such effects clearly necessitates a correct
description of both relativistic and Coulomb effects. In
[18], such a description was based on the solution of the
TDSE for a model 2D hydrogen atom described by a soft-
core potential. In [22], these effects were accounted for
using the perturbative treatment of the relativistic nondipole
interactions.
In the present work, we use a theoretical model based on

the numerical solution of the 3D time-dependent Dirac
equation (3D-TDDE). An approach based on the
3D-TDDE allows a truly ab initio description of the
relativistic effects, and it has been advocated recently by
different groups [17,23]. Such relativistic development of
the theory is indispensable for the description of the
ionization phenomena occurring for the currently available
field intensities on the order of 1018 W=cm2 and higher.
The approach based on the Dirac equation incorporates
relativistic effects, such as the nondipole effects, effects of
the relativistic kinematics, and spin-orbit interactions in the
most natural way. Compared to the more traditional
approaches, such as treating the relativistic effects in the
framework of the lowest order perturbation theory, the
approach based on the 3D-TDDE also offers an advantage
of a technical character, which may be quite useful in
practical calculations. Indeed, some terms of the Breit-Pauli
Hamiltonian [24] describing relativistic interactions in the
lowest order perturbation theory are highly singular oper-
ators. The spin-orbit interaction operator and the Darwin
term, for instance, exhibit the 1=r3 and delta-function
singularities at the origin, respectively. Treatment of such
singular behavior in a numerical calculation necessitates
the use of various ad hoc regularization techniques.
Solution of the 3D-TDDE, on the other hand, does not
pose such technical problems. The price to pay for this
advantage is a somewhat higher computational cost that is
not, however, an insurmountable obstacle. In the regime of
the moderately intense fields considered in this work, we
obtain accurate experimental results for the relativistic
effects, thereby providing an opportunity for a precise
comparison between theory and experiment.
In our experiment, as shown in Fig. 1, a linearly

polarized few-cycle pulse (∼6 fs and ∼740 nm, produced
by a Femtopower Compact Pro CE Phase amplified laser
system) propagating along the y axis is focused on a
supersonic Ar jet, which is propagating along the x axis.
The peak intensity of the few-cycle pulse is varied by
a set of pellicle beam splitters to cover a range of
6 × 1014 − 3 × 1015 W=cm2. A Berek compensator is used
to achieve linear polarization of the light pulses, where the
inherent ellipticity in the few-cycle pulses is removed by a

quarter-wave plate. A half-wave plate then rotates the
polarization axis to the z axis [time-of-flight (TOF) axis
of a reaction microscope (REMI)]. A pair of fused silica
wedges with adjustable insertion can compensate for the
chirp of the few-cycle pulses, minimizing the pulse
duration in the interaction region. The in situ laser intensity
in the interaction region is precisely calibrated by the
recoil-ion momentum imaging method [25,26] within
10% confidence. The space charge effect is avoided by
carefully controlling the Ar jet density for different laser
intensities to achieve a low ionization rate of< 1 ionization
event per pulse.
Full 3D photoelectron momentum distributions from the

strong-field ionization of Ar atoms are recorded by a REMI
[27]. In order to ensure that the considered electrons are
from Arþ, both the ions and electrons are measured in
coincidence with only those electron-ion pairs that mutu-
ally conserved momentum.
Owing to the importance of the Coulomb interaction

between the parent ion and the ejected photoelectron in the
linearly polarized laser field [28–33], the transverse elec-
tron momentum distribution (TEMD)—perpendicular to
the polarization plane of the laser field—is used to gain
insight into the details of the recollision event without it
being obscured by the large momentum transfer from the
laser field. The information about the relativistic nondipole
effects is hidden in the fine details of the TEMD along the
laser propagation direction. The TEMD is recorded by a
REMI with sufficiently high resolution to resolve the
nondipole effect induced momentum peak shift in the laser
propagation direction. The typical 2D photoelectron
momentum distributions are presented in Fig. 2(a). The
2D photoelectron momentum spectrum integrated over the
y axis evolves into a cusp, as shown in Fig. 2(b). The cusp
profile of the TEMD—centered at zero transverse momen-
tum Py—is attributed to the Coulomb focusing effect
[4,5,28,34], which implies that the ionized photoelectron
is attracted towards the parent ion due to the momentum

FIG. 1. Schematic of the experimental setup.

PHYSICAL REVIEW LETTERS 123, 093201 (2019)

093201-2

Appendix C. Published articles

141



transfer in the transverse direction as a consequence of the
Coulomb attraction.
To scale the features of the cusp for a better discernment,

the plot of the ionization rate WðPyÞ is used. The function
VðPyÞ ¼ lnWðPyÞ is then analyzed in a narrow range of
transverse photoelectron momenta jPyj ≤ 0.5 a:u: (a.u.
refers to atomic units) [5]. We observed that the cusp
profile of the TEMD exhibits slight asymmetry, which
becomes more pronounced as the intensity increases. The
asymmetry is extracted in the form of the peak shift, which
is the key observable in this experiment to explore the
relativistic nondipole effects. For the TEMD to have a cusp
profile, VðPyÞ should have a singularity at its maximum
near the point Py ¼ 0, which can be described by repre-
senting VðPyÞ in the vicinity of the maximum as [5,35]

VðPyÞ ¼ Bþ AjPy − βjα: ð1Þ

The experimental data are fitted with the same function
VðPyÞ by performing a series of least square fits, as shown
in Fig. 3. The coefficients A, B, α, and β are the fitting
parameters. A and B are expansion coefficients, α describes
the shape of the TEMD (α → 1.35 for the present case), and
β accounts for the peak shift hPyi. The peak shifts hPyi as a
function of laser intensity are extracted with reference to
the data obtained at the lowest intensity.
To obtain theoretical predictions, we solve the time-

dependent Dirac equation (TDDE)

i
∂Ψðr; tÞ

∂t ¼ ĤΨðr; tÞ ð2Þ

for the bispinor Ψðr; tÞ with the Hamiltonian operator

Ĥ ¼ Ĥatom þ Ĥint; ð3Þ
with

Ĥatom ¼ cα · p̂þ c2ðβ − IÞ þ IVðrÞ ð4Þ

and

Ĥint ¼ cα · Â; ð5Þ

Here, α and β are Dirac matrices, and c ¼ 137.036 is the
speed of light in atomic units.
The pulse is defined in terms of vector potential Aðy; tÞ

that, when nondipole effects are included in consideration,
is a function of temporal and spatial variables Aðt − y=cÞ
for the pulse propagating in the y direction and is given as

Âðy; tÞ ¼ −
Ê
ω
sin2

�
πu
T1

�
cosðωuþ ϕÞ ð6Þ

for 0 < u < T1, and it is zero elsewhere.
Here, u ¼ t − y=c; E is the field strength; the carrier

frequency ω is 0.059205 a.u. corresponding to a wave-
length of 770 nm; T1 ¼ 5 × 2π=ω corresponds to the pulse
duration of 6 fs; and ϕ is the carrier envelope phase (CEP),
which is zero in all the calculations.
We use the single-active-electron approximation (SAE)

to describe the target atom, employing a model potential
VðrÞ [36] in Eq. (4). The solution is sought as a series in
basis bispinors:

Ψðr; tÞ ¼
X

j
l¼j�1=2

Xj

M¼−j
ΨjlMðr; tÞ: ð7Þ

A detailed description of the procedure used to solve the
TDDE numerically can be found in [17]. The photoelectron
momentum distribution is obtained by projecting the
solution of the TDDE after the end of the pulse on the
set of the scattering states of the Dirac Hamiltonian
[Eq. (4)] with ingoing boundary conditions.

