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Abstract

Modern laser sources can produce bursts of light that surpass even the fastest molecular

vibrations. With durations this short even moderate pulse energies generate peak powers

exceeding the average power output of the entire globe. When focused, this can result in

an ultrafast electric field greater than the Coulomb potential that binds electrons to nuclei.

This strong electric field strips electrons away from atoms in a process known as strong-field

ionization. The first experimental realization of photoionization with intense laser pulses

occurred only a few years after the invention of the laser. Yet, despite decades of intensive

investigation, open questions remain. At the same time, the knowledge gained has led to

the creation of multiple exciting fields such as attoscience, femtochemistry, and ultrafast

nano-photonics.

In this thesis I present my work to advance the fundamental understanding of intense,

ultrafast light-matter interactions as well as efforts to expand the technological capabilities of

ultrafast light sources and measurement techniques. This includes the photoionization pro-

cess of atoms and nanoparticles subject to intense, mid-infrared laser fields. The resulting

photoelectron emission is measured, with high precision, in a velocity map imaging spec-

trometer. Other parts of this thesis detail my work on the generation and characterization

of non-Gaussian optical pulses. Femtosecond Bessel beams are used to drive and study high

harmonic generation with the ultimate goal of creating a compact, high-flux XUV source.

Further studies include few-cycle pulses and the carrier-envelope phase, specifically methods

of locking and tagging the carrier-envelope phase. A single-shot, all optical tagging method is

developed and directly compared to the standard tagging method, the carrier-envelope phase

meter. Finally, both experimental and computational studies are presented investigating the

ultrafast thermal response cycle of nanowires undergoing femtosecond heating.
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Chapter 1

Introduction

The history of science is also the history of measurement. Indeed, measurement is the

final step in the scientific method, testing a hypothesis. As measurement technologies have

advanced, so too has science and our understanding of the universe we live in. The research

presented in this thesis is tied together with the common theme of observing, describing and

ultimately predicting how the physical world evolves on its fastest timescales. Working with

incomprehensibly short optical pulses, ultrafast science focuses on measuring some of the

fastest processes known in nature. Examples of ultrafast processes include the rotations and

vibrations of molecules, the motion of bound electrons, the formation of electronic bonds, and

the electronic properties of condensed matter systems. These processes represent the most

fundamental, dynamic building blocks of our natural world. Understanding these dynamics

is essential for the continued advancement of critical technologies in medicine, computation,

and material sciences.

An essential tenant of measuring a dynamic process lies in the fact that a measurement

technique must be faster than the dynamics being measured. Thus, ultrafast science is an

inherently technology driven field. As faster measurement methods become available, new

areas of science open up for investigation. Historical examples of novel ‘ultrafast’ measure-

ments include the often referenced works of Muybridge, investigating the hoofs of a galloping

horse in 1878 and Edgerton with the microsecond resolution flash lamp photo of a bullet
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passing through an apple in 1964. Despite these early, iconic examples, ultrafast science did

not become a field of its own until after the invention of the laser in 1960 [1]. Just two years

after, the first Q-switched laser was demonstrated with a pulse duration of 100 nanoseconds

[2]. The pursuit of even shorter pulses has continued and currently, attosecond optical pulses,

produced utilizing the process of high harmonic generation, represent the state of the art

in ultrafast measurement techniques. Using high harmonic generation, it is now possible to

produce X-ray pulses of light shorter than 100 attoseconds (ten millionths of a billionth of a

second, 100× 10−18 seconds), unlocking the ability to study processes such as the motion of

electrons around nuclei.

This decrease in pulse duration has also been accompanied with the complementary

increase in peak-power. Since the demonstration of the first laser in 1960, the peak-power

obtainable with pulsed laser radiation has increased by a factor of roughly 1,000 every ten

years [3]. The peak-power achievable with modern laser sources is truly unfathomable. The

HITS laser, used for many of the studies here, produces 20mJ laser pulses with a pulse

duration of 25fs, giving a peak power of almost a terawatt. For reference, it would take

almost 500 Hoover Dams, operating at full capacity, to generate this much average power.

These ultrafast pulses can be focused down to produce similarly incredible peak electric

fields (exceeding an exawatt per square centimeter for the HITS laser). Thus, the fields of

ultrafast science and strong-field science are inexorably linked.

The electric field strength in the focus of high-energy, ultrafast pulses can approach or

exceed the binding Coulomb potential of atoms, molecules, and solids. This gives rise to a

phenomenon known as strong-field ionization, where an intense electric field rips electrons

off of the target. The exact dynamics that occur in this ionization process are complicated,

intricate and at times counterintuitive. The first experimental observation of strong-field

ionization also occurred only a few years after the invention of the laser [4; 5]. Yet, despite

more than 50 years of intensive investigation, open questions remain.

However, the knowledge gained about strong-field ionization has also proved extremely

powerful and has lead to the creation of entire fields and sub-fields. Chief among these is high

harmonic generation and the field of attoscience [6; 7]. Without a detailed understanding
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of strong-field ionization, the control necessary to produce isolated attosecond pulses would

not be possible. Progress in ultrafast and strong-field science has also enabled the field

of femtochemistry and the ability to track molecular reactions on their natural timescales

[8–10].

Many of the same concepts developed in atomic and molecular ultrafast and strong-field

studies can be directly adapted for understanding physics at the nanoscale. However, a

number of significant differences and deviations also exist. These include processes such as

near-field enhancement, collective electron motion and the possibility for an individual elec-

tron to continue to gain energy through many, sequential rescattering events. Photoelectron

spectroscopy has shown that these effects give rise to numerous exciting and potentially

highly-impactful physical phenomena. A strong material dependency has also been observed

with large differences between metallic and dielectric samples. Thermal effects also arise at

the nanoscale and present a set of their own unique challenges [11; 12].

This thesis documents and explains several of my contributions to the fields of strong-

field and ultrafast science. Some of these contributions are aimed at increasing fundamental

understanding of strong-field, light-matter interactions. This includes the photoionization

process of atoms and nanoparticles subject to intense mid-infrared laser fields as well as

the ultrafast thermal response cycle of nanowires undergoing femtosecond heating. Other

parts of this thesis detail my efforts to improve the technological capabilities of ultrafast

measurement techniques and light sources. Within this context, is my work on non-Gaussian

optical pulses along with my work in both locking and tagging of the carrier-envelope phase

of few-cycle pulses.

Thesis Layout and Organization

During my PhD I have been fortunate enough to be involved in a wide range of studies

and experimental efforts. This thesis presents a subset of those and the progress made

within each. Four primary studies are included, each organized into their own chapter. Each

chapter is written to largely stand alone in its own right, but the overall thesis is organized in
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a manner such that, where possible, concepts presented in the earlier chapters will be useful

in understanding subsequent chapters. As ultrafast methods represent the core thread tying

this thesis together, chapter 2 presents the basics of ultrafast fields, including how ultrafast

pulses are produced and amplified as well as the important points of describing ultrafast

pulses mathematically.

Chapter 3 begins the main body of research and focuses on furthering the fundamental

understanding of strong-field ionization of atoms, particularly as a function of wavelength

through the near to mid-infrared. Chapter 4 concentrates on few-cycle pulses and methods

for locking and tagging the carrier-envelope phase. A single-shot all-optical tagging method

is presented and compared to the standard tagging method using a carrier-envelope phase

meter. The potential applications and benefits of non-Gaussian ultrafast optics are explored

in chapter 5. The generation and optical characterization of femtosecond Bessel beams is

presented along with the application in driving high harmonic generation. Finally, chapter

6 turns to ultrafast nanophotonics. Two distinct topics are covered: the thermal response

and damage of gold nanowires under exposure to intense laser radiation and the wavelength

scaling of photoionization in dielectric nanoparticles.

To facilitate easier reading, particularly for those reading only an isolated chapter, abbre-

viations are generally redefined within each chapter. An effort has been made to standardize

notation wherever possible but in some cases, standard conventions within the different sub-

fields make this difficult. In all cases, new notations abbreviations are defined or redefined

as introduced.
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Chapter 2

Generation of Ultrafast Pulses

While a number of different and somewhat distinctive topics are presented in the following

chapters, ultrafast laser pulses denote the common theme tying all of them together. These

incomprehensibly short bursts of radiation serve as the predominate tool in investigating the

fundamental dynamics of the fastest events in our natural world. To repeat a key phrase

from the previous chapter, the fundamental tenant of measuring a dynamical process lies in

the fact that the measurement technique must be faster than the process being measured.

This chapter serves to introduce the technical aspects of ultrafast pulses, both the basics

of their mathematical description as well as the how they are created. It is certainly not

the goal to give an extensive and fully rigorous treatment. Rather, the goal is to provide a

reasonable summary and background, sufficient for understanding the work presented in the

later chapters.

2.1 Mathematical Representation of Ultrafast Optical

Pulses

It is fairly easy to write out a mathematical equation for an optical pulse which, according

to Maxwell’s equations, can be expressed as an electromagnetic wave. For a single point in

space, with the pulse traveling in the positive z-direction and linearly polarized along the
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x-axis, the electric field as a function of time is

E(t) = G(t)cos(ωct+ φ(t))x̂, (2.1)

where G(t) is a temporal envelope function, ωc is the carrier frequency and φ(t) is the time

dependent phase.

The magnetic component will then be

B(t) =
G(t)

c
cos(ωct+ φ(t))ŷ, (2.2)

where c is the speed of light.

The fact that the magnitude of the magnetic field is scaled by the speed of light means

that its effect on any system being studied is usually completely negligible. Thus, the

magnetic component of the pulsed EM-wave is typically ignored and only the electric field is

considered when considering ultrafast light-matter interactions. The exception to this is for

pulses that generate high intensities to require a relativistic treatment where the magnetic

field can become quite important.

Numerous functionalities can be adopted for G(t). The most typical is a Gaussian enve-

lope but others, including squared hyperbolic secant, Lorentzian or even flat top are com-

monly used. A truncated, squared cosine envelope is a favorite of theorists due to the fact

that it drops to zero much faster at the edges, speeding up computational studies. Table 2.1

gives the intensity profile for a few of these envelope functions.

The duration of a pulse is usually defined and reported at the full-width-half-maximum

(FWHM) of the intensity (not the field). There is a lot of confusion in the literature about

this, and at times care is needed to identify the exact definition of pulse duration that is

being used.

No matter what specific mathematical description for the envelope function is used, the

following must be true: ∫ ∞
−∞

E(t)dt = 0. (2.3)
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Constructing a pulse where the full temporal integral of the electric field is not identically

zero requires negative frequency components and thus is not a physical solution to the wave

equation.

While the temporal domain may seem the natural choice for working with ultrafast pulses,

in many cases the frequency domain is more useful.

The frequency and temporal domains are linked through the Fourier transform of each

other

E(t) = F [E(ω)] =
1√
2π

∫ ∞
−∞

E(ω)eiωtdω, (2.4)

E(ω) = F−1[E(t)] =
1√
2π

∫ ∞
−∞

E(t)e−iωtdt. (2.5)

This can be used to find a relation between the width in the frequency domain [13], ∆ω,

to the pulse duration, τ

τ∆ω = σTBP , (2.6)

where σTBP is a constant known as the time-bandwidth-product and depends on the envelope

function. Table 2.1 lists σTBP for the common pulse envelopes.

It is often useful to have this expression in terms of wavelength

τ∆λ
c

λ20
= σTBP , (2.7)

where λ0 is the central wavelength.

For those working with Ti:Sapphire lasers, a particularly useful output of this expression

is that, for a bandwidth of 30nm, at a central wavelength of 800nm, thus pulse duration is

approximately 30 fs (31.38 fs to be exact).

There is an extremely notable exception to equations 2.6 and 2.7 that originates from

the time dependent phase, φ(t), in equation 2.1.
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Table 2.1: Pulse information for common pulse envelope functions. τ represents the FWHM
for all cases

Pulse Type Intensity Envelope Function σTBP
Gaussian exp[−4ln(2) t

2

τ2
] 0.441

Hyperbolic Secant sech2[2ln(1 +
√

(2)) t
τ
] 0.315

Lorentzian
(

1 + 4(
√

2− 1) t
2

τ2

)−2
0.142

Flat Top |t/τ | ≤ 1; 0 elseware 0.443

The fixed relationship between the bandwidth and pulse duration is only true when

∂

∂t
φ(t) = c. (2.8)

Where c is an arbitrary constant.

When this is the case, the pulse is said to be Fourier transform limited (FTL) or transform

limited (TL). This is the shortest pulse duration possible for a given bandwidth.

Any non-constant phase will add dispersion to the pulse and lengthen the pulse duration.

In the temporal domain, this dispersion manifests as a delay between different frequency

components where the instantaneous frequency will either increase or decrease as a function

of time. This phenomenon is also known as “chirp” in reference to the frequency evolution

in the sound made by many birds.