FIG. 2. (a) Measured electron momentum distributions
projected onto three orthogonal planes recorded at 6×
1014W=cm2. (b) Evolution of cusp in the TEMD obtained with
an intensity of 6 × 1014 W=cm2. FIG. 3. Projection of TEMD onto the laser beam propagation

axis at intensity of 6.5 × 1014 W=cm2 fitted with the function
VðPyÞ. Inset figure shows the normalized ionization rate obtained
from theoretical and experimental data.
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In Fig. 4, the experimental results are compared with
theoretical predictions with error bars on both the intensity
and peak shift. The horizontal error bars depict uncertainty
in the intensity due to systematic errors, whereas the
confidence bounds of the fitting parameter β serve as error
bars on the peak shifts. Clearly, we observe increasing
counterintuitive peak shifts with increasing laser intensities
due to the effect of the attractive Coulomb force on the low
energy electrons. The experimental and theoretical results
are in quite good agreement within the entire intensity
range.
In order to unravel the effect of long-range Coulomb

potential on the peak shift, we performed simulations for a
model Ar atom with Yukawa-type potential, which is a
short-range screened Coulomb potential,

VðrÞ ¼ −g2
e−αr

r
; ð8Þ

with g2 and α as the scaling constants, andm as the mass of
electron. The simulations were performed for two different
values of the Yukawa potential, with scaling constants
½g2 ¼ 2.61; α ¼ 0.1� and ½g2 ¼ 3.38; α ¼ 0.3�, respectively.
The particular values for the scaling constants were chosen
such that the system has the ionization energy close to that
of the Ar atom in the initial p state. We used the initial p
state for the ionization in the Yukawa potential so that all
the relevant details of the initial state (energy and angular
momentum) would mimic those of the Ar atom closely, as
well as to demonstrate the effect of the Coulomb potential
unambiguously. The simulations were performed with the
same pulse parameters as used in the previous simulations
at an intensity of 2.5 × 1015 W=cm2, where the effect of the
Coulomb potential was most pronounced. The comparison
of the peak shifts extracted from the simulations performed
for the Coulomb potential and the Yukawa potentials is
depicted in Fig. 5. All the curves are normalized to unity in

order to highlight the relative peak shift. We observe that
the long-range Coulomb potential shows the greatest peak
shift, whereas the shortest range ½g2 ¼ 3.38; α ¼ 0.3� of the
Yukawa potential results in the least peak shift—attributed
to the fact that it is unable to attract the electron towards the
parent ion significantly. The intermediate value of the
Yukawa potential ½g2 ¼ 2.61; α ¼ 0.1�, as expected, yields
a peak shift lying between the two extreme cases, which is
sufficient to conclude that counterintuitive peak shifts of
TEMD definitely result from the longer range Coulomb
attraction of the parent ion.
To demonstrate the requirement on the solution of the

Dirac equation instead of using the lower order perturbation
theory for relatively low intensities on the order of
1016 W=cm2, we compared our theoretical model based
on 3D-TDDE with the solution of the time-dependent
Schrödinger equation with leading order relativistic cor-
rections (LOPT-TDSE). The procedure we used for the
LOPT-TDSE was described in detail in [22]; however, the
most essential details are detailed as follows:
Our aim is to obtain the leading order relativistic

corrections to the nonrelativistic TDSE describing the
evolution of an atomic system. The field-free atomic
Hamiltonian including the leading order relativistic cor-
rections (the Breit-Pauli Hamiltonian [24]) differs from the
nonrelativistic Hamiltonian in terms of the order of c−2. If
we are interested in the corrections of the order of c−1 only,
we may therefore still use the nonrelativistic expression for
the field-free atomic Hamiltonian.
For the nonrelativistic atom-field interaction Hamiltonian,

we use the velocity gauge,

Ĥnr
intðtÞ ¼ p̂ · AðtÞ þ Â2ðtÞ

2
; ð9Þ

where AðtÞ is the vector potential of the pulse, which is
the nonrelativistic dipole approximation as a function of
the time variable only. Relativistic corrections to this
Hamiltonian arise from the fact that the vector potential
of a traveling wave is a function of time and space
variables. In the geometry we employ, the laser pulse is
polarized along the z direction and propagates along the
y axis. Vector potential is then a function Aðt − y=cÞ of the
combination t − y=c. The leading relativistic correction to
operator (9) can be obtained by substituting this expression
for the vector potential instead of AðtÞ in Eq. (9), perform-
ing an expansion in powers of c−1 and keeping the terms
linear in c−1. Following this strategy, we obtain a field-
atom interaction operator containing relativistic corrections
linear in c−1:

Ĥr
intðr; tÞ ¼ p̂zAðtÞ þ

p̂zyEðtÞ
c

þ AðtÞEðtÞy
c

; ð10Þ

FIG. 4. The relative peak shift hPyi extracted from experiment
and theory agree well in the entire intensity range.
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where we introduce the electric field of the pulse,
EðtÞ ¼ −∂AðtÞ=∂t.
As in the case of the 3D-TDDE, we consider the Ar atom

described by means of a SAE model potential [36] as a
target system. The LOPT-TDSE with the interaction
Hamiltonian was solved using the numerical procedure
described in [22].
The results of the simulations based on 3D-TDDE and

LOPT-TDSE show the same peak shift and TEMD features
at 2.5 × 1015 W=cm2, as expected. However, at the
higher intensity of 1 × 1016 W=cm2, a substantial qualita-
tive difference in the TEMD features was observed, even if
the peak shift remained the same quantitatively (Fig. 6). It is
clear from the right panel of Fig. 6 that, at the intensity of
1016 W=cm2, we are entering the regime with the domi-
nating radiation pressure positive peak shift of Up=c. The
model based on 3D-TDDE offers to probe the fine details in
the TEMD and provides information about electron dynam-
ics at high intensities.
Furthermore, the effect of CEP on the peak shift was

investigated experimentally as well as theoretically. It was
found that the CEP dependent peak shift was not resolvable
within experimental uncertainty.