Dispersion is imparted onto an optical pulse as the pulse travels through a system with a

frequency dependent index of refraction, n(ω). As the speed light travels through a medium

is given as the (vacuum) speed of light divided by the index of refraction, it is easy to see

how a frequency dependent index of refraction will cause dispersion for a pulse with any

amount of bandwidth. The larger the bandwidth, the more susceptible the pulse will be to

dispersion. It is frequently convenient to define a propagation constant, β, for a material or

optical system

β(ω) =
n(ω)ω

c
. (2.9)

This is often expressed as a power series
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β(ω) = β(ωc) + β′(ω − ωc) +
1

2
β′′(ω − ωc)2 + ... (2.10)

where β′ ≡ dβ/dω and β′′ ≡ d2β/dω2 evaluated at ω = ωc, with ωc defined as the carrier

frequency. The carrier frequency is calculated as the centriod frequency

These coefficients can then be used to express the following

β =
1

phase velocity
(2.11)

β′ =
1

group velocity
(2.12)

and

β′′ = group velocity dispersion. (2.13)

The first two terms in equation 2.10 do not change the shape of a pulse envelope but all

higher order terms, starting with the group velocity dispersion (GVD) can. A pulse entering

a material that has second order dispersion with an pulse duration, τin will leave the system

with a output duration, τout given by [13]

τout = τin

√
1 +

(4ln(2)β′′

τ 2in

)2
(2.14)

The sign of β′′ does not matter for the effect on pulse duration for an isolated system but

in optical systems with multiple elements the total dispersion does depend on the magnitude

and sign of the individual elements. While not explicitly expressed in equation 2.10 higher

order dispersive terms also exist. Figure 2.1 shows the effects of negative second order (GVD)

and negative third order dispersion (TOD).

Equation 2.6 also shows that the only way to make a pulse shorter is to increase the

bandwidth. This is true for all Fourier conjugate variables, if something is narrow in one

domain it is necessarily broad in the other. So, in a very real sense, ultrafast optics is all

about generating as much coherent bandwidth as possible. This can be quite a challenge as
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Figure 2.1: Effects of second and third order dispersion. (a) Time domain electric field
with negative group delay dispersion (GDD), (b) Spectrum for (a). (c)Time domain electric
field with negative TOD, (d) Spectrum for (c). Adapted from [14].
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most laser systems tend to prefer to lase in only a narrow bandwidth window. To generate the

bandwidth needed to make an ultrafast pulse, elaborate schemes, typically exploiting non-

linear optical properties, are needed to “trick” a system into producing more bandwidth.

These schemes can be broken roughly into two categories. The first uses intra-cavity setups

to increase the bandwidth directly in the lasing process. There are several ways of doing

this, but this section will limit the discussion to a technique known a passive mode-locking,

which has emerged as the predominate method for generating ultrafast pulses directly from

a laser cavity. The second method for obtaining the bandwidth needed for ultrafast pulses

relies on any number of non-linear optical processes to generate new frequency components

after the output of a laser. In many cases, both methods are used in conjunction to produce

the desired pulse.

2.2 Generation of Ultrafast Pulses Directly from a Laser

Cavity

Almost all lasers have three common components: a cavity, a gain medium, and a pump

source. The gain medium provides a system where population inversion can be established

so that stimulated emission can be used to amplify the light. The pump source couples

energy into the gain medium to invert the population. Depending on the nature of the

gain medium this is typically done either electrically or optically. Ti:Sapphire, for example,

cannot be pumped electrically so a second laser is used as the pump source. This second laser

is typically a neodymium-doped solid-state diode laser which is pumped electrically. The

cavity contains the emited radiation so that it can pass through the gain medium, hundreds,

thousands or even millions of times (depending on the Q-factor of the cavity) to be amplified

before outcoupling.

The laser cavity establishes the allowed frequency domain modes for lasing. This is

discussed in greater detail in section 4.1 but essentially a (longitudinal) mode is only allowed

if it is comprised of an integer number of wavelengths that fit in the cavity with nodes at
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Figure 2.2: (a) Frequencies of light from 700nm - 900nm where all frequencies have a peak
amplitude at t = 0fs. (b) Coherent addition of the frequency components from (a). Adapted
from [14].

the cavity mirrors. The cavity can lase on one of these modes or any combination of modes.

The output is the superposition of the lasing modes. Which exact modes contain energy,

and their relative strengths, depends on the gain medium. This is part of what makes

Ti:Sapphire such an excellent crystal for ultrafast pulse generation. Ti:Sapphire supports

gain on a large number of longitudinal cavity modes (on the order of one million) spread

over tens to hundreds of nanometers in the near infrared.

These laser modes can be construed to interfere such that they only add constructively

for a short period of time resulting in a train of pulses. The mode-locking process establishes

this condition. In the temporal domain, a mode-locked laser can be thought of as a single

pulse traveling around the cavity. When this pulse is reflected by the out-coupling end

mirror, a small percentage of the pulse is transmitted. The output of a mode-locked laser

is thus a pulse train with a spacing between each pulse equal to the round-trip time of the

cavity. Figure 2.2 depicts how a number of different frequency components can be added to

produce a pulse.
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2.2.1 Mode-Locking

In most lasers, the phase of the individual modes, φm, undergoes random fluctuations. In

order to get a laser to produce a pulse train through the interference of cavity modes, all

of the modes must have a fixed phase relation. This is instituted through the mode-locking

process. For Ti:Sapphire based lasers, the mode-locking is done through a passive amplitude

modulation in time.

The electric field of the mth cavity mode can be expresses as

Em(z, t) = Amsin(kmz)sin(ωmt+ φm), (2.15)

where Am is the amplitude, km is the wavenumber, ωm is the angular frequency and φm is

the phase of the mth mode respectively

Now, suppose that Am is modulated at a fixed frequency defined by

Am(z, t) = A0(1 + εcos(Ωt)), (2.16)

where A0 and ε are constants and Ω sets the modulation frequency.

Then Em(z, t) can be expressed as

Em(z, t) = A0[sin(ωmt+ φm) +
ε

2
sin((ωm ± Ω)t+ φm)]sin(kmz). (2.17)

From this expression, it can be seen that the amplitude modulation creates new, sideband

frequency components at ωm ± Ω. If Ω is set to be exactly at the frequency corresponding

to the round-trip time of the cavity, then the sidebands will occur on top of the adjacent

cavity modes. When this happens, the cavity modes become strongly coupled and adopt a

fixed phase across the entire gain bandwidth. The result is a laser cavity that “oscillates”

with a frequency equal to the round-trip time and outputs a train of ultrafast pulses, spaced

by the same time constant. For this reason, many mode-locked laser cavities are referred to

as oscillators.

The amplitude modulation at a frequency defined by the spacing of the cavity modes is
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accomplished by inserting a saturable absorber into the laser cavity. A saturable absorber

is a material that exhibits higher transmission for higher incident intensities than for lower

intensities. The random noise in a laser cavity creates small, but important, ripples in the

lasing amplitude of each mode, Am. When these ripples pass though the saturable absorber

the peaks of the ripples experience a higher transmission than the valleys. This naturally

causes an amplitude modulation exactly at the correct frequency for mode-locking and is

referred to as passive mode-locking. In the temporal domain, this process can be viewed as

the higher intensity ripples traveling around the cavity, undergoing continued amplification,

while the lower intensity ripples experience increased loss and quickly die out. In a way, the

high intensity parts “steal” energy from the low intensity parts and quickly form into pulses.

Any form of passive mode-locking is an inherently non-linear process. In a Ti:Sapphire

laser, the amplitude modulation is accomplished through a very ingenious exploitation of a

non-linear optical process known as the Kerr effect. In the Kerr effect, a material’s index of

refraction becomes intensity dependent, typically becoming larger as a function of intensity.

This, coupled with the spatial profile of the TEM00 mode most lasers are designed to lase

on, creates a lens. The higher intensity at the center of the mode as compared to the wings

induces an index of refraction the decreases radially, from the center out, for materials that

exhibit an intensity dependent index of refraction. This creates the exact same condition as

a positive lens which focuses light due to the increased amount of material at the center of

the lens.

The strength of the lens, setup by the Kerr effect, depends on the incident intensity. If

a second element, or set of elements, are used in conjunction with the Kerr lens such that

the transmission function increases with the stronger lens effect, then a saturable absorber

is created. This if often done by placing an iris after the Kerr lens element so only light that

is focused tighter can pass through, while the more loosely focused components are blocked.

The overall result is known a Kerr lens mode-locking (KLM).

The truly amazing part of Ti:Sapphire gain crystals is that not only do they support gain

over an enormous bandwidth, the Ti:Sapphire crystal also has a highly intensity dependent

index of refraction. So, the same element serves as both the gain medium and establishes
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Figure 2.3: Ti:Sapphire oscillator schematic for using the Kerr effect in the gain crystal to
create a saturable absorber.

KLM. As such, Ti:Sapphire has become the main workhorse material for ultrafast pulse

generation. A typical oscillator produces 10-15 fs pulses with a few nanojoules of energy

each at a repetition rate of around 80MHz. Figure 2.3 depicts a typical setup for KLM with

Ti:Sapphire.

The extremely short pulses produced by a Ti:Sapphire oscillator can be focused down to

produce relatively high peak intensities. For example, a 1nj pulse with a pulse duration of

10 fs focused down to the diffraction limit, can generate an intensity exceeding 10TW/cm2.

However, for many applications, significantly higher intensities or pulse energies are desired.

To do this, the output from the oscillator needs to be amplified. This rapidly presents a

problem. Even an extremely small amount of energy, contained within 10fs will produce a

peak power above the damage threshold of most optical elements, including the gain crystal.

2.2.2 Chirped Pulse Amplification

Equation 2.14 typically presents a problem for researchers attempting to generate high peak

intensity. For short pulses with a large bandwidth, even very thin optical elements have

enough dispersion to significantly broaden the pulse and reduce the maximum achievable

intensity accordingly. However, in the 1980s several researchers figured out how to circumvent

the damage threshold problem for ultrafast pulse amplification using dispersion.

This solution, known as chirped pulse amplification (CPA), uses dispersion to significantly
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Figure 2.4: Compressor used to compression pulse after amplification. Adapted from [15].

temporally stretch the output pulse of an oscillator. The stretched pulse can then be safely

amplified to high pulse energies without reaching peak powers that damage the amplifier

system. Then after amplification, the opposite sign dispersion can be applied to shrink pulse

back down to a transform limited or near transform limited pulse duration. This new laser

technology lead to the development of laser system capable of generating peak focal intensi-

ties millions or even billions of time larger than possible with mode-locked oscillators. Two

of the pioneering researchers in developing chirped pulse amplification, Gerard Mourou and

Donna Strickland, were awarded the 2018 Nobel Prize for their “groundbreaking inventions

in the field of laser physics”.

In the first reported CPA system by Strickland and Mourou [15], the pulse was initially

stretched using a highly dispersive, single-mode optical fiber. The pulse was then amplified

and subsequently compressed using a double grating compressor [16]. Figure 2.4 is taken

from the original CPA paper [15] and shows the design of the compressor used by Strickland

and Moruou. This design is still the typical way of compressing pulses after amplification.

However, most modern CPA systems now use a grating-based stretcher as well, instead of

an optical fiber.
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In a typical Ti:Sapphire CPA, the pulse is stretched to around 100ps prior to amplifica-

tion. The compressor is then able to decrease the pulse duration down somewhere between

20-50 fs, depending on the amplifier design. In addition to stretching the pulse duration, the

number of pulses in the pulse train must be reduced prior to amplification. It is not possible

to significantly amplify the full 80MHz train. To do this, a Pockels cell down-samples the

number of pulses to the desired repetition rate for amplification. This repetition rate is

largely dictated by the desired output pulse energy, with higher energies requiring a lower

repetition rate. As a rough rule of thumb [17], it is very difficult get more than 20W average

power out of a Ti:Sapphire system. So, if a pulse energy of 20mJ is required, then the max

repetition rate would be 1kHz. This is the case for the HITS laser used for many of the

studies presented in this thesis. This HITS laser has a repetition rate of 1kHz with a pulse

energy of 20mJ giving a total output of 20W.

2.3 Generation of New Frequency Components Through

Non-linear Optical Interactions

Up to this point in the chapter, the bandwidth and frequency components necessary for

creating an ultrafast pulse have been generated by stimulated emission. Thus, the excited

level structure of the gain medium dictates the output spectrum. As previously mentioned,

one of the main characteristics of Ti:Sapphire that makes it so well-suited for ultrafast pulse

generation is its incredibly large gain bandwidth. While gain materials suitable for mode-

locked lasers, other than Ti:Sapphire, certainly exist, they are few and far between. This

significantly limits the available frequencies for ultrafast pulses from mode-locked lasers. To

produce ultrafast pulse at difference frequencies, a different approach is required.

A process that is directly proportional to the strength of the laser field is referred to as

a linear process. Using a more formal definition, the induced polarization of the material,

P (t), contains only a linear dependence on the field
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P (t) = ε0χ
(1)E(t), (2.18)

where ε0 is the vacuum permittivity and χ(1) is a materiel dependent property known as the

linear susceptibility.

However, the induced polarization can also depend non-linearly on the electric field.

Ignoring any spatial dependencies and expressing this as a power series gives

P (t) = ε0(χ
(1)E(t) + χ(2)E2(t) + χ(3)E3(t) + ...), (2.19)

where χ(2) and χ(3) are the second and third order susceptibilities respectively.

Grouping all higher order components into the non-linear polarization term, PNL, and

inserting the induced polarization into the electromagnetic wave equation gives

∇2E(t)− n2

c2
∂2E(t)

∂t2
=

1

ε0c2
∂2PNL

∂t2
. (2.20)

When PNL = 0 then this becomes a homogeneous equation, with no source term, and

thus the frequencies present in the field are only those that already exist in E(t), from when

it was created. However, when PNL 6= 0 then a source term is present that generates new

frequencies. ∂2PNL/∂t2 describes the acceleration of the charge in the material and, accord-

ing to the Larmor formula, an accelerating charge will radiate. The exact frequencies that

are generated depend on the fundamental frequencies (already contained in the electric field)

and which order of susceptibilities participate in the process. In general, the second or third

order susceptibility typically dominate the non-linear response and because of symmetry

conditions of the material, rarely participate together[18].