In summary, we have presented a comparative theoretical
and experimental study of the relativistic nondipole effects
emerging at moderately intense laser fields, illustrating the
failure of dipole approximation and strong-field approxi-
mation, even at laser field intensities commonly considered
to be nonrelativistic. The measured and calculated peak
shifts in the direction opposite to the laser beam propaga-
tion increase with laser intensity due to the Coulomb
attraction from the parent ion. Simulations performed for
a model Ar atom with Yukawa potential further support this
claim. The truly relativistic ab initio model based on 3D-
TDDE agrees quantitatively with the experimental results.
The comparison of our model based on 3D-TDDE with
LOPT-TDSE indicates that, although the perturbative
approach is sufficiently accurate at lower intensities
(<2.5 × 1015 W=cm2), there are notable differences in
the EMD simulated using 3D-TDDE and LOPT-TDSE
at 1 × 1016 W=cm2. With 3D-TDDE being the most
advanced theory for the description and analysis of rela-
tivistic strong-field effects while being only moderately
more computationally demanding, its application for a
broad range of intensities is fully justified.
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We have investigated nuclear dynamics in bound and dissociating acetylene

molecular ions in a time-resolved reaction microscopy experiment with a pair of

few-cycle pulses. Vibrating bound acetylene cations or dissociating dications are

produced by the first pulse. The second pulse probes the nuclear dynamics by ioni-

zation to higher charge states and Coulomb explosion of the molecule. For the

bound cations, we observed vibrations in acetylene (HCCH) and its isomer vinyli-

dene (CCHH) along the CC-bond with a periodicity of around 26 fs. For dissociat-

ing dication molecules, a clear indication of enhanced ionization is found to occur

along the CH- and CC-bonds after 10 fs to 40 fs. The time-dependent ionization

processes are simulated using semi-classical on-the-fly dynamics revealing the

underling mechanisms. VC 2018 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY)
license (http://creativecommons.org/licenses/by/4.0/).
https://doi.org/10.1063/1.5037686

I. INTRODUCTION

The ionization of molecules with intense laser pulses typically results in the vibrational and

electronic excitation of the molecule. Upon ionization, the molecular structure and the corre-

sponding chemical properties can change drastically, e.g., due to proton migration,1 dissocia-

tion,2 or even selective bond-breaking.3 To temporally resolve the resultant vibrational motion,

Coulomb explosion imaging (CEI) can be applied to reveal the underlying nuclear dynamics.
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The ionization process itself can also be investigated by the CEI method. The enhanced

ionization (EI) process is known to alter the ionization probability of molecules at an inter-

nuclear distance of around twice the equilibrium bond length.4,5 The process of double ioniza-

tion via EI can be understood for the diatomic case as follows (see Fig. 1):4 First, a diatomic

potential well, with an inter-nuclear distance of r being the equilibrium distance Req, is tilted

by a strong laser field such that an electron can tunnel through the outer barrier into the contin-

uum, cf., Fig. 1(a). Upon nuclear motion induced by the first ionization, the inter-nuclear dis-

tance increases, while an inner barrier between both nuclei emerges. At a critical distance Rc,

the (inner) barrier towards electron tunneling becomes smaller than the outer barrier, consider-

ably enhancing the rate for double ionization (enhanced ionization), cf., Fig. 1(b). When the

inter-nuclear distance increases further, the inner barrier becomes larger and enhanced ioniza-

tion ceases, cf., Fig. 1(c). This simple picture, while illustrative, may be incomplete for the

case of polyatomic molecules where multiple bonds are present. In the case of acetylene, both

the CC-bond (depicted in Fig. 1) and the CH-bonds can elongate as a result of the first ioniza-

tion step, providing a multi-dimensional landscape for enhanced ionization.

In 1995, Zuo and Bandrauk6 theoretically predicted enhanced ionization in H2
þ ions for a

charge resonance between two strongly coupled states. As this process depends on the inter-

nuclear distance, which may change following the first laser-molecule interaction, its temporal

evolution is of particular interest. Ergler et al. performed first time-resolved pump-probe mea-

surements on hydrogen,7 followed by more extensive work on H2 (Refs. 8 and 9) and on D2.10

Another method of probing EI is to change the pulse duration11–13 or the polarization of the

laser14 and thereby investigate the role of EI on the ionization probability. Wu et al. verified

that in the process of EI the potentially high-lying nucleus is ionized using circularly polarized

pulses.4 Theoretical calculations were able to reproduce EI both in simple hydrogen15 and in

more complex acetylene16,17 showing the importance of two or more interacting states where

charge-resonance enhanced ionization (CREI) can occur.

Experimental investigations on enhanced ionization of polyatomic molecules are still

scarce. Roither et al. found that various hydrocarbons can efficiently be ionized (up to charge

states of þ12) via enhanced ionization.18 This enhancement process is mediated by the stretch-

ing motions of the CH-bonds and occurs at bond lengths, which are about twice as large as the

equilibrium value.18,19 Recently, Erattupuzha et al. found that CREI in acetylene originates not

only from coupling of two states but rather due to an energy upshift and field coupling of mul-

tiple orbitals.20 Following this argument, EI in complex molecules such as acetylene is not lim-

ited to a single critical inter-nuclear distance but can include a broader range of inter-nuclear

distances, which are possibly assumed during a longer time interval during molecular motion

initiated by, e.g., the ionization of the neutral molecule.

FIG. 1. Schematic representation of enhanced ionization: Molecular potentials (black solid lines), which are dressed by the

laser field (E, black dashed lines), for different interatomic separations: (a) at the equilibrium distance Req, (b) at a critical

distance Rc, and (c) at even larger separations R > Rc. Electrons are depicted as green points with arrows indicating tunnel

ionization through the barriers. Below each panel, as an example, enhanced ionization with respect to the CC-bond in acet-

ylene is depicted with carbon (grey) and hydrogen (red) atoms.
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In previous pump probe experiments, light-induced vibrational motion in neutral systems

and molecular ions was imaged by time-dependent ionization spectroscopy. These experiments

were predominantly performed for rather simple diatomic systems (see, e.g., Refs. 21–23), but

also for more complex molecules including small hydrocarbons.24–27

In this work, strong-field ionization induced by the pump-pulse prepares a wave packet in

cationic or dicationic states of acetylene. The motion of this wave packet is detected by a sec-

ond ionization via the probe pulse. Our study allows us to investigate both enhanced ionization

as well as vibrational motion in charged states of acetylene within the same time-resolved

experiments. The joint experimental and theoretical work provides insight into the nuclear

dynamics in bound and dissociating molecules.

II. METHODS

A. Experimental methods

In our time-resolved experiments, a femtosecond pump-probe setup was utilized, as

described in Ref. 28. In brief, a few-cycle laser pulse with <5 fs pulse duration was split into

two pulses in a Mach-Zehnder interferometer. The temporal delay between both pulses was

adjusted by a linear nm-resolution translation stage in one arm of the interferometer. The delay

was continuously swept between 0 fs and 120 fs, with one complete scan taking around 5 min,

whereas the total scan duration was about 12 h with average count rates around 5 kHz. By ana-

lyzing the individual short-term scans, long-term drifts in the delay could be identified and

compensated. The pulse duration of the individual arms was measured independently by a

frequency-resolved optical-gating technique (FROG) behind the interferometer.29 Additional

laser parameters such as spectrum, power, and focal spot size were recorded before and after

the scan to ensure similar conditions throughout the measurement. Both laser pulses were sub-

sequently intersected with neutral acetylene molecules in the jet of a reaction microscope

(REMI). The REMI provides the 3D momentum distributions of all charged particles resulting

from the laser-molecule interaction. In our experiments, we focused on measurements of emit-

ted fragment ions, with a momentum resolution of the order of 0.1 a.u. for the present experi-

mental conditions. The detection of coincident fragment ions from the dissociation of the

molecule induced by both pulses is used to separate fragmentation channels. Each few-cycle

pulse had an intensity of around 5 � 1014 W cm�2, permitting single or double ionization of

acetylene by a single pulse. The pulse intensities were calculated from the pulse energies, pulse

durations, and focus size. They have an uncertainty of about 20%.

B. Computational details

The time-dependent ionization processes were calculated using a combination of non-

adiabatic on-the-fly simulations and ab initio calculations of ionization rates. For all this, the

Complete Active Space Self-Consistent Field method (CASSCF)30 was employed. The active

space provided for the static electron correlation was adapted to the number of the valence elec-

trons consisting of 10 molecular orbitals and the according electrons except for the 1s-core

electrons of the carbon atoms, following Refs. 31 and 32. The calculations were performed

using the program package MOLPRO 2012 (Refs. 33 and 34) with the 6–311þþG**

basis set.35–37 For the non-adiabatic on-the-fly simulations, we used a modified version of

Newton-X,38–40 which supports the usage of MOLPRO 2012.

Sets of, respectively, 100 trajectories were propagated in the ground state of the acetylene

cation (X2Pu) and the first dissociative state of the dication (A3Pu), both starting from a

Wigner distribution around the ground-state equilibrium geometry. The propagation time for the

A3Pu state was 100 fs and for the X2Pu state was 200 fs, both with a step size of 0.25 fs. For

20 typical trajectories, the ionization probability (hereafter called rate) was calculated with the

ansatz described in Refs. 41 and 42. In this ansatz, a quantum chemical calculation for a given

molecular geometry with and without a static electric field is performed. Based on the obtained

two electronic densities, the tunneling rate can be extracted. For acetylene, the highest three
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occupied orbitals are included to build up the electronic densities. In the current work, an angu-

lar dependence for the ionization was not included. The methodology is benchmarked against

the more rigorous time-dependent resolution in ionic states (TD-RIS) approach,43–45 see

Appendix A. Additionally, 60 trajectories with 200 fs propagation time were calculated in the

A2Rg
þ state of the cation, see Appendix B.

III. RESULTS AND DISCUSSION

In our analysis, we focus on two scenarios for the pump-probe experiment that are dis-

played in Fig. 2. In the first scenario, the pump pulse populates the bound ground state of the

acetylene cation, where the wavepacket starts to oscillate, see Fig. 2(a). The wavepacket

dynamics is probed by further dissociative ionization with the probe pulse. Here, the deprotona-

tion (C2H2
2þ ! Hþ þ C2Hþ) and isomerization (C2H2

2þ ! Cþ þ CH2
þ) are two product

channels that are observed after dissociative double ionization. In the second scenario, the

pump pulse directly populates a dissociative dication state [e.g., the first excited state as dis-

played in Fig. 2(b)]. Previous work indicated that at similar laser intensities, this process was

facilitated by recollisional ionization/excitation after single ionization.47 The probe pulse ena-

bles further ionization, including [as shown in Fig. 2(b)] the generation of the dissociative qua-

druply charged molecule, which fragments by Coulomb explosion. In our studies, we focus on

the observation of fragments from the quadruply charged instead of a triple charged molecule,

since it enables a better probe for the dissociative dynamics on the dication excited state due to

its steeper potential and hence stronger energy difference as a function of bond length.

A. Nuclear dynamics in bound electronic states of the cation

To investigate the temporal evolution of the nuclear motion in the bound states of the cat-

ion created by the pump pulse, we analyzed the kinetic energy release (KER) of the ionic frag-

ments created by the probe pulse as a function of the delay between both laser pulses.

In Fig. 3, the ionization yield is depicted as a function of KER and delay for the deprotona-

tion channel [Fig. 3(a)] and the isomerization channel [Fig. 3(c)]. Since the probe step popu-

lates a dissociative dication potential [cf., Fig. 2(a)], the KER is an indicator of the bond length

FIG. 2. Potential energy curves for various states in neutral and various charged states of acetylene as a function of CH-

bond length. In scenario (a), the pump pulse ionizes the molecule into a bound cation state and a subsequent probe pulse

populates a dissociative dication state (here the first excited state of the dication). In scenario (b), the pump pulse directly

populates the dissociative dication state, and the probe pulse induces fragmentation from a quadruply charged molecular

state.
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in the cation, where a short bond length results in a higher KER and vice versa. As visible in

Figs. 3(a) and 3(c), the KER remains rather constant over time, which is a strong indication of

nuclear dynamics in bound electronic states of the cation. As already discussed in Refs. 48 and

49, the observed KER signals suggest that the deprotonation and the isomerization processes

take place in dicationic states of acetylene.

The overall temporal evolution of the ionization yield is similar within both investigated

channels and a considerable modulation is observed, compare Figs. 3(b) and 3(d). The oscilla-

tions reflect the dynamics in the intermediately populated bound electronic states of the cation.

This is supported by the fact that the observed vibrational periods are the same within the

experimental error. An oscillation period of 25.5 6 0.5 fs is found in the deprotonation channel

and of 26.7 6 0.9 fs in the isomerization channel. The dynamics in the intermediate states of

the cation is convoluted with the transition probability to the dication states in the probe step.