Non-linear interactions that are dominated by the second order non-linear susceptibility

are denoted to as two-photon processes. This refers to the fact that, in these interactions,

two frequencies components combine to produce a new, third component. The two input

frequencies can either sum together to generate a new component in sum-frequency genera-

tion (SFG) or the new component can be produced at a frequency equal to the difference of
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Figure 2.5: Non-linear frequency mixing with a χ(2) non-linear crystal. (a) Second harmonic
generation. (b) Sum-frequency generation. (c) Difference-frequency generation.

the input frequencies in the process of difference-frequency generation (DFG). In the degen-

erate case where two frequencies of the same energy sum together, the process is known as

second-harmonic generation (SHG). Figure 2.5 depicts these various cases schematically.

Third order non-linear processes depend on the interaction of three input frequencies.

This can be significantly more complicated, with three input frequencies mixing to produce

as many as 44 frequency components [18]. Third order non-linearities can also result in

a contribution to the induced polarization at the input frequency. This gives rise to the

intensity dependent index of refraction responsible for the previously mentioned Kerr effect.
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Non-linear optical systems continue to advance in sophistication and capability. The

amount of tunability and flexibility researchers now have in generating ultrafast pulses across

a wide range of wavelengths is truly amazing. Using the 800nm output from a CPA based

Ti:Sapphire system, it is possible to produce high power pulses from the extreme ultraviolet

(XUV) to the long-wave infrared (LWIR). Several of the specific non-linear techniques used

in the research presented in this thesis are described in more detail in the next sections.

2.3.1 Optical Parametric Amplification

Several of the studies presented in the upcoming chapters investigate the wavelength scal-

ing of strong-field processes from the near infrared (NIR) regime into the mid infrared

(MIR) regime. An optical parametric amplifier (OPA), pumped with the output of a CPA

Ti:Sapphire is used to generate these pulses. The OPA uses difference frequency generation

to convert the 800nm Ti:Sapphire pulses into two, longer wavelength pulses. In this process

the higher frequency input is referred to as the pump and the output beams are referred to

as the signal and idler, with the lower frequency (longer wavelength) being the idler. In a

zeroth order sense, the OPA can be viewed as a “photon splitter” where the energy of the

input pump photon is split into two lower energy output photons. The energy of the output

photons can be tuned continuously but the sum of their individual energies must add up to

the energy of the pump photon. Tuning the energy of the signal and idler beams starts with

the generation of a seed pulse which is then amplified through the optical parametric ampli-

fication process. Selecting the frequency of the seed pulses establishes the output signal and

idler frequencies. The OPA used for the work in this thesis (Light Conversion HE-TOPAS

prime) is pumped with 18mJ of 800nm radiation at a repetition rate of 1kHz. The ampli-

fication is done in three subsequent stages. The conversion efficiency is approximately 30%

with a total output pulse energy (combined signal and idler) of 5.5 to 6.0mJ depending on

the wavelength selection. Figure 2.6 shows a schematic of the layout.
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Figure 2.6: Layout of the high energy OPA used in this thesis. 18mJ enters the setup from
the top right of the figure and is split into four different arms using a series of beam splitters.
A few µJ are used to generate a white light signal via self-phase modulation in a sapphire plate
in the area circled in black. This produces a weak signal in the NIR (1100-1600nm) which
is then amplified to the 1µJ level in the first stage, circled in purple, using a BBO crystal.
A second amplification stage, circled in blue, amplifies the signal to the 100µJ level with
another BBO. The final amplification stage, circled in red, pumps the resulting signal with
approximately 16mJ of energy, scaling the signal to the millijoule level while simultaneously
producing an idler field the milijoule level. Figure and caption adapted from [14].
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2.3.2 Few-Cycle Pulse Generation

Chapter 4 makes extensive use of few-cycle pulses. A pulse is defined as a few-cycle pulse if

the pulse duration is short enough that the electric field only undergoes approximately 2-3

optical cycles underneath the envelope. For NIR wavelengths this corresponds to a pulse

duration of approximately 5 fs. This is far below the shortest pulse an oscillator can produce,

let alone a CPA system. Despite its many wonders, Ti:Sapphire simply cannot support the

bandwidth needed to produce pulse durations this short. Instead, a non-linear process must

be used to broaden the spectral content of a pulse by generating new frequencies.

This spectral broadening occurs via self-phase modulation (SPM), a nonlinear process

also caused by an intensity dependent index of refraction [19]. To achieve this broadening,

1-2mJ pulses from a Ti:Sapphire amplifier are focused into a hollow-core-capillary, filled

with either argon or neon. The pulse is then guided in a gas-filled capillary where the high

intensity interaction with the gas, over a long relatively long distance (approximately 1m),

results in an intensity dependent, temporally evolving phase shift on spectral components of

the pulse. The overall result is that the pulse spectrum can be significantly broadened. After

exiting the fiber, the beam is collimated and sent through a series of anomalous dispersion

chirped-mirrors to compensate for the dispersion acquired in the process. The result is a

spectrum spanning hundreds of nanometers in the visible and NIR that supports few-cycle

pulses. Figure 2.7 shows the layout for producing few cycle pulses.

Ultimately all of these nonlinear frequency conversion techniques are limited in the

amount of new frequencies they can be employed to generate. Figure 2.5 shows the de-

generate SFG case. A single frequency pumps a χ(2) medium and resultant frequency output

is twice that input, otherwise known as the second harmonic. In a χ(2) material, no more

than two frequencies can mix, so it is not possible to produce higher harmonics in a single

stage. The degenerate process also exists for a χ(3) material, where three photons of the

same frequency combine to produce a third harmonic photon. However, this process typ-

ically has very low efficiency. It is also possible to use successive χ(2) materials where the

second harmonic produced in the first stage is combined with the fundamental in a second
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Figure 2.7: Schematic for generation of few-cycle pulses through self-phase modulation in
a hollow-core capillary. Adapted from [20].
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stage to produce the third harmonic. This is a common technique but conversion efficiencies

into the third harmonic are typically limited to less than 10%. Additional conversion stages

can be used to continue to increase the frequency of the fundamental but the total efficiency

of the output plummets. Up to a certain extent the drop in efficiency can be combated by

increasing the driving intensity but eventually this will damage the material. Also, finding

suitable χ(2) materials becomes increasingly difficult as the frequency moves into the XUV

regime. This is the limit of perturbative non-liner optics and going further requires a different

process.

2.4 High Harmonic Generation and Attosecond Pulses

High Harmonic Generation (HHG) is a highly non-linear process that can produce photons

with a frequency more than a thousand times the fundamental frequency [21]. The HHG

process is also highly non-perturbative, in that the strong driving laser field cannot be treated

as a perturbation to the field-free state and the amplitude of the harmonics does not follow

perturbative scaling. HHG is best understood with the semi-classical, three-step model [22].

The first step of the three-step model is tunnel ionization. Tunnel ionization is described

in greater detail in chapter 3. Briefly, it occurs when the laser field is strong enough to

significantly bend the atomic Coulomb potential. This results in a finite barrier between

the bound state and the continuum. The electron can then tunnel through this barrier

into the continuum. Once in the continuum, the electron feels the full electric field of the

laser and is accelerated away from the atomic core. When the laser field changes sign, the

electron experiences a force back towards the parent ion. The photoelectron gains kinetic

energy during this acceleration in the laser field. This is the second step of the three-

step model. When the electron reencounters the ion core there is a possibility for it to

undergo photorecombination and return to the ground atomic state. All of the energy

the electron gained during ionization and field acceleration is then released in a single,

high-energy photon. The maximum energy of this photon is 3.17Up + Ip where Up is the

ponderomotive potential of the laser field and Ip is the ionization potential. Figure 2.8
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Figure 2.8: The three-step model of HHG. a-d, An intense femtosecond near-infrared or
visible pulse (yellow) extracts an electron wave packet from an atom or molecule. First, the
electron is pulled away from the atom near the peak of optical field (a) and accelerated (b).
When the optical field reverses, the electron is driven back (c) where it can ‘recollide’ during
a small fraction of the laser oscillation cycle (d). This way the parent ion sees an attosecond
electron pulse that can be used directly, or its kinetic energy, amplitude and phase can be
converted to high harmonics on recollision. Figure and caption adapted from [23].

shows a cartoon of the three-step model.

According to the three-step model, electrons emitted into the laser field at different times

recollide and recombine with the parent ion after different times. This different amount of

time spent in the field results in different electron kinetic energies, which in turn produce

different energy photons. The important parameter is when the ionization event occurs with

respect to the laser cycle (ionization phase). A specific ionization phase maps to the same

recombination energies. This happens twice per laser cycle (both the positive and negative

field values) and repeats identically for every cycle where the intensity is high enough to

drive ionization. Accordingly, there is a burst of photons twice per laser cycle. This twice

per cycle radiation burst gives, through Fourier transform theory, distribution of radiated

photon energies over the odd harmonics of the fundamental driving frequency. Using this

process researchers have been able to produce harmonic photons with energies extending 1.5

keV [21].

When HHG is driven with a many-cycle pulse, the result is a train of pulses separated
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in time by half the cycle time, as described above. However, if the ionization (or more

specifically the recombination) can be constrained to a single half-cycle event then only one

burst of radiation will occur. Due to the very short window over which both ionization and

recombination occur, this pulse can have a duration of less than a femtosecond leading to

an attosecond pulse. The first isolated attosecond pulse was demonstrated in 2001 [24]. Iso-

lated attosecond pulses represent the absolute state-of-the-art in ultrafast science. Recently

researchers have created isolated attosecond pulses with spectral components spanning the

entire water window [25] and with pulse durations of less than two atomic units of time (less

than 50 attoseconds) [26].

26



Chapter 3

Wavelength Scaling of Strong-Field

Ionization

After the preceding introductory chapters, this chapter starts the new research portion of the

thesis. The following presents an experimental investigation of the photoelectron momentum

distribution (PMD) of xenon over a range of wavelengths and intensities. Published, intensity

dependent data is very common, particularly for on-axis spectra. Full angular data as a

function of intensity is less common and only a few studies have been published that track

the full PMD over both wavelength and intensity [27–29]. Even more rare is data using

mid-infrared wavelengths. Thus, the significant goal of these measurements is to provide

a consistent, self-contained, high-quality dataset that spans a reasonably large range of

intensities and driving wavelengths in the near-infrared and mid-infrared regime.

Prior to the experimental details and results, an explanation of strong-field ionization

is given along with an introduction to the numerous theoretical approaches currently in

use throughout the field. The merits of these theories are discussed in context with their

ability to describe the assorted dynamics that occur during photoionization from an intense

driving field. Various features within the experiment are identified and interpreted within

the framework of presented theoretical models.
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3.1 Photoionization

Photoionization is one of the most fundamental physical process to emerge from the study of

the interaction of light and matter. In 1921 Albert Einstein famously won the Nobel Prize,

not for his theories of relativity, but for his description of the photoelectric effect [30]. Ein-

stein’s 1905 paper proposed a solution to resolve the paradox that classical electromagnetic

theory could not explain earlier experiments performed by Heinrich Hertz [31] and others,

such as Philipp Lenard, just before the turn of the century. These experiments observed

that electrical discharges could be initiated by shining light on a metal surface. However,

the energy of the electrons ionized from the metal was not proportional to the intensity of

the light, as classical electromagnetic theory would suggest, but instead on the frequency

of the incident radiation. In his solution to this enigma, Einstein formalized Max Plank’s

earlier, heuristic formula for black body radiation and proposed that, not only is the energy

of light proportional to frequency, but that this energy is carried by discrete packets. We

now term these discrete packets of light photons. This quantization of light simultaneously

provided the theoretical underpinnings not to just explain the photoelectric effect but also

to understanding fundamental physics of blackbody radiation. It would also prove one of

the most important stepping stones in the full development of quantum mechanics.

Within the description of the photoelectric effect, the kinetic energy of an electron ionized

from a material by light (photoelectron) is given by

Ekin = ~ω − φ, (3.1)

where ~ is Plank’s reduced constant, ω is the angular frequency of light and φ is the work

function of the material. The work function is replaced with the ionization potential, Ip, if

the target of study is a gas instead of a solid.

This formula suggests that if the photon energy is less than the work function, then

photoionization would be energetically forbidden and not occur. This is consistent with

the observations Einstein originally sought to explain and would remain the case for much

of the 20th century. However, with the invention of the laser, and the ability to generate
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optical intensities approaching one Terawatt per square centimeter, this was shown not to

strictly be the case. Subsequently, several new regimes of photoionization have since been

discovered [32]. A schematic picture of these regimes is shown in figure 3.1. At high enough

intensities, it is possible for a material to simultaneously absorb multiple photons, providing

the necessary energy to overcome the work function (or ionization potential (Ip) for atoms

and molecules) and produce a photoelectron even though the individual photon energy is

below the threshold.

Figure 3.1: Four regimes of photoionization arranged in order of increasing optical intensity
from the left to the right.

3.2 Theory of Strong-Field Ionization

Multiphoton ionization was first reported experimentally in 1963 when the breakdown of a

gas sample was observed in the focus of a pulsed ruby laser [4; 5]. In 1965 Keldysh published

his now famous paper [33] laying out the theory of ionization by a strong laser field. In this

paper, Keldysh clearly lays out two separate regimes, multiphoton ionization and tunnel

ionization. These regimes depend on the strength and frequency of the laser field as well

as the ionization potential of the target. This is expressed in terms of the dimensionless

adiabaticity parameter, γ, now referred to as the Keldysh parameter:

γ = ω

√
2Ip

F
, (3.2)

where F is the electric field.