The TD-RIS calculations allow for the resolution of single state contributions to the total ioni-

zation yield. These results show that the states populated with the largest amplitude (from

ionization of acetylenic structures) are the lowest lying bound states (X3Rg
� and 1Dg) in the

dication, while higher lying states that lead to either CC or CH-bond breaking contribute very

little to the total yield (see Appendix A). The subsequent isomerization and/or fragmentation

leading to the experimentally observed products might be induced by coupling to dissociative

states, like the A3Pu state. The coupling could be realized by populating highly excited

vibronic bound states directly during the ionization or by mixing these states due to interaction

with the remaining probe laser field.

To explain the observed periods in the ionization yields, the nuclear dynamics in the

ground state of the acetylene cation (X2Pu) were simulated. The theoretical results for the

dynamics of the acetylene cation are summarized in Fig. 4.

All bonds in the acetylene cation show clear oscillation dynamics, see Figs. 4(a) and 4(b).

The CC bond length varies between 1.1 Å and 1.5 Å (equilibrium distance around 1.2 Å), while

the length of both CH bonds varies between 0.9 Å and 1.6 Å (equilibrium 1.06 Å). The averaged

CC-bond has a vibrational period of about 20 fs, while both CH-bonds oscillate with 15 fs. The

averaged CH bonds are moving nearly in phase, observable by the almost perfect overlap of

both red solid lines in Fig. 4(b).

The average ionization rate was calculated for 20 exemplary trajectories, see Fig. 4(c). A

clear periodic modulation of the ionization rate was observed with a period of around 23 fs.

The combined motion of the CC- and both CH-bonds induces the observed periodic change of

the ionization rate. Comparing the averaged values of rCH and rCC around the peaks of the ioni-

zation rate, an anticyclic behavior can be seen: Either the CH bonds are or the CC bond is

elongated, while the other bond-type is shortened. In total, the modulation of the ionization rate

is dominantly determined by the symmetric CC-stretching normal mode involving motions of

all four atoms.

FIG. 3. Ionization yield of (a) the deprotonation and (c) isomerization channel as a function of the kinetic energy release

(KER) and the delay between pump and probe pulse. (b) and (d) The KER-integrated signal as a function of delay.

044302-5 Burger et al. Struct. Dyn. 5, 044302 (2018)

Appendix C. Published articles

150



Compared to the experimental results [see Figs. 3(b) and 3(d)], the simulated ionization

rate for the ground state of the cation is in qualitatively good agreement. The vibrational period

of around 23 fs is slightly shorter than the experimental one with 25 fs. A reason might be that

the simulation for the ionization process focuses on the non-reactive ground state, the X2Pu

state, in which the p-bond is weakened. This is a simplification as likely not only the ground

state is populated but rather also a multitude of states in the cation. We neglect the situation for

which the ionization weakens the r-bond, for example, the A2Rg
þ state. To estimate its possible

influence, dynamic simulations for the excited A2Rg
þ state were performed. In this state, the

oscillation period of the CC stretching motion changes due to the isomerization process. Its

period varies between 22 and 25 fs within the first 100 fs (see temporal evolution of the CC

bond in Appendix B). Contribution from this state might explain the slightly longer periods in

the experiment. In addition, also the underlying CASSCF methodology overestimates slightly

the steepness of the potential energy curve leading to a faster oscillation.

The simulations show that the vibrational motion in the bound ground state of the cation

leads to periodic enhancement of subsequent ionization, which experimentally manifests in the

periodic yield modulation. These results are in accordance with the experiments performed on

hydrogen50 and deuterium.22,51

B. Enhanced ionization in dissociating electronic states of the dication

Enhanced ionization for dissociating molecules is observed in the second scenario, where

initially a dissociative state of the dication is populated by the pump pulse. The temporal evolu-

tion of this wavepacket is then followed by further ionization through the probe pulse. Here,

we inspected the four-fold coincidence channel C2H2
4þ ! Hþ þ Cþ þ Cþ þ Hþ that results

from interaction with both pulses.

In Fig. 5(a), the ionization yield of the four-fold coincidences from this channel is shown

as a function of KER and delay between pump and probe pulses. The area with red dashed

lines corresponds to measured signal from dissociating molecules. The one-dimensional repre-

sentation depicted in Fig. 5(b) shows the integrated signal (red) and average KER (black) for

dissociating molecules.

FIG. 4. (a) Simulated temporal dynamics of the CC bond in the ground state of the acetylene cation shown in blue for all

trajectories and in red for the averaged value. (b) The temporal evolution of both CH bonds in the ground state of the acety-

lene cation displayed in blue and green for the left and right CH bond, respectively, for all trajectories, and in red for the

averaged values. (c) Calculated time-dependent averaged ionization rate of 20 exemplary trajectories propagating in the

ground state of the acetylene cation.
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The average KER is decreasing with the delay time from about 45 eV to 22 eV. Compared

to Fig. 3, almost no delay independent KER contribution was detected, which indicates that all

molecules detected in this channel undergo dissociation in the intermediate state, and further-

more that the pulse intensities are sufficiently low to suppress background from a single pulse.

Regarding the temporal evolution, we can also conclude that the applied pulses are short

enough to separate the maximal yields at the temporal overlap and the subsequent peak starting

at 10 fs. Previous time-resolved measurements on EI suffered from interferences of 2.7 fs

period created by pre- and post-pulses.7–10 Here, however, the experimental data are not influ-

enced by any interference due to a very clean temporal profile. As the maximum yield at the

temporal overlap is not due to an enhanced ionization effect but rather stems from the increased

intensity of both pulses together, this effect is not captured by the simulations.

With respect to the ionization yield in Fig. 5(a), we could observe a clear indication of

enhanced ionization in acetylene. Comparing to the previous measurements performed on H2

(Refs. 7–9) and D2,10 the temporal evolution of acetylene shows very similar behavior, i.e., a

maximum in the ionization yield within the signal of the dissociating molecules, indicating

enhanced ionization of dissociating molecules. Around the temporal overlap, a strong signal is

detected, which decreases with time. After a few fs, the ionization yield increases from about

10 fs to 40 fs. For longer delays above 40 fs, the ionization yield is decreasing again.

For a better understanding of the observed enhanced ionization process, the nuclear dynam-

ics in the first dissociative state of the acetylene dication (A3Pu) were simulated. The theoreti-

cal results are summarized in Fig. 6.

The temporal evolutions of all bond lengths in the dication of acetylene are displayed in

Figs. 6(a) and 6(b). All 100 trajectories show deprotonation on the timescale of a few femtosec-

onds (<60 fs). On average, the leaving proton is around 2 Å away from the remaining C2Hþ

fragment after around 10 fs. In this fragment, an oscillation of the remaining bonds is observed.

The CC bond has a period of around 20 fs and the CH bond of around 10 fs.