This can also be expressed in terms of the ponderomotive potential, Up, the cycle averaged

energy of an electron oscillating in an electric field.
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γ =

√
Ip

2Up
, (3.3)

where,

Up(eV ) =
e2F 2

4meω2
≈ 9.34× 10−20 × λ(nm)2 × I0(Wcm−2), (3.4)

where e is the electron charge, me is the electron mass, I0 is the intensity of the laser, and

λ is the laser wavelength.

When γ is much greater than unity (γ >> 1) the system is said to be in the multiphoton

regime and when γ is much less than unity (γ << 1) the system is in the tunneling regime.

3.2.1 Multiphoton Ionization

In the multiphoton ionization regime, the laser intensity becomes high enough such that a

non-zero probability develops for multiple photons to be absorbed during the laser pulse.

However, the intensity is not so strong as to significantly distort the binding potential of the

target, as described in the next section. An additional, and perhaps unexpected effect of

multiphoton ionization is that nothing a prori prohibits the target from absorbing more than

the required minimum number of photons to overcome the ionization potential. This leads to

a photoelectron energy spectrum comprised of a series of discrete values, each separated by

the photon energy. Photoionization that produces photoelectrons with kinetic energies above

the minimum amount required to overcome the ionization potential is collectively known as

above threshold ionization (ATI).

For multiphoton ionization in a short, intense laser pulse, the energy of the photoelectron

is given by [34]

En = n~ω − Up − Ip, (3.5)

where n is the number of photons absorbed.

Two significant deviations from equation 3.1 are present here. The first is of course the

multiphoton absorption and the ability to have above threshold ionization. The second is the
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inclusion of the ponderomotive potential. This is required, from energy conservation ∗ as the

multiphoton ionization occurs under the presence of a strong laser field. A free electron in a

laser field necessarily oscillates with a kinetic energy equal to Up. As such, the photoelectron

must gain this extra energy to be present in the field-dressed continuum during the ionization

process. The ponderomotive energy essentially raises the ionization potential of the atom.

Up increases linearly with intensity, so not only does the photoelectron energy spectrum

consist of a series of peaks, these peaks also shift with changes in the laser intensity.

While the experiments performed 1963 did observe ionization with frequencies below the

ionization potential, they did not measure the discrete peaks predicted by equation 3.5. The

first measurement of a photoionization energy spectrum showing discrete peaks, separated

by one phonon energy, was done in 1979 by Agostini and colleagues [35]. This work is often,

referenced as the discovery of above threshold ionization.

For above threshold ionization, the ionization rate has a highly nonlinear dependence on

the field strength [32]. This fixes the condition that the majority of ionization occurs very

near the peak of the oscillating laser field. This, of course, occurs twice per cycle, but with

an opposite sign. Thus, an ionization burst in a given direction occurs once per laser cycle.

Fourier transform theory then gives that discrete peaks (spectral components) should be

present in the conjugate Fourier domain, which in this case is energy. These spectral peaks

are the ATI spectrum. Several studies have shown that if the laser pulse is short enough

to limit the ionization burst to a single cycle then there are no ATI peaks present in the

spectrum [36]. So, the ATI spectrum can also be viewed as the coherent interference of wave

packets originating at subsequent field cycles.

3.2.2 Tunnel Ionization

Tunnel ionization is a general process that occurs when any strong electric field (not just an

optical field) significantly bends the binding Coulomb potential of an atom, such that a finite

∗If the pulse duration is longer than it takes the electrons to escape the laser focus (typically longer
than 1 ps) then photoelectron peaks are not shifted by the ponderomotive potential as they move out of the
field-dressed continuum while the laser is still present.
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barrier (classically forbidden region) exists between the bound state and the continuum. This

is depicted schematically in figure 3.1. The potential of a single electron atom in the presence

of a static electric field oriented along the z-direction is given as:

V (r) = −Z
r

+ Fz, (3.6)

where, Z is the nuclear charge. (In general, atomic units, ~ = e = m = 1, are used in this

chapter unless otherwise indicated)

With this potential, the time independent Schrödinger equation is separable in parabolic

coordinates and the tunnel ionization rate can be calculated. The tunnel ionization rate of

a ground state hydrogen atom in a static electric field was originally derived by Landau and

Lifshitz [37] and then later extended to a generalized asymptotic Coulomb potential [38]. A

nicely explained, full derivation of the generalized static field ionization rate is presented by

Bisgaard and Madsen [39]. This rate, wstat, is given as [40]

wstat = C2
l

(2l+1)(l+|m|)!
2(l−|m|)

2|m||m|!
1

κ2Z/κ−1

(2κ3

F

)2Z/κ−|m|−1
e−2κ

3/3F , (3.7)

where l is the orbital quantum number, m is the magnetic quantum number, κ is given by

Ip = κ2/2, and Cl is a target specific coefficient. Cl can only be calculated analytically for

the hydrogen atom but tabulated values for some atomic targets can be found in Tong et.

al. [41].

Neglecting all of the prefactors, it can be seen that the ionization rate in a static electric

field grows exponentially with the strength of the electric field. This is a general characteristic

of tunnel ionization as the width of the barrier is inversely proportional to the strength of

the electric field (a stronger field bends the Coulomb potential more) and the probability

distribution of a wavefunction decays exponentially through a classically forbidden region.

The Keldysh parameter fundamentally represents the ratio of the “time” it takes the

electron to quantum mechanically tunnel out of the bound state, to the period of the laser

field. Rigorously, this time is an ill-defined quantity for the quantum mechanical process

of tunneling. However, the tunneling time can be calculated as the time it would take a
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classical electron to traverse the barrier assuming that the motion is classically allowed [42].

The tunneling time can also be defined as the inverse of the tunneling rate

When γ is much less than unity (γ << 1) the tunneling process is rapid compared to the

laser period. When this is the case, the tunnel ionization rate adiabatically follows the laser

field in time and the total ionization rate can be calculated by inserting the time varying

laser field directly for the static field in equation 3.7. This can then be integrated over an

optical cycle to compute the cycle averaged ionization rate. The result is known as the ADK

rate or the ADK model after Ammosov, Delone, and Krainov [43]. The ADK rate is

wADK = |Cn∗l∗|2GlmIp

(2(2Ip)
2/3

F

)2n∗−|m|−1
e−

2(2Ip)
2/3

3F , (3.8)

where the effective principle quantum number, n∗ = Z/
√

2Ip, the effective orbital quantum

number, l∗ = n∗ − 1, and the coefficients are:

|Cn∗l∗|2 =
22n∗

n∗Γ(n∗ + l∗ + 1)Γ(n∗ − l∗)
, (3.9)

and

Glm =
(2l + 1)(l + |m|)!
2|m||m|!(l − |m|)!

. (3.10)

The total ionization probability, Pion, by a laser pulse with a temporal dependence given

by F (t) is

Pion = 1− exp
[ ∫ ∞
−∞

w(|F (t)|)
]
. (3.11)

This begins to fail with increasing optical frequencies as the tunneling time becomes

comparable to the optical period. However, it has been shown that even when γ is slightly

more than one, tunneling is still the dominate ionization mechanism [44].
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3.2.3 The Simple Man Model and Classical Propagation in the

Electric Field

The ionization rate in equation 3.8 only refers to the process of the electron leaving the bound

state. It says nothing about the kinetic energy the electron will possess in the continuum after

the laser pulse. Just as the presence of the strong field shifts the energy of the multiphoton

peaks in equation 3.5 the laser field has a strong effect on the photoelectron’s kinetic energy

after tunneling. Decades of research have been put into better understanding this intricate

and complicated process.

One of the most important concepts, or parameters, in strong-field ionization is the birth

time (or birth phase) of the photoelectron. Different birth times, with respect to the laser

field, lead to dramatically different processes. An electron born into the laser field will

initially be accelerated away from the parent ion. However, when the field switches sign, the

electron then experiences a force and can accelerate back towards the ionic core. The exact

dynamics of this process depend strongly on the birth time.

As a simple model, take the case of a monochromatic, CW laser field given by F (t) =

Fcos(ωt). If the electron tunnel-ionizes sufficiently far away from the core, such that the

Coulomb potential can be neglected, then the classical equations of motion for the electron

are given by [40]

z̈ = −Fcos(ωt), (3.12)

ż = −F
ω
sin(ωt) + v0, (3.13)

and

z =
F

ω2
cos(ωt) + v0t+ z0. (3.14)

If the electron is born at z = 0 with a birth time t = t0 and no initial velocity ż = 0 then
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the equations of motion becomes

ż(t) =
F

ω
(sin(ωt0)− sin(ωt)), (3.15)

and

z(t) =
F

ω2
(cos(ωt)− cos(ωt0)) +

F

ω
(t− t0)sin(ωt0). (3.16)

The kinetic energy of the electron is given by its velocity. If the electron is born at the

peak of field (t0 = 0) and goes directly to the detector, it will have zero kinetic energy. If the

other extreme occurs, and the electron is ionized at or near the zero of the field (t0 = π/2ω)

and goes directly to the detector, it will have a velocity of ż = F0/ω. This gives a kinetic

energy of

Ekin =
1

2

(F
ω

)2
= 2Up. (3.17)

Evidently, the maximum energy a direct photoelectron can have is twice the pondero-

motive energy. As shown by equation 3.8 the ionization rate depends exponentially on the

strength of the field. So, one would expect exponentially more electrons to be ionized near

or at the peak of the field than near the zero of the field. This would predict an energy

spectrum containing many low energy electrons with decreasing yield down to electrons with

a maximum energy of 2Up. It turns out this is consistent with experimental observations.

If this was the complete story, then strong-field physics would be quite boring and most

likely would have been left behind decades ago in physicist’s pursuits of more exciting areas.

Luckily, this is not the case. Equation 3.16 also predicts an additional possibility, one that

has had profound implications not just for strong-field physics but also for the entire field of

ultrafast science.

After tunnel ionization and initial acceleration by the laser field, the electron need not

leave the field. It can in fact be driven back towards the parent ion as the field switches sign,

accelerating and gaining energy along the way. If the photoelectron returns to the origin at
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a time tr then equation 3.16 gives

cos(ωtr)− cos(ωt0) + ω(tr − t0)sin(ωt0) = 0, (3.18)

providing a relation for the return time in terms of the birth time.

The kinetic energy of the electron, at the time of return, given by equation 3.15, is

Ekin =
1

2
(ż(tr))

2 = 2Up(sin(ωt0)− sin(ωtr))
2. (3.19)

Using equations 3.18 and 3.19 together it can be found that the electron returns with a

maximum energy of 3.17Up when it is born with ωt0 = 17◦ (with respect to the peak of the

laser field).

When the electron returns to the ion core, there are several distinct possibilities that

can occur. The electron can recombine with the ion, releasing its kinetic energy (as well

as the binding energy of the atom) in the form of a single, high-energy photon. This is

the process that the whole field of high harmonic generation is based on. The maximum

emitted photon energy is 3.17Up + Ip. This has long been known to be the cutoff energy

for high harmonic generation. The recolliding electron can also inelastically rescatter and

further ionize the core. This process is known as non-sequential double ionization (NSDI)

or non-sequential multiple ionization (NSMI) and is the dominate mechanism for multiple

ionization in intense, infrared laser fields [45; 46]. The final possibility is that the returning

electron can elastically rescatter at an angle θr.

After elastic rescattering, the velocity components parallel(ẑ) and perpendicular (ŷ) to

the polarization are

ż(t) = −F
ω

[sin(ωt)− sin(ωtr + cos(θr)(sin(ωtr)− sin(ωt0))], (3.20)

and

ẏ(t) = −F
ω
sin(θr)(sin(ωtr)− sin(ωt0)). (3.21)
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The averaged kinetic energy of the rescattered electron is

Ekin = 2Up[sin
2(ωt0) + 2sin(ωtr)(1− cos(θr))(sin(ωtr)− sin(ωt0))]. (3.22)

Again, equation 3.18 can be used to find the birth time corresponding to the maximum

energy. In this case, ωt0 = 14◦ gives a maximum kinetic energy of 10Up for direct backscat-

tering (θr = 180◦). As a note, Up must be subtracted from the calculation to give the correct

final energy for eleastic backscattered photoelectrons [40] Electrons that are rescattered in

the forward direction will have a final energy at the detector of less than 2Up.

3.2.4 Strong-Field Approximation Ionization Theories

These simple calculations reproduce three of the most important results in strong-field sci-

ence, the 2Up cutoff energy for direct ionization, the 10Up cutoff energy for directly backscat-

tered photoelections and the HHG cutoff of 3.17Up + Ip. Despite this, it still took decades

and hundreds of experiments for the field to arrive at a consensus as to full picture (for a

recent review see [47]). In this model, all that was assumed was that the electron tunnel ion-

ized with zero initial velocity and then was classically propagated under the influence of the

only the laser field. This is often referred to as the simple man model (SMM), although that

term in general is often extended to any calculation where the electron dynamics are treated

purely classically and propagated using Newtons equations, no matter the local potential.

The above calculations proved adequate in reproducing the cutoff laws. They did how-

ever neglect several major (and a whole host of minor) effects important to photoelectron

rescattering. In many ways, it is either a miracle or perhaps even a concerning happen-

stance that a calculation that neglects so many aspects (finite tunneling distance and the

Coulomb potential of the parent ion to name two) is able to predict anything with quanti-

tate accuracy. One of the other aspects specifically excluded so far is multiple rescattering

events. This classical calculation also expressly excluded the possibility for the interference

of different electron trajectories. Both the possibility of multiple rescattering events as well
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as the coherent interference between trajectories lead to incredibly detailed photoelectron

distributions.

While certainly insightful and to some extent quantitatively accurate, these simple theo-

ries, the ADK tunneling rate and the SMM photoelectron cutoff energies, do not describe the

entire strong-field ionization process. Neither give both the rate and the resultant spectrum.

(Although, in some cases, they can be bootstrapped together to produce reasonably accurate

results.) The first “full” theory of photoionization in a strong field was laid out by Keldysh

(in the same paper where the Keldysh parameter originates). In this paper Keldysh uses

what is now referred to as the Keldysh ionization ansatz [48]. Theories that use this type

of approach are often referred to as non-perturbative theories. This is not to suggest that

the laser field does perturb the quantum system. In fact, it is quite the opposite, the laser

disturbs the system so strongly that treating the laser interaction using perturbation theory

around the original state would be highly inaccurate.

The Keldysh ionization ansatz states the probability, M(p) that a photoelectron is mea-

sured with a given momentum (p) is [48]

M(p) = − i
~

∫ ∞
∞
〈Ψp|Vint(t) |Ψ0〉 dt, (3.23)

where Ψp is the final state wavefunction, Vint(t) is the electron field interaction operator, and

Ψ0 is the bound state wave function unperturbed by the laser field. In the Keldysh model

Ψ0 = ψ(r)eiIpt/~, (3.24)

with

ψ(r) =

√
κ

2π

e−κr

r
, (3.25)

and

κ =
√

2Ip. (3.26)

38



Vint is expressed in the velocity gauge as

Vint(r, t) = −iA(t)∇+ A2(t), (3.27)

where A(t) is the vector potential defined by E(t) = −Ȧ(t)), with E(t) being the electric

field strength of the laser.

The final state wavefunction, Ψp, is the Volkov wavefunction, also expressed in the ve-

locity gauge

Ψp(r, t) =
1

(2π)3/2
exp
[
i
(
vp(t)(r)− 1

2

∫ t

−∞
v2
p(t‘)dt‘

)]
, (3.28)

where, in the dipole approximation, vp is

vp(t) = (p + A(t)). (3.29)

The total probability of ionization, W , can then be calculated by integrating over all

momentum space

W =

∫
|M(p)|2d3p. (3.30)

The concept of expressing the final state wavefunction as a Volkov wavefunction was

first proposed by Reiss in 1962 [49]. The Volkov wavefunction describes a free electron

in the presence of a laser field. As such, it contains no functionality from the Coulomb

potential. Thus, equation 3.23 approximates strong-field ionization using an initial bound

state wavefunction (that completely ignores effects from the laser field) and a final state

wavefunction (that completely ignores the coulomb potential). This is the essential tenant

of the strong-field approximation (SFA) and the SFA theory, which is sometimes referred

to as KFR theory for Keldysh [33], Faisal [50], and Reiss [51]. In practice these are three

distinct theories, but all are based on the foundation of the strong-field approximation.

Strong-field approximation theories can also be constructed in terms of what are referred

to as “quantum trajectories” [52]. These formulations follow the same logic originally pro-

posed by Feynman in his path integral treatment of quantum mechanics. This states that
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a quantum mechanical process can be described by the superposition of all paths that con-

nect the initial and final state of the system. Each path carries a complex weight with the

phase equal to the classical action acquired along the path. In the process of evaluating the

integrals that arise from equation 3.23, the method of stationary phase or the saddle point

approximation (SPM) is commonly applied. This is mathematically equivalent to treating

the ionization process with Feynman path integrals. An important distinction however, is

that the trajectories calculated using the SPM, within the strong-field approximation, follow

classical trajectories (while acquiring a complex phase), while in general, Feynman path in-

tegrals have no such restriction. The classical trajectory is given by the path that minimizes

the action acquired during the path from initial to final state. The quantum trajectory

approach to strong-field ionization is formalized by the imaginary time method (ITM) [53].

As SFA completely neglects the Coulomb potential, it only produces results describing

direct ionization and is incapable of describing the high energy photoelectrons that are

produced by direct back scattering with the ion core.

It turns out that leaving out the Coulomb potential also has a large effect on the total ion-

ization yield [45]. Perelomov-Popov-Teren’ev addressed this shortly after Kelydsh published

his original results. In this work, Perelomov-Popov-Teren’ev derive a generalized analytical

rate equation [38], (PPT) rate, that is quite capable of predicting ionization rates over a

wide range of wavelength and intensities, making up both the tunneling and multiphoton

regimes [54]. In the limit of zero frequency (long wavelength) the PPT rate reduces to the

ADK rate given by equation 3.8.

There have been multiple approaches to modifying SFA to include the Coulomb potential

[48]. In the simplest form, this can be done by adding a perturbative term to the field

interaction operator in equation 3.23 that considers rescattering as a first order correction to

the zeroth order direct electrons. This amounts to making the first Born approximation. This

is known as the improved Keldysh approximation or the improved SFA (ISFA) or sometimes

as SFA2. More detailed explanations can be found in publications by Lohr et al. [55] and in

a review article on SFA by Becker and colleagues [56].

Other approaches have also been developed that treat the Coulomb potential. The two
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most common in use are the Coulomb Corrected Strong-Field Approximation (CCSFA) [57]

and the classical trajectory Monte Carlo (CTMC) method [58]. In CCSFA the Coulomb

field is added in as perturbation to the quantum trajectory originally calculated using SFA

with the ITM. An interesting effect of this is the emergence of two new trajectories not

originally present in non-Coulomb corrected ITM calculations [57]. These Coulomb-induced

trajectories are responsible for producing the highly studied low energy structure [59] and the

off-axis side lobes, also referred to as “spiders” [27], which are interpreted as the inference

of these new trajectories with the original trajectories from non-Coulomb corrected SFA

[59; 60].

One very important aspect not accounted for in any of the theories and models presented

is the excited bound state of the target atom. Ionization is far from the only channel possible

under exposure to a strong laser field. Multiphoton absorption can also occur to one or more

excited states. Unlike the continuum, these bound states have a strict resonant condition

with the number of photons absorbed. In general, this condition means that it is unlikely

that an integer number of photons will add up exactly to the energy needed to transition

to the excited state, making that transition unlikely. However, the high lying states can

be significantly Stark-shifted by the strong laser field. As these states lie very near the

continuum, they are also shifted down by the ponderomotive energy. When this shift brings

a state into resonance with an integer number of photons it becomes what is known as

a Freeman resonance [61]. The resonant condition makes the transition probability from

the bound state to the excited state much higher than ionization to the continuum. Once

the atom has been promoted to the excited state it can then be photoionized, often with

only a single or a few photons. The overall cross section for multiphoton ionization by this

mechanism can be much, much larger than straight multiphoton ionization [29]. The energy

of the photoelectron from the Freeman resonance channel is given by

Ekin = n~ω − Eb, (3.31)

where Eb is the binding energy of the excited state and n is number of photons absorbed to
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ionize from the excited state.

Since both the high-lying excited state energy and the continuum shift by Up, the energy

of the photoelectron does not depend on Up and thus will not shift with laser intensity. This

is often the condition used experimentally to separate photoelectron peaks from resonant

ionization from those generated by standard multiphoton ionization.

3.2.5 Time-Dependent Schrödinger Equation

To date, no successful modification of the SFA has emerged that incorporates atomic struc-

ture. As such, theoretical approaches that include atomic structure are largely limited to

solving the time-dependent Schrödinger equation. With all of the models, pictures, approxi-

mations and methods introduced here to represent strong-field ionization, it is important to

remember that solving the time-dependent Schrödinger equation (TDSE) is the only calcu-

lation that truly represents the fundamental physics. This seems like an obvious statement

but with the sheer volume of work and publications devoted specifically to arguing the merits

of various methods it is very easy to forget that everything else is just a model. That is not

to say that models such as SFA or SMM do not have value. Quiet the opposite is true and

many of these models offer a clear picture of what the important aspects of the underlying

physics are.

To ultimately test the validity of an approximation, it must be compared against the

TDSE. Of course, comparison to experiment is the ultimate goal of any physical theory but

the extreme difficultly of matching the exact conditions present in an experiment make the

TDSE a more ideal benchmark. In this sense the TDSE, is often viewed as a “numerical

experiment”. If no approximations are made in solving the TDSE this is accurate up to the

precision of the numerical calculation.

However, only in very specific cases is it tractable to solve the TDSE exactly. Several

approximations are almost always required. The most common of these is the single active

electron (SAE) approximation. For most strong-field atomic processes this approximation

remains quite accurate. Still, even with the SAE, full TDSE calculations can be extremely
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numerically expensive. A second disadvantage, aside from the computational resources re-

quired, is the somewhat paradoxical fact that it is often difficult extract the exact origin

of effects given by the TDSE solution. Nevertheless, it still represents the most complete

description.

3.3 Experiment and Results

To study how the various aspects of strong-field ionization evolve as a function of, inten-

sity, wavelength, ponderomotive energy, and Keldysh parameter we employ ultrafast pulses

produced using a chirped pulse amplified (CPA) Ti:Sapphire laser system as well as an op-

tical parametric amplifier (OPA) pumped using the same laser. With these systems, we are

able to generate ultrafast pulses over a wide range of the mid-infrared (MIR) regime. Four

specific wavelengths are used for this study, 785nm, 1410nm, 1825nm and 2025nm. Full

photoelectron momentum distributions were collected using a velocity map imaging (VMI)

spectrometer.

The Ti:Sapphire laser system is described in greater detail in section 4.3 and in reference

[62]. Briefly, it’s consists of a mode-locked oscillator running at 80MHz that seeds a two-

state, multipass amplifier system (KM Labs Red Dragon Class). The total output is 20W

consisting of a 1kHz, 20mJ pulse train with a pulse duration of 25 fs. 18mJ of this output are

used to pump a high-energy OPA (Light Conversion HE-TOPAS prime). The OPA is a three

stage, white-light seeded, OPA based on beta-barium-borate (BBO) conversion crystals. The

signal can be tuned from 1100nm to approximately 1550nm while the idler can reach up to

approximately 2400nm. The signal and idler beams are separated in the far field by tuning

the OPA for a very slight, non-colinear overlap in the final amplification crystal. This is

done to avoid the need for transmissive beam separators which add dispersion and degrade

the mode quality. Additional information about the OPA can be found in [14].

For the photoionization studies, each beam is individually coupled into the setup depicted

in figure 3.2. A half waveplate rotates the polarization into a polarizer used for attenuation

of the beam. The polarizer consists of two germanium plates set at Brewester’s angle. Each
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reflection off the germanium plate reflects approximately 80 % s-polarization and 0.1% p-

polarization. Two reflections give an extinction ratio of better than 1/1000 for the output

s-polarized beam. A second waveplate is then used to rotate the beam back to p-polarization

before being focused into the chamber with an uncoated, plano-convex, CaF2 lens. A 500

mm lens is used for the 1410nm, 1825nm and 2025nm beams while a 1000mm lens is used

for the 785nm beam. An uncoated, 1mm thick, UV fused-silica plate is used as an entrance

window into the chamber for all wavelenghts.

The pulse duration for each individual wavelength is measured using a second-harmonic

generation (SHG) frequency resolved optical gating (FROG) device prior to the focusing lens.

Compensation glass is placed in the beam path prior to the FROG to match the dispersion

from the focusing optic and the entrance window. The FROG, also shown schematically

in figure 3.2, is based on an all-reflecting, split d-mirror design to allow for use with all

wavelengths. A 10µm thick BBO is used for doubling. The SHG spectrum is measured

using a fiber-coupled spectrometer (Stellarnet Bluewave). The FROG v3.2.2 (Femtosoft

Technologies) program is used to evaluate the measured spectrogram and recover the pulse

duration. The durations are 28 fs, 40 fs, 60 fs, and 85fs for the 785nm, 1410nm, 1825nm and

2025nm beams respectively.

The VMI spectrometer is based on a high-voltage, thick-lens design. More details about

the design can be found in [63] and [64]. By adjusting the voltage on the repeller plate, the

maximum transverse photoelectron collection energy can be tuned from 10eV to 1000eV.

This allows the spectrometer to be adjusted to provide maximum resolution for the individual

process being investigated. For the results reported here, repeller voltages of -250V, -500

V and -4,000V are used, giving a maximum transverse photoelectron collection energy of

approximately 12eV, 25eV and 175eV respectively. The full, 4π solid angle of electron

emission is collected up to these energies. The spectrometer rings are surrounded by a µ-

metal shield to reduce stray magnetic fields. The photoelectrons are accelerated onto an 80

mm micro-channel-plate (MCP) in a chevron configuration (Hammamatsu F2226-24P218)

with a P47-type phosphor screen at the output. The front MCP plate is grounded while

the voltage across the MCP stack and is gated by adding a -700V gating pulse to a base
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voltage of -1200V for a 400ns window around the arrival time of the electron burst. This

dramatically reduces the background signal of the measurements. The phosphor screen is

capacitively coupled to, and floated -3500V from the back MCP plate. A low noise, 12-bit

camera (PCO-Sensicam QE) is used to collect images from the phosphor. Depending on the

strength of the signal, between 100 and 1,000 laser shots are collected per camera exposure.

For most experimental parameter sets approximately 3 million laser shots are acquired, but

this is varied throughout the experiment to maximize the number of runs that can be taken

while acquiring adequate statistics. For very low intensities, as many as approximately 30

million laser shots are collected.