The averaged time-dependent KER and ionization rate of 20 exemplary trajectories are dis-

played in Fig. 6(c). The average KER is decreasing from about 45 eV to 22 eV within the first

60 fs. The ionization rate increases beginning from about 10 fs to 30 fs. For simulation times

longer than 30 fs, the ionization yield is decreasing again. An enhanced ionization rate along

the CH-bond occurs at the critical CH-bond length of around 2.0 Å after 10 fs, which corre-

sponds well to the experimentally observed starting position of the yield enhancement.

FIG. 5. (a) Ionization yield of the four-fold coincidence as a function of KER and delay. (b) The one-dimensional plot rep-

resents the normalized KER-integrated signal including all counts within the dissociative area (red line) and the average

KER of the dissociative events as a function of the delay (black line). To select dissociative molecules, only events within

the red dashed lines are considered.
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Compared to the simulations, the experimentally observed peak in EI is broader, which may be

due to the used CASSCF method, which overestimates the steepness of the potential energy

curve in the dication state leading to a faster nuclear motion. Similar to the simulations in the

cation, another reason might be that the simulation includes only one single intermediate state.

This is a simplification, since in reality several dissociative states with different potential energy

surfaces may be populated. As the time to reach the critical bond distance can vary for each

state, the peak becomes broader.

In order to get more insight into the EI process, also the three-fold coincidence channels

C2H2
3þ ! Hþ þ Cþ þ CHþ and C2H2

3þ ! Hþ þ Hþ þ CCþ are investigated with respect to

signs of enhanced ionization.

In Figs. 7(a) and 7(c), the ionization yield is depicted as a function of the delay for both

three-fold coincidence channels. Similar to the four-fold coincidence channel, most of the mole-

cules dissociate. These dissociating molecules are selected by the red marked filter and further

analyzed in (b) and (d) with respect to their relative counts and average KER. In Fig. 7(b), a

peak in the ionization yield is observed in between 10 and 40 fs. In comparison to the four-fold

coincidence channel, here, the peak can be attributed to a pure CH-bond elongation. This sug-

gests that also the EI peak seen in Fig. 5(b) originates from CH-bond stretching.

In Fig. 7(d), a small peak around 30 fs is observed, which fits well to the previous observa-

tions of enhanced ionization. Regarding the temporal evolution of average KER, it becomes obvi-

ous that the C2H2
3þ ! Hþ þ Hþ þ CCþ channel dissociates faster than the C2H2

3þ ! Hþ

þCþ þ CHþ channel. Both observations can be explained by the fact that in the C2H2
3þ ! Hþ

þ Cþ þ CHþ channel, not only the CH-bond but also the CC-bond is elongated. Thus, the tem-

poral evolution of the dissociation process and therefore also the enhanced ionization is washed

out and hence is not as well visible as in the C2H2
3þ ! Hþ þ Hþ þ CCþ channel.

IV. SUMMARY

A nuclear wavepacket in the acetylene cation was temporally resolved via a pump-probe

experiment. The pump pulse can either initiate a vibrational motion in the cation, which is

observed in two different two-fold coincidence channels or it excites the molecule to a

FIG. 6. (a) The temporal evolution of the breaking CH bond in the first dissociative state of the acetylene dication shown in

blue for all trajectories and in red for the averaged value. (b) The dynamics of the remaining CH bond (green) and the CC

bond (blue) in the first dissociative state of the acetylene dication displayed for all trajectories and in red for the averaged

values. (c) Calculated time-dependent KER and ionization rate of 20 exemplary trajectories propagating in first dissociative

state of the acetylene dication.
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repulsive state leading to dissociation. The underlying processes were explained with the help

of dynamic simulations and ab-initio calculations.

In the case of the bound cations, vibrational wave-packet motion could be imaged via the

periodic modulation of the ionization rate. Periods of 25.5 6 0.5 fs for the deprotonation channel

and 26.7 6 0.9 fs for the isomerization channel were extracted. The simulations of the ionization

rate indicate that the observed modulation is dominantly determined by the symmetric CC-

stretching normal mode in the ground state of the cation. Contributions from higher lying bound

states in the cation are possible. We observe that the ionization rate is enhanced for elongated CC-

and CH-bonds. For the dissociating acetylene dication, the process of enhanced ionization was

measured experimentally via three- and four-fold coincidence channels to occur between 10 fs and

40 fs. In contrast to the bound cation state, the enhanced ionization can be clearly attributed to the

deprotonation coordinate of acetylene. An enhanced ionization rate along the CH-bond occurs at

the critical bond distance of 2.0 Å after 10 fs, which corresponds well to the experiment.

We have shown that reaction microscopy is a powerful tool for gaining detailed time-

dependent information of enhanced ionization and related strong-field phenomena in complex

molecules. Combining this information with the results from dynamic simulations and ab-initio
calculations, the underlying ultrafast processes can be elucidated.
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APPENDIX A: MR-CIS/TD-RIS CALCULATIONS

1. Calculated ionization rates

In the time-dependent resolution in ionic states (TD-RIS) approach, the ionization rates are

calculated43,44 for ionization from acetylene cation to the dicationic singlet and triplet manifold,

see Fig. 8. The electronic structure for the requisite elements of the simulation (i.e., transition den-

sities, Dyson orbitals) was determined at the MR-CIS (multi-reference configuration interaction

with single excitations) level of theory in combination with the augmented triple-zeta basis set

(aug-cc-pVTZ), based on a full valence CASSCF reference wave function.45,46

FIG. 7. Ionization yield as a function of KER and delay of the coincidence channels C2H2
3þ ! Hþ þ Hþ þ CCþ and

C2H2
3þ ! Hþ þ Cþ þ CHþ in (a) and (c), respectively. The one-dimensional plot in (b) and (d) represents the normalized

KER-integrated signal including all counts within the dissociative area (red lines) and the average KER of the dissociative

events [areas in between red dashed lines in (a) and (c)] as a function of the delay (black lines).
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2. Potential energy curves of acetylene dication

The potential energy curves for the first four singlet and the first four triplet states of the dica-

tion are shown in Fig. 9. The potential energy curves are calculated at the aug-cc-pVTZ/MR-CIS

(multi-reference configuration interaction with single excitations) level of theory, based on a full

valence CASSCF reference wave function.45,46

FIG. 8. The normalized ionization rates along the CC stretching mode in the cationic ground state (X2Pu) calculated with

the TD-RIS approach. The individual contributions of the first four triplet states (a) and of the first four singlet states (b) are

shown.