Xenon is used at the target gas for these studies. The gas is inserted into the interaction

chamber using an effusive gas jet through a small hole in the center of the repeller plate.

The chamber pressure is adjusted based on the count rate to maximize the amount of data

collected while also avoiding detector saturation and space charge effects. For lower intensi-

ties, the xenon pressure is raised to as high as 5 × 10−6 torr while for high intensities, it is

decreased to as low 1× 10−8 torr. The background chamber pressure is below 4× 10−9 torr.

Varying the backing pressure allows the highest statistics to be collected in an experimen-

tally realistic time. This makes ionization yield comparisons between the various intensities

difficult to impossible. However, as the predominate goal of the experiment is high-quality

PMDs this is not a major concern.

After the raw image was collected, several post processing steps are performed. First,

the image is rotated and centered so that the laser polarization lies vertically in the plane of

the image and the center of the distribution falls directly in the center of the image. Then

to overcome several low efficiency spots in the detector and to increase overall statistics, the

four quadrants are averaged together. After averaging, the distributions are inverted using

an iterative Abel transform to reconstruct the 3D velocity and angular distribution of the

photoelectrons and therefore obtain photoelectron momentum maps [65]. Figure 3.3 shows

the raw, quadrant averaged, and inverted image for several representative PMDs.

The focusing condition of the VMI spectrometer maps velocities to a specific point onto

the detector. To convert this velocity distribution into an energy spectrum, a transfer func-
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Figure 3.2: Experimental setup for studying photoelectron momentum distributions with
various IR wavelengths. M-silver mirror, λ/2 -zero order air-spaced half waveplate, Ge-
germanium plate, BS-removable beamsplitter, F-focusing lens, SHG-FROG- homebuilt sec-
ond harmonic frequency resolved optical gating (FROG) device for pulse duration character-
ization, µM- µ metal shield, VMI- velocity map imaging spectrometer, MCP- microchannel
plate and phosphor detector, C-camera

tion is needed. While it is theoretically possible to calculate this transfer function by simu-

lating the electrostatic fields in the spectrometer, it is typically much more accurate to build

this map from the measurement of known velocities. The ATI spectrum itself can provide

this reference. For the work presented here, the calibration is done using the spacing of the

ATI peaks from the 785nm pulses. Additional information can be found in [64; 66].

Accurately calibrating the intensity is a critical yet often extremely difficult process in

many strong-field ionization experiments. In this study, two independent methods are used,

sometimes in combination, depending on the wavelength. The first method is based on pon-

deromotive shift of the ATI photoelectron energy with intensity, as given in equation 3.5. A

series of ATI spectra are taken with several known input pulse energies. A single, multipho-

ton ATI order is identified in each of these spectra and the absolute shift in photoelectron

energy of the ATI peak is extracted. The ratio of shift in ATI energy to the difference in

pulse energy is then used calculate a constant that links the pulse energy to the peak focal

intensity.
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Figure 3.3: Sample of the acquired raw PMD images and the stages of postprocessing and
inversion. The columns are labeled and show, left to right, the raw image, the image after
the quadrant averaging procedure, and the image after inverse Able inversion. The rows
represent three different experimental conditions, A-785nm 1 × 1013 W/cm2, B- 1825nm
4.9× 1013 W/cm2, C- 2025nm 1.5× 1013 W/cm2
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To prove this mathematically, let the peak intensity, for given pulse energy be expressed

as

I0 = αEp, (3.32)

where α is the yet as undetermined calibration constant and Ep is the measured pulse energy.

The ponderomotive potential is linear with intensity giving

Up = βI0 = αβEp, (3.33)

where β is the appropriate, wavelength dependent, scaling constant.

Inserting this into equation 3.5 gives

En = n~ω − αβEp − Ip, (3.34)

where again, En is the energy of the ATI peak corresponding to n-photon absorption.

Using this expression, the shift in energy for the n-photon absorption peak (∆En) is

∆En = −αβ∆Ep, (3.35)

where ∆Ep is the corresponding difference in pulse energies. The negative sign indicates

that ATI peaks shift to lower values for increasing pulse energy (intensity).

Comparing equation 3.33 to equation 3.4 and solving for α gives the final expression for

the calibration constant between pulse energy and peak focal intensity

α = −9.34× 10−20λ2(nm)
∆En
∆Ep

. (3.36)

If the shift of the ATI peak can be cleanly measured, then this method can give very

accurate intensity calibrations, typically on the order of 10 % or better, if the position to

energy calibration of the VMI is performed accurately and all other sources of error are low.

This level of accuracy is possible because this method can be performed over a series of
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pulse energies and photon orders, providing higher statistics than other intensity calibration

methods.

However, for longer wavelengths, this method can be challenging as the absolute pondero-

motive shift in photoelectron energy grows quadratically while the spacing between photon

peaks decreases. This has the effect that even a small change in pulse energy can cause the

ATI peak to jump multiple photon orders. An additional complication arises from the fact

that Freeman resonance peaks play a larger role in the photoelectron spectra for ionization

with longer wavelengths. When this is the case, the ponderomotive shift intensity calibration

procedure can still be used but great care needs to be taken to correctly select the ATI peaks.

For this study, the ponderomotive shift method was found to work successfully for all

wavelengths but was quite difficult at 1825nm and 2025nm, resulting in a larger estimated

error bar of 25%. This number is conservatively adopted as the estimated error for all

wavelengths. Figure 3.4 shows the on-axis, photoelectron energy spectrum for five increasing

pulse energies at 785nm. Three ATI peaks are identified and the ponderomotive shift is clear.
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Figure 3.4: On-axis energy spectra for 5, 785nm measurements with successively increasing

input pulse energy. A vertical constant offset has been applied to some of the lines to make

the peak shift easier to visualize. Solid color arrows mark the peak of single ATI order.

These peaks shift to lower energy with increasing pulse energy which is used to calibrate the

intensity.

The intensity calibrations at 1410nm and 1825nm are also checked to be consistent with

the 2Up and 10Up cutoffs. Figure 3.5 shows the corresponding spectra for this. The 2Up is

primarily selected and the 10Up is examined for consistency. In both cases, the indicated

2Up cutoffs agree to within 20% of the intensity retrieved with the ponderomotive shift

calibration method.
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Figure 3.5: On-axis energy spectra taken with a VMI repeller voltage of -4kV. The 2Up and

10Up cutoffs are used to verify the calibrate intensities. For both plots, the 2Up was selected

first and the 10Up point was found and evaluated for consistency. 10Up cutoffs are often

very difficult to cleanly identify.

Figure 3.6 (multipage) shows plots of the photoelectron momentum distribution, on-axis

energy spectrum and angular integration for the range of laser wavelengths and intensities

studied. The log of the yield is plotted, and the color scale is adjusted individually for

each PMD to maximize visibility of all of the various features. For each set of plots the

wavelength, peak intensity, ponderomotive potential energy, and Keldysh parameter are

listed. Additionally, a series of dotted arcs in the bottom right quadrant indicate the position

of the 0.2Up, 2Up and 10Up values to the extent that they fall on the detector. The evolution

and nature of the various features present in the data set are discussed in more detail in the

following section.
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Figure 3.6: Results from intensity and wavelength dependent study of strong-field ionization

in Xe. Each panel shows the results for a single laser wavelength and peak intensity. On

the right side of each, the photoelectron momentum distribution is plotted for the log of the

yield, with a color scale selected to increase the visibility of the various features present in

each PMD. To the extent that they fall on each image, the 0.2Up, 2Up and 10Up points are

denoted by a black, dashed arc in the bottom right corner of each image. The left side shows

the on-axis energy spectra extracted from the PMD. Inset into each of these is the momentum

integration of the full distribution (all energies), providing the photoelectron angular distribu-

tion. The x-axis limits range from 0 to 360 degrees, the polarization is at 90 and 180 degrees.

The yield is plotted in log scale. For each case, the driving wavelength (λ), ponderomotive

energy (Up), peak intensity (I0) and Keldysh parameter (γ) are given.
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3.4 Interpretation and Discussion

Since the original experimental demonstration of non-perturbative, above threshold ioniza-

tion in 1979 by Agostini and colleagues [35] hundreds to thousands of experimental results,

along with an impressively similar number of theoretical investigations, have been published.

Despite this intensive 40-year quest to better understand the interaction between atoms and

intense, ultrafast laser pulses, new understanding is still developing. Many new discoveries

have largely been driven by developments in ultrafast laser technology. These include break-

throughs such as the carrier-envelope-phase dependence of ATI for few-cycles pulses [67], the

identification of the spider like side lobes that originate from interference of multiple types

of photoelectron orbits [60] and the first observation of the low energy structure (LES) for

mid-infrared driving pulses [68]. Other features, such as the directly off-axis quantum carpet

pattern [69] largely escaped notice until recently, despite being, to some extent, present in

earlier data.

This section is dedicated to identifying, interpreting, and discussing various “features”

and observables present in the strong-field ionization dataset presented in the previous sec-

tion. The photoelectron momentum distributions in figure 3.6 show the intricacy and rich-

ness, as well as the complexity, present in strong-field ionization. Here, the various features

are presented and categorized by the degree the photoelectrons that make them up interact

with the parent ion core. As a final note, much of the literature is highly focused on identi-

fying a specific feature, or set of features, and attempting to explain it in terms of various

models or pictures. The rest of this chapter takes a similar approach. However, it is impor-

tant to remember that, while it can be insightful and highly useful to apply various models

to different parts of the PMD, these are all just approximations and simplifications. Ulti-

mately, the fundamental physics is just the propagation of the electron wavefunction under

the various forces present. The difficulty in solving the TDSE (particularly at longer wave-

lengths) necessitates the development of simpler pictures. Care should be taken however,

not to extend the predictions of the given model past what is justified.
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3.4.1 Direct Ionization

As originally introduced in section 3.2.2, direct photoelectrons are defined as those that do

not rescatter during the ionization process. The ATI peaks, spaced by one photon energy,

are a clear example of direct ionization. These ATI peaks are most easily identified when the

ionization process is in the multiphoton limit (γ >> 1). Figure 3.6 (a-e) clearly exhibit this

behavior. For panel (a) γ = 6.37, which is decidedly in the multiphoton limit. Multiphoton

peaks described by equation 3.5 are also present to varying strengths in figure 3.6 panels (f, h-

k, m-r, & u-x). As seen in figure 3.4, the multiphoton peaks do shift with the ponderomotive

potential as expected.

While the number of visible peaks generally grows with intensity, the contrast between

peaks is reduced. This is due to the combination of the ponderomotive shift in coordination

with volume averaging effects.

So far, all discussions have more or less tacitly assumed that only a single peak intensity

drives the ionization or rescattering process. While the dream of many experimentalists and

theorists alike, performing a measurement with a single intensity (or even a narrow range

of intensities) is largely an experimental impossibility. To generate the high peak intensities

for non-linear ionization, laser radiation must be tightly focused. This necessarily creates a

distribution of intensities with only a very small percentage of the interaction region being

at the peak intensity [70]. The measured PMD is the sum of all the electrons produced in

this extended region. The summation across this distribution of intensities has a blurring

effect for many measured parameters, including the multiphoton peaks, in this case due to

the different ponderomotive shift at each local intensity. This effect is very clear in the 785

nm data. Figure 3.7 (a) plots the on-axis energy line outs for a series of results from figure

3.6 where the decreasing contrast in ATI peaks is evident.

Freeman resonances also produce peaks in the photoelectron energy spectrum. The

resonant nature makes the cross section much higher and results in an increase in yield at that

energy. As given by equation 3.31, the kinetic energy of the photoelectron ionized through

a Freeman channel does not depend on Up as the excited bound state energy also Stark
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Figure 3.7: Evolution of the photoelectron spectrum from the multiphoton to tunneling
regime. (a) Fixed wavelength of 785nm with increasing intensity. (b) Approximately fixed
intensity of 2.5× 1013W/cm2 with increasing wavelengths.
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shifts by Up. Volume effects play a strong role in the observation of Freeman resonances.

The resonance condition, for a given state, is only satisfied once the driving intensity is

strong enough to Stark shift the binding energy of the high-lying state into resonance with

an integer number of photons. However, once that intensity has been reached (first at the

peak of the intensity distribution) the requisite intensity will continue to be present at some

point in the focal volume as the intensity is further increased. As such, it is characteristic

of a Freeman resonance photoelectron energy to remain visible in the spectrum even when

the intensity is high enough to put the ionization conditions deep into the tunneling regime.

Freeman resonances can only currently be reproduced using the TDSE. All SFA models

ignore any atomic structure other than the ionization potential. Even many TDSE solutions

can struggle to calculate the Freeman peaks with quantitatively accuracy due to necessary

approximations such as the single active electron approximation.

Off-axis, a different and interesting direct ionization mechanism is present. Originally

discussed and explained by Korneev and coworkers [69] in 2012, this feature is often described

as a strong-field ionization version of the quantum carpet [71]. The quantum carpet takes the

form of a grid-like interference pattern of maxima and minima, perpendicular to, or almost

perpendicular to, the polarization axis. The most interesting part of the carpet pattern

is that the peaks are spaced by two photons as opposed to the one photon spacing of the

on-axis ATI. Recall that the one photon spacing originates from interference, at a given final

momentum, from ionization bursts occurring once per laser cycle. Two photon spacing would

then suggest interference from events that occur twice per cycle. This can be interpreted

using the SMM which gives that the electron will acquire no drift velocity when ionized

directly at the field extremal point. This happens twice per cycle and since the electrons do

not gain any momentum along the direction of the laser polarization, emission from one half

cycle to the next is indistinguishable. Essentially, emission directly at the peak of the field

has an increased degeneracy that is broken for all other cases when the photoelectron has a

momentum component along the laser polarization.

Quantum carpet patterns are easily visible in panels (b-e) of figure 3.6 for 785nm data

and (h-j) of figure 3.6 for 1410nm data. Low-order carpet-like patterns are visible in both
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the 1825nm data and the 2025nm data but separating these features from the other off-axis

structures at low energies for long wavelengths is difficult.

Figure 3.8 (a & c) show the PMD’s for two cases, one at 785nm and the other at 1410

nm, with the color scale adjusted to enhance the visibility of the carpet pattern (marked on

the right side of each PMD with a white dotted box). Three white dashed arcs on each PMD

delimit two subsequent orders, the inner of which has a maximum on axis and the outer of

which has a minimum. The angular integration for the regions within these arcs is plotted in

3.8 (b & d) for the 785nm and 1410nm case respectively. To the best of our knowledge the

carpet pattern at 1410nm represents the longest wavelength at which the feature has been

seen for ionization from the neutral ground state. There is also very little, to no currently

published, data tracking the emergence and decay of the carpet as a function of wavelength

as seen for both the 785nm runs as well as the 1410nm runs.

In several pervious experiments these off-axis carpet patterns have been linked to ion-

ization pathways involving Freeman resonances [72; 73]. In this mechanism, as described

above, a high-lying state is shifted in resonance with an integer number of photons which

are absorbed to transition the atom into to the excited state. From there, ionization can

occur via single photon absorption. The full photoelectron angular distribution of a given

final energy is then determined by the angular momentum symmetry of the high-lying state

[73]. As described in section 3.2.4, since the binding energy of the high-lying state is shifted

in the laser field by a value equal to (or almost equal to) Up the energy of a photoelectron

created through this pathway does not shift with Up and is thus independent of the driving

intensity. This can be used to determine if the observed quantum carpet patterns we observe

arise though resonate multiphoton ionization as in [72; 73] or from non-resonate multipho-

ton ionization as described and observed in [69]. For the carpet patterns referenced above

and shown in figure 3.8 the directly off-axis peaks do shift with intensity indicating that

quantum carpet patterns we observe do not emerge though a resonant ionization pathway.

It should be noted that in the studies measuring and attributing the carpet pattern to res-

onance ionization were performed at 800nm with pulse durations of 100 fs, approximately

four times longer than ours. So, it is possible that the pulse duration plays an important
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role in determining the dominate ionization pathway.

3.4.2 Photoelectron Rescattering

By far the most discussed subset of strong-field ionization processes over the last several

decades has been field-driven rescattering. A large part of the development has been arriving

at a consistent understanding of the processes at play and establishing the relevance and

limitations of the purely classical simple man model. The SSM has long been known for

describing the most important components of HHG [22] but its full applicability, and limits,

to the photoelectron spectrum took longer to establish [47].

The SMM correctly predicts that the maximum kinetic energy a direct photoelectron can

acquire from propagation in the laser field is 2Up. It also correctly gives that the maximum

rescattered energy is 10Up, originating from elastic backscattering. The 2Up is evident in

the data plotted in figure 3.5 but the 10Up is much harder to see due to the decreased signal

to noise ratio at higher photoelectron energies.

However, the cutoff picture can be too simplistic and has led to the often-misconstrued

idea that all electrons between 2Up and 10Up are rescattered electrons. Plots similar to the

sketch shown in figure 3.9 are quiet prevalent in literature while also being quite misleading.

In reality, direct ionization can readily produce photoelectrons with energy greater than

2Up. This is quite apparent in figure 3.6 (a-d) where the ATI peaks extend past 10Up. In

all of these cases Up is less than one photon energy and the Keldysh parameter is greater

than one. Figure 3.7 shows the transition from the multiphoton regime into the tunneling

regime through two different ways. Column (a) shows the case for when the wavelength is

fixed and the intensity is increased. Column (b) shows four spectra for approximately equal

intensity but with increasing wavelength.

It is also an incorrect statement that all electrons with a final kinetic energy below 2Up

are due to direct ionization. In fact, a series of investigations over the past decade, into the

low energy structure (LES) [68], have shown that in many cases the opposite is more correct

[40].
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Figure 3.8: Photoelectron distributions exhibiting a quantum carpet pattern. For both
PMD’s ((a) & (c)) a dashed white box indicates the quantum carpet area. Additionally,
three dashed arcs are shown on each distribution. These denote the inner and outer regions
for the angular integration plots ((b) & (d). ((a) & (b) 785nm 1.6 × 1013W/cm2; ((c) &
(d)) 1410nm 1.6× 1013W/cm2)
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Figure 3.9: Sketch of the typically energy spectrum of photoelectrons from ionization in the
tunneling regime. The 2Up cutoff is used to separate the Direct and Resattered regimes. See
text for more commentary.

The LES is a dramatic enhancement in the on-axis photoelectron yield at energies of less

than 0.1Up [74]. It also only appears at longer wavelengths an in the tunneling regime. This

feature is completely absent in all first order SFA theories that do not include interactions of

the returning electrons with the ion core (as well as of course the SMM). It is now established

that the LES originates from forward scattered electrons that interact with the long-range

Coulomb potential. The LES is largely target independent and is nearly universal for driving

wavelengths longer than 1,000nm [40]. Due to the fact that the LES originates from the

long-range Coulomb potential most theoretical approaches that include rescattering in any

form reproduce LES effects.

The LES is visible in several of the longer wavelength measurements shown in figure 3.6.

However, VMI measurements are not ideal for resolving these peaks that occur at very low

energies.

Aside from the highly visible ATI rings, in the multiphoton regime, the other predominate

feature observable in the data shown in figure 3.6 is the off-axis, extended side-lobes in

the tunneling regime. A number of studies have examined these structures, under various

conditions, both experimentally and theoretically [27; 60]. Due to their resemblance to spider
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legs, these patterns are often referred to as spiders or spider-like patterns. Like the LES, the

spider pattern is not reproduced by any theory that does not include the interaction of the

returning electrons with the ion core. It has also been established the long-range potential

has the predominate effect in producing “the spider” [27; 40].

As mentioned in section 3.2.2 the Coulomb potential produced two additional trajectories

not originally present for pure laser field-dressed trajectories. The spider fringes can be

interpreted as the interference between electron wave packets from these new trajectories

with the direct ionization trajectories. As such, the fringes die off prior to, or at, the 2Up

cutoff. This interference between two competing pathways to the same final momentum has

been interpreted at something akin to “photoelectron holography”. Within this language,

the wave packet from the direction ionization channel becomes the reference wave and the

rescattering wave packet becomes the signal wave. The signal wave acquires additional

phase as it samples the Coulomb potential of the ion during the rescattering process, which

produces the holographic pattern. Quantum trajectory models can be quite effective and

are often employed to simulate the spider pattens. These models also offer the easiest to

interpret results as the exact sets of trajectories that form the patterns can be extracted.

Both the direct and rescatering trajectories leading to the spider pattern originate from

the same quarter laser cycle. In addition to the primary spider legs, that can extend out to

2Up, lower energy, inner spider patterns also exist. The inner patters are due to rescattering

electrons that undergo two (or more) returns before finally scattering. As with the LES,

this results in a lower final photoelectron momentum. Figure 3.10 shows two PMD’s for

1410nm (a &b) and 1825nm (c&d) with intensities 4.9× 1013W/cm2 and 2.5× 1013W/cm2

respectively. Panels (a &c) show the full PMD while (b &d) are zoomed in to show the inner

structures better. The color scale for each plot is chosen to enhance the spider interference

pattern. On the bottom half of each image white lines are places to better indicated the

patterns.
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Figure 3.10: Photoelectron distribution illustrating the “spider” patterns. Color scale is

chosen to enhance the visibility of the fringes. White lines have been added on the bottom

half of the image to indicate the patterns. The full distribution is plotted ((a) & (c)) as well

as zoomed in ((b) & (d)) to show the inner patterns. ((a) & (b) 1410nm 4.9× 1013W/cm2;

((c) & (d)) 1825nm 2.5× 1013W/cm2)
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3.5 Conclusion

This chapter presents our work to better understand the intricate process of strong-field

ionization by measuring the photoelectron momentum distribution of xenon as a function

of both driving wavelength and intensity. These high-quality measurements allow for the si-

multaneous observation multiple features and structures that originate during the ionization

and rescattering dynamics. Signatures of direct above threshold ionization, Freeman reso-

nances, direct backscattering, and the interference between direct electrons and low-energy

rescattered electrons were tracked from the near-infrared regime through the mid-infrared

regime. They are interpreted with comparisons to the current state-of-the-art understanding

and theoretical models.

Detailed understanding of and the ability to model with true quantitative accuracy,

strong-field ionization dynamics in the MIR regime has ever increasing significance. This is

motivated largely by quadratic wavelength scaling of the ponderomotive potential and its

implications for the continued development of techniques such as high harmonic generation

and laser induced electron diffraction. Here we showed data that tracked evolution the

photoelectron momentum distribution from the multiphoton regime into the tunneling regime

at a range of mid-infrared diving wavelengths. This provides insight into the strong-field

ionization process in a wavelength regime were multiphoton ionization spectra is rare.

Future work is planed to try to match this data set with TDSE calculations with the

ultimate goal of achieving substantial quantitate agreement between theory and experi-

ment over a range of intensities and wavelengths. TDSE calculations become increasingly

expensive with longer wavelengths, even when performed using the single active electron

approximation. This data set will allow for validation of such calculations and is important

for understanding topics such as multi-electron effects in strong-field ionization at longer

wavelengths.
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Chapter 4

Controlling and Measuring the

Carrier-Envelope Phase for

Strong-Field Science Studies

As ultrafast science moves towards shorter and shorter time scales, laser sources with pulse

durations in the few to sub-femtosecond regime become more desirable [75]. For Ti:Sapphire

lasers, which are commonly used nowadays, the bandwidth of the laser pulses can be broad-

ened by self-phase-modulation (SPM) through propagation in a hollow-core fiber (HCF)

filled with a noble gas [76]. By properly compensating for the dispersion with chirped mir-

rors, pulse durations as short as 3 fs can be achieved [77]. For a center wavelength of 800

nm, this is close to one optical cycle. Optical synthesizers are being used to push this even

further. State of the art techniques can now produce pulses less than a single femtosecond, as

measured by the FWHM of the intensity [78]. In this regime, it is no longer appropriate just

to use the envelope to describe the shape of the laser pulse. For few-cycle pulses, the actual

shape of the laser electric field plays an important role in strong-field processes [79]. There-

fore, the carrier-envelope phase (CEP), the offset between the peak of the electric field and

the peak of the envelope, is a crucial aspect of ultrafast pulses. For example, photoelectron

momentum distributions, like those shown in the previous chapter have a strong dependence
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on the value for the carrier-envelope phase [79; 80]. Numerous studies have demonstrated

carrier envelope phase effects in atoms [81–83], molecules [84; 85], nanosytems [86–90], and

solids [91–94].

4.1 The Carrier-Envelope Phase

As originally introduced by 2.1, the temporal description of the electric field from an ultrafast

laser pulse is given by:

E(t) = A(t)cos(ωct+ φCE), (4.1)

where A(t) is the envelope (usually given as one of the pulse shapes listed in table 2.1), ωc is

the carrier frequency and φCE is the carrier-envelope phase. Figure 4.1 shows various physical

aspects of the carrier-envelope phase. Figure 4.1 (a) depicts a series of 800nm pulses, all

with an envelope of 4 fs, with different CEP values. As can be seen by comparing the various

pulses, the actual peak intensity varies for different CEP values, which can be somewhat non-

intuitive since each pulse contains the same energy. This difference in intensity distribution

is what gives rise to CEP effects in many CEP sensitive systems. It should be noted that the

CEP is a quantity present for all laser pulses, not just for few-cycles pulses. However, as the

number of cycles within the envelope increases the effects of different CEPs are dramatically

reduced.

Figure 4.1 (b) more clearly demonstrates that the CEP is defined as the offset between

the peaks of carrier and the envelope respectively. As a pulse propagates, the CEP can

evolve due to the difference between phase velocity and group (or envelope) velocity. This

change is given by [95]

∆φCE(z) = ωc

( 1

vg
− 1

vp

)
z, (4.2)

where vg and vp are the group and phase velocity respectively. This difference in phase

and group velocity is a result of the fact that index of refraction, n, is always a function of
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frequency (or, of course wavelength). Using this ∆φCE(z) can be written as

∆φCE(z) = −2πz
(dn
dλ

)
|λ0 , (4.3)

where dn/dλ is evaluated at the central frequency, λ0.

In the discussion of the origin of the carrier-envelope phase it is helpful to review a few

basics of laser cavities as the CEP is directly related to the dispersion in a laser cavity. A

laser cavity can only support integer multiples of the cavity frequencies due to the boundary

condition that the field go to zero at the end mirrors. This essentially requires that the mode

must “fit” in the cavity with nodes at the end mirrors and an integer number of wavelengths

in between. Mathematically this is

fm =
mc

2nL
+ f0, (4.4)

where fm is the frequency of the mth mode, c is the speed of light, n is the effective index of

refraction of the cavity (which is frequency dependent) L is the length of the cavity and f0

is the frequency of the first mode. The quantity nL is the optical path length of the cavity.