FIG. 9. Potential energy curves along the CC [(a) and (b)] and the CH [(c) and (d)] bonds for the first four singlet [(a) and

(b)] and for the first four triplet states [(c) and (d)] of the dication of acetylene. All energies are given relative to the ground

state (X2Pu) energy of the cation.
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3. Comparison between on-the-fly simulations and TD-RIS

The ionization rate along the carbon-carbon (CC) stretching mode in the ground state of the

cation (X2Pu) was calculated using both approaches, i.e.: (a) the non-adiabatic on-the-fly simula-

tions and ab-initio calculations of ionization rates (see main text) and (b) TD-RIS. The first

method takes into account all ionization pathways simultaneously, while the TD-RIS method dis-

tinguishes the pathways into individual states. For TD-RIS approach, only the range between 1.20

and 1.36 Å were calculated, whereas for current used ansatz CC distances from 1 up to 3 Å are

evaluated. The normalized results are shown in Fig. 10; for comparison we summed over the four

main TD-RIS contributions. Qualitatively, we find a good agreement; both methods show the

same increase in the ionization rate with CC bond elongation. For CC distances larger than 2 Å, a

significant increase in the ionization rate is observed (see inset).

APPENDIX B: DYNAMIC SIMULATION IN THE A2RG
þ STATE OF ACETYLENE

Compared to the experimental results, the simulated ionization rate for the ground state of the

cation is in qualitatively good agreement. The vibrational period of around 23 fs is, however,

slightly shorter than the experimental one with 25 fs. A reason might be that the simulation

includes only one intermediate state, which is a simplification as likely not only a single state is

populated but rather also a multitude of states. To estimate the possible influence of additionally

populated states, dynamic simulations for the excited A2Rg
þ state were performed, see Fig. 11. In

this state, the oscillation period of the CC stretching motion changes due to the isomerization

FIG. 10. Normalized ionization rate along the CC stretching mode in the cationic ground state (X2Pu) for the current ansatz

(blue) used and the TD-RIS approach (green). In the inset, the normalized ionization rate for the current ansatz (blue) is

extended up to 3.0 Å.

FIG. 11. Simulated temporal dynamics of the CC bond in the A2Rg
þ state of the acetylene cation, shown in blue for all tra-

jectories and in red for the averaged value.
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process. Its period varies between 22 and 25 fs within the first 100 fs. Contribution from this state

might explain the slightly longer period observed in the experiment. Additionally, the CASSCF

methodology overestimates the steepness of the potential energy curve leading to a faster

oscillation.
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Ellipticity-dependent fragmentation of acetylene dications
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When an intense laser field interacts with molecules, a variety of characteristic dynamics come into play such as
ionization, dissociation, fragmentation, and isomerization. Here we experimentally investigate the effect of laser
intensity and polarization of ultrashort laser pulses on dissociative double ionization of acetylene, in particular on
the ultrafast proton migration. A significant increase of the relative yield of the proton migration channel versus
the symmetric break-up channel with increase in intensity and the change of polarization from linear to circular
is observed.

DOI: 10.1103/PhysRevA.97.033402

I. INTRODUCTION

In polyatomic molecules, fragmentation reactions are major
building blocks of chemistry. Studying how those reactions are
affected by parameters of an external electric field is important
for understanding their pathways and dynamics and ultimately
for the ability to control those dynamics and outcomes. It
takes typically from several femtoseconds to picoseconds of
time for the nuclear motion that is involved 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 hydrocarbons 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 conse-
quent fragmentation process. It is therefore very interesting to
learn how this proton migration is affected by various laser
parameters and this question has been investigated for various
molecules with different laser parameters [1–3]. Breaking of
the molecular bonds can be steered into the desired direction
by tuning the carrier-envelope phase (CEP) of the few-cycle
pulses or by using the phase controlled parallel or orthogonally
polarized two-color laser fields [4–6]. The influence of the
laser pulse parameters was demonstrated experimentally in
the complex fragmentation reaction of ethylene C2H4 [7], in
particular the effect of laser pulse duration on breaking of
chemical bonds. It has been found that parameters of ultrashort
laser pulses such as intensity, pulse duration, polarization, and
wavelength influence photoinduced chemical processes very
strongly.

In the present study, we examine the effect of inten-
sity and polarization on two-body fragmentation channels of

*atia-tul-noor@griffithuni.edu.au
†nida.haram@griffithuni.edu.au
‡hanxu1981@gmail.com
§sainadh.undurti@griffithuni.edu.au
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¶i.litvinyuk@griffith.edu.au

acetylene dications, by using the coincidence momentum
imaging method.

II. EXPERIMENTAL SETUP

Few-cycle laser pulses with sub-6 fs pulse duration from
a Ti:sapphire laser system FEMTOPOWER Compact Pro
(Femtolaser) 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. The measurements were conducted in a
reaction microscope (REMI) apparatus [8]. A pair of fused
silica glass wedges is used to compensate the chirp inside
the ultrahigh vacuum main chamber of the REMI. The pulse
energy is adjusted by using pellicle beam splitters and precisely
calibrated in situ by using the ion recoil method with circularly
polarized light [9]. 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 30 V cm−1. A
quarter-wave plate is inserted in the beam path to change the
polarization from linear to circular. The linear polarization is
parallel to the time of flight axis (defined as z axis) of the reac-
tion microscope and normal to the propagation direction of the
gas jet (y axis) and the laser beam direction (x axis). The three-
dimensional-momentum vector of each fragment ion is deter-
mined by its position and arrival time on the detector plane.
Two-body molecular fragmentation channels, from the ions de-
tected in coincidence, are selected by applying the momentum
conservation filter in all three dimensions. In order to securely
achieve coincidence conditions, the number of generated ions
per laser shot were kept <1 per laser pulse during the data
acquisition. Measurements were taken for three different laser
peak intensities ranging from 2.0 × 1014−9.0 × 1014 W/cm2

with laser polarization varying from linear to circular.

III. RESULTS AND DISCUSSION

By using coincidence momentum imaging [10], three-
dimensional momentum vectors of fragment ions resulting

2469-9926/2018/97(3)/033402(4) 033402-1 ©2018 American Physical Society
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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
dications decompose into two ionic fragments. These three
two-body fragmentation channels are

C2H++
2 → H+ + C2H+, (1)

C2H++
2 → CH+ + CH+, (2)

C2H++
2 → C+ + CH+

2 . (3)

In (2), the C–C bond is broken without hydrogen migration,
whereas the reaction pathway shown in (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 (1), (2), and (3) are shown in Fig. 1.