The frequency difference between two modes (comb teeth) is

fm+1 − fm = frep =
c

2nL
. (4.5)

Right away we can see this quantity is actually just m times the inverse of the round-

trip time for light in the cavity. Most Ti:Sapphire laser oscillators operate with the spacing

between modes of around frep = 80MHz or a round trip time of 12ns. Since a laser cavity is

constructed with one end-mirror as a partial reflector, so that light can be outcoupled, this

also implies that the output pulse train is spaced by 1/frep.

If you take the frame of reference of a single pulse traveling around the cavity, the CEP
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will change by a fixed amount per round trip given by equation 4.3 to be

∆φCE = −4πL
(dn
dλ

)
|λ0 . (4.6)

This also of course gives the CEP change from one output pulse to the next in the pulse

train emitted from a mode locked oscillator.

It can be shown from a Fourier transform of the laser gain bandwidth, which gives the

temporal description of the pulse, that [96]:

f0 = ∆φCE
frep
2π

. (4.7)

So, the dispersion in a mode locked laser cavity results in an offset frequency that has

the effect of shifting the carrier-envelope phase by a fixed amount from pulse to pulse. The

frequency comb representation of a ultrafast pulse is shown by 4.1 (c).

Now, the real problem arises from just how sensitive f0, and thus the CEP, is on dispersion

for real world uses. As an example, for fused silica at 800nm, dn/dλ has a value of -0.017288

µm−1 [96]. Inserting this into equation 4.3 gives that a single micron of glass will change

the CEP by more than 100mrads. The constant fluctuations in a laser (temperature, air,

vibration, etc.) mean that in practice ∆φCE is effectively random over time. There are

two strategies for dealing with this when the actual value of the CEP matters. This first

method is to lock ∆φCE using feedback loops. The second is to tag the CEP along with

whatever data is being taken and the sort in post analysis. Each have their own advantages

and disadvantages.

Propelled by the need for precision in laser frequency metrology [97], methods for the

stabilization of the CEP developed rapidly for Ti:sapphire oscillators [98] and amplifiers

[99; 100]. In 2005, T. W. Hänsch and J. L. Hall won the physics Nobel Prize for their

contributions to this field [98; 101]. The ability to lock the CEP with high fidelity has enabled

numerous seminal efforts such as single isolated attosecond pulse generation [102]and multi-

octave waveform synthesis [78; 103]. Nowadays, oscillator technology and stability have
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Figure 4.1: Carrier-Envelope Phase, (a) 800nm, 4 fs FWHM pulses plotted for varying
values of CEP. The red line is the carrier and the blue line represents the pulse envelope. The
CEP is defined as peak value of the carrier with respect to the envelope, which is illustrated by
(b). CEP is defined as the offset between the peak of the envelope and the peak of the carrier
wave. The offset frequency f0 is shown in (c) along with the frequency comb representation
of a laser pulse. The dashed lines represent the natural frequencies of the laser cavity. The
gain bandwidth of a laser is represented by the red Gaussian line while the different frequency
components within this are color-coded from red to blue. (c) Adapted from [96].
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evolved to the point where it is possible to lock the CEP for long periods of time utilizing

f-2f [98] interferometry. Amplifier systems, especially with high pulse energies, are more

difficult. The large scale of the systems and CEP jitter through grating-based stretchers

and compressors [104; 105] introduces a significant amount of CEP noise. Even so, it is

possible to lock the CEP to within 140mrad (root mean square error) for short time periods

(minutes) [106] or 300mrad for longer time periods (hours) [62] using a feedback signal

from an f-2f interferometer, a stereo above-threshold-ionization carrier-envelope phase meter

(CEPM) [107], or feed forward methods [106; 108]. Designing laser systems with more and

more robust CEP locking is still an active area of research, particularly for use in high-flux

attosecond sources.

An alternate way of studying CEP-dependent processes is to record the CEP value for

each pulse. This measurement can then be synchronized with the observable data. This

technique is known as CEP tagging and does not require the laser pulses to be CEP locked.

However, several other conditions need to be satisfied. First, CEP values need to be measured

on a single-shot basis. Additionally, the acquisition rate of the single-shot CEP should

ideally be at the level of the laser repetition rate (now typically several kHz) to allow enough

statistics for reconstructing the CEP dependence. These conditions are readily satisfied by

the carrier-envelope phase meter [109]. As such, the CEPM has emerged as a standard

method for CEP tagging experiments [83; 85; 88; 110–112]. Single-shot CEP measurements

for milijoule amplified systems have also been performed using an f-2f interferometer in the

past [110; 113–116]. Later in this chapter, I present our results showing the first single-shot,

direct comparison of a CEPM and an f-2f interferometer. These results demonstrate that f-2f

interferometry is an accurate and robust way to tag CEP values and provide an all optical

alternative for CEP tagged experiments.

In either case, locking the CEP or tagging the CEP, methods are needed to accurately

measure its value. The next section focuses on this measurement process.
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4.2 Methods of Measuring the Carrier-Envelope Phase

The motivation for measuring the carrier-envelope phase from a mode-locked oscillator comes

from multiple fronts. In strong-field science, this motivation originates from the sensitivity

of tunnel ionization to the exact conditions of the laser pulse. In particular, as tunnel

ionization is the first of step of the three-step model of high harmonic generation, CEP effects

become imprinted in the output HHG radiation. This is acutely true for producing isolated

attosecond pulses, which can only be created for certain CEP values [102]. However, the field

of optical metrology also has a strong interest in the CEP of mode locked lasers. As shown

above, a change in CEP also corresponds to a change in the offset frequency. Stabilizing

this offset frequency is critical for high precision frequency measurements. Control of the

carrier-envelope phase is equivalent to control of the absolute optical frequencies components

in an ultrafast pulse [98].

On the surface, measuring the offset frequency (and thus the CEP) seems like a simple

problem. Just use an optical spectrometer to measure the spectrum of the pulse, then

compare the spectral components (comb teeth) to the natural frequencies of the cavity, the

difference will be the offset frequency. In practice of course, this is completely untenable.

No spectrometer is even close to the level of resolution needed to do that. Here I explain

two different CEP measurement techniques. One uses optical self-referencing to measure f0,

while the other uses the sensitivity of strong-field ionization to recover a CEP value. Section

4.4 presents our work directly comparing these techniques.

The process of f-2f interferometry uses a series of non-linear optical process to compare

the frequency of comb lines on the low-frequency side of the optical spectrum to those

on the high-frequency side. As shown in equation 4.11, this directly gives f0. However,

as demonstrated below, the spectrum of the ultrafast pulse must be greater than an optical

octave. That is, fmax must be greater than or equal to 2fmin where fmin is amongst the lowest

frequency in the pulse and fmax is amongst the highest. Once this condition is established,

then second harmonic generation (SHG) can be used to double fmin for comparison in f-2f

interferometry.
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The absolute frequencies of fmax and fmin are

fmin = mfrep + f0, (4.8)

and

fmax = 2mfrep + f0, (4.9)

respectively.

If fmin is doubled though SHG then:

2fmin = 2(mfrep + f0). (4.10)

Now, if two frequencies combined together, in a technique known as heterodyning [117]

the result will be a beat note, δ, with a frequency equal to the difference between the two

fundamental frequencies. If this is done with fmax and the doubled fmin then we would have

δ = |2fmin − fmax| = |2(mfrep + f0)− 2mfrep − f0| (4.11)

δ = f0 (4.12)

So evidently, heterodyning frequency components on the blue side of an octave spanning

pulse with the optically doubled red components will produce a direct measurement of the

offset frequency. This process is what is known as f-2f interferometry. The offset frequency

can either be recorded to tag the CEP, as presented in section 4.4 or used in a feedback loop

to stabilize a laser system, as shown in section 4.3.

Now, the question is how an optical f-2f interferometer is actually constructed. First,

an octave spanning pulse is required. This can be accomplished in one of several ways.

The most common way, for pulses directly out of an oscillator, is to use a photonic crystal

fiber (PCF) specifically constructed to have its zero dispersion point in the near infrared

[118]. Another common method is to focus the laser into a sapphire plate at sufficiently high

79



intensities so that self-phase modulation occurs, broadening the spectrum. It is also now

possible to construct Ti:Saphhire oscillators that directly produce a pulse with an octave

spanning spectrum.

Figure 4.2(a) shows a schematic of a typical f-2f interferometer using a PCF for spectral

broadening. A beamsplitter reflects the high frequency side of the spectrum while transmit-

ting the low frequency components. The low frequencies are then passed through a dou-

bling crystal (in this case periodically-poled potassium titanyl phosphate PPKTP) (shown

in 4.2(b)) before being recombined with the low frequencies with a polarizing beam cube.

Both beams are then dispersed with a reflection grating before transmitting through a nar-

row line width filter and finally a slit. This ensures only the desired frequency components

are allowed onto an avalanche photo diode (APD). The APD records the time dependent

intensity fluctuations corresponding to the beat note δ = f0. The APD signal can then be

sent into a PID loop for stabilization. Figure 4.2(c) shows a typical output spectrum from

an APD used for f-2f interferometry. A well-presented and detailed explanation of CEP

stabilization in ultrafast oscillators can be found in [96].

Figure 4.3 shows an alternative design of an f-2f interferometer, after the pulse broadening

step. This f-2f is designed to use a camera in the frequency plane to measure the CEP instead

of an APD measuring f0 temporally. In this setup, the entire pulse is sent though a Beta-

Barium Borate (BBO) crystal for doubling. The BBO is optimized for SHG on the red side

of the pulse. The pulse is then dispersed with a transmission grating on to a camera sensor.

The doubled frequency interferes with the blue end (500nm) of the original spectrum and

produces an interference pattern in the spectral domain after a transmission grating.

Figure 4.4 (a) shows both the raw spectrum and line-out, obtained by integrating in

the vertical direction, for one laser shot recorded with the f-2f depicted in Figure 4.3. The

interference fringes can be mathematically expressed as

I(ω) ∝ IWL(ω) + ISH(ω) + 2
√
IWL(ω)ISH(ω)cos(ωτ + φSH(ω)− φWL(ω) + φCE), (4.13)

where IWL(ω) and ISH(ω) represent the intensites of the blue-end spectrum directly from
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Figure 4.2: (a) Layout for an f-2f interferometer designed to stabilize f0. λ/2- half-wave
plate, AL - aspheric lens, PCF- photonics crystal fiber, MO- microscope objective, DBS-
dichoric beam splitter, L- lens, PPKTP- periodically-poled potassium titanyl phosphate, PBS-
polarization beamcube splitter, F- narrow linewidth filter, S- slit, APD- avalanche photodiode.
(b) Second-harmonic generation of frequency comb to measure f0. (c) RF power spectrum
from avalanche photodiode. Adapted from [96].
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Figure 4.3: f-2f interferometer. FM: focusing mirror; DM: dichroic mirror; P: polarizer;
G: grating

the few-cycle pulse and the frequency-doubled from the red end of the pulse respectively.

τ is the delay between these two pulses, φSH(ω) and φWL(ω) denote the spectral phases of

the frequency doubled portion and original portion respectively and φCE is the CEP. It is

reasonable to assume that ωτ+φSH(ω)−φWL(ω) stays constant for one particular frequency

as the component, and thus the phase of I(ω) can be retrieved as the CEP plus a constant

offset.

The spectrum is recorded by the camera sensor, integrated vertically, then filtered through

a Hanning window to reduce high frequency noise and padded with zeros to reduce low

frequency noise. The spectrum is then Fourier transformed (FFT), and a phase associated

with the CEP is extracted as the phase of the first, non-dc peak in the time domain, shown

in Figure 4.4 (b). It has been shown previously that a fast camera or spectrometer with

sufficiently low exposure time is able to measure a single-shot interference pattern at high

speed [104]. A Camera Link interface can be used to transfer the images at kHz rates if

the image size is small enough. Further, the FFT is carried out online and only the phase

of each shot is saved at a CEP measurement rate of 600Hz. Several of the acquisition

electronics implemented this upper limit of 600Hz. In practice, this number could be made
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Figure 4.4: (a) Interference pattern for one laser shot. Fringes are obtained after integrating
along the height of the image and applying a Hanning filter. (b) Amplitude of the FFT of the
fringes. The relevant component is the peak shown around index 75 from which the phase is
extracted.

much higher by using more efficient acquisition electronics, specifically dedicated ’on-chip’

processing schemes such as field-programable gate arrays (FPGAs).

In general, f-f2 interferometry is used more extensively for locking the CEP rather than

tagging. However, as presented in section 4.4 the technique is perfectly capable of single

shot CEP tagging.

The second method for measuring the CEP presented here is based on strong-field ion-

ization, in particular above threshold ionization (ATI). A few-cycle will inherently have a

spatial asymmetry in the optical field. That is, for a given CEP, the pulse will necessarily

have a higher intensity in either the positive or negative direction. A stereographic above

threshold ionization (ATI) phase meter (CEPM) uses two back-to-back electron time-of-

flight spectrometers to measure this effect on the ATI spectrum and extract a CEP value.

Figure 4.5 shows a schematic of the CEPM. The concept for the phase meter was first de-

veloped by Paulus and co-workers [79; 119]. More detailed explanations can be found in
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Figure 4.5: (c) CEPM (described in detail in [20]). I: iris; SM: silver mirror; CC: concave
mirror; MS: m-metal shield; MCP: micro channel plate; Xe cell: xenon gas cell.

[20; 83; 109; 111]

For use, a few tens of microjoules are focused using an f = 25 cm spherical mirror into

the phase