In the momentum distribution of the deprotonation channel
and symmetric break-up channel presented in Figs. 1(a) and
1(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 [11]. This preference of laser
polarization 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 [12] where momentum distribution
of the protons that are ejected during Coulomb explosion
of C2Hz+

2 � +4 is presented. The momentum distribution of
the proton migration channel presented in Fig. 1(c) for the
linearly polarized laser field is different from the other two
channels and shows nearly uniform angular distribution. In the
case of the circularly polarized laser field, all three two-body
fragmentation channels exhibit similar isotropic momentum
distribution as can be seen in Figs. 1(d)–1(f). This anisotropic
behavior of the deprotonation channel and the symmetric
break-up channel in the linearly polarized laser field points to
the specific angular dependence of the ionization probability of
acetylene. For the linearly polarized pulses of low to moderate
intensity the double ionization process is dominated by a
nonsequential 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
[13] with an ionization yield peaking at about a 45 deg 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 Fig. 2, the 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. It shows that the probability
of two-body fragmentation for all three channels, with the
increase of intensity, is increasing. The horizontal error bars

FIG. 1. Momentum image for the linearly polarized laser field with peak intensity 5 × 1014 W/cm2 and pulse duration 6 fs, the fragment
channel for the acetylene dications are (a) C2H++

2 → H+ + C2H+, (b) C2H++
2 → CH+ + CH+, and (c) C2H++

2 → C+ + CH+
2 . For the circularly

polarized laser field, momentum images for two-body fragmentation channels are presented in (d) H+ + C2H+, (e) CH+ + CH+, and (f)
C+ + CH+

2 . The white arrow indicates the axis of laser polarization for linearly polarized pulses.
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FIG. 2. Relative yield of three two-body fragmentation channels as a function of laser polarization: H+ + C2H+ (green diamond), CH+ +
CH+ (red circle), and C+ + CH+

2 (blue square) measured at laser intensities (a) 2 × 1014 W/cm2, (b) 5 × 1014 W/cm2, and (c) 9 × 1014 W/cm2.

attached to the data points originate from the uncertainties in
the measured ellipticity. The errors in counts are estimated by
dividing each measurement for a given ellipticity and intensity
into a number of equal sections and analyzing their count
statistics. That estimate accounts for all sources of fluctuations,
including those in the laser intensity and gas target density.
Those errors are small due to high stability of our laser
and molecular gas source during the experiment. Now we
focus on channels resulting from the C–C bond breaking with
and without proton migration: symmetric break-up (2) and
vinylidene (3) channels. As the laser polarization is changing
from linear to circular, the yield of the proton migration
channel is increasing with respect to the symmetric break-up
channel and relative yield of the proton migration channel
at intensity 9.0 × 1014 W/cm2 and ellipticity > 0.4 exceeds
that of the symmetric break-up channel. That has not been
observed before. 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
, (4)

where Np-mig and Nsymm are the yields of C–C bond break-up
channels with a proton migration pathway presented in (3) and
a symmetric break up of C–C bond without proton migration
presented in (2) respectively.

In Fig. 3, the yield ratio, as defined in (4) as a function of
laser ellipticity for three different intensities, is plotted.

As the laser peak intensity is increasing from 2.0 × 1014

to 9.0 × 1014 W/cm2, the yield ratio is also increasing. In the
case of linear polarization, this increase is ∼20% from 0.36
to 0.46, whereas in the case of circular polarization the 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 ×
1014−9.0 × 1014 W/cm2. For intensity 9.0 × 1014 W/cm2 the
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. A similar
laser polarization effect was observed in ultrafast hydrogen
migration in methanol in an intense laser field [3]. It appears
that higher intensities and more circular polarization favor
production of dicationic states conducive of the hydrogen
migration process. At these high 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

FIG. 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 diamond) 9.0 × 1014 W/cm2, (red circle)
5 × 1014 W/cm2, and (blue square) 2 × 1014 W/cm2. The yield ratio
is calculated by using the event numbers of the two reaction paths
accumulated during the experiment and the vertical error bars are
attached by calculating the error propagation.
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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 modeling
will be required to understand and exploit this effect more
fully.

In conclusion, we experimentally investigated the disso-
ciative double ionization of acetylene in ultrafast 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 break-up channel are more favored in a
linearly polarized laser fields, whereas the proton migration
channel is more favored in a circularly polarized laser field. The
relative yields of C-C break up into the symmetric channel and
C–C break up into the proton migration channel can depend
on the ellipticity of the ionizing laser field. It opens a new
door to understanding the complex fragmentation dynamics of
polyatomic molecules in strong laser fields.
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Synopsis We present an intensity dependent study of transverse electron momentum distribution obtained from 

strong field ionization of argon using linearly polarized few-cycle (6 fs) laser pulses in the intensity range 

1015W/cm2-1016W/cm2.

     In order to explain the correlated many-parti-

cle dynamic in atoms and molecules, Cold Target 

Recoil Ion Momentum Spectroscopy 

(COLTRIMS) provides a kinematically com-

plete picture of fragmentation process with high 

momentum resolution and detection efficiency 

[1,2]. In this project, we are interested in investi-

gating the influence of laser intensity on trans-

verse electron momentum distribution (TEMD) 

with COLTRIMS. 

   TEMD describes the photoelectron momenta in the 

direction perpendicular to the polarization plane of 

the laser pulse. The effect of varying ellipticity on 

TEMD in strong field atomic ionisation was studied 

by our group earlier [3]. In this work we investigate 

the effect of photon momentum as a function of laser 

intensity on the TEMD by examining the peak shifts 

with reference to zero transverse momentum i.e. 

P⊥=0 using linearly polarized few-cycle laser pulses. 

Figure 1 shows the projection of three dimensional 

electron momentum distribution onto a two-dimen-

sional imaging detector. The detector plane contains 

the axis of gas jet (x) and laser propagation direction 

(y), whereas (z) corresponds to time-of-flight axis.  

     

   
   For a linearly polarized laser beam this distribution 

exhibits a cusp-like peak at zero momentum due to 

Coulomb focusing effect at P⊥=0 — a long-range 

Coulomb interaction between emitted electron and 

its parents ion [4,5]. The shifts of the central peaks 

have been observed experimentally at intensities on 

the order of 1013W/cm2 in both directions; parallel as 

well as anti-parallel to the photon momentum direc-

tion; due to the complex contribution of Coulomb at-

traction from ion and magnetic Lorentz force [5,6].  

 

  

  Experimentally, we observed that the peak of trans-

verse electron momentum distribution along beam 

propagation direction is shifting with increased in-

tensity. We compare our measurements with ab ini-

tio fully relativistic simulations of Ar ionisation.  

This study might help to resolve the questions related 

to time-resolved atomic and molecular holography, 

as the influence of photon momentum is noticeable 

in the holographic patterns [7].  
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Figure 1. Electron momentum spectra in (a) xy and 

(b) xz plane at 800nm, 1.7x1015W/cm2 

Figure 2. Projection of electron momentum distri-

bution on laser propagation direction at 

1.7x1015W/cm2 
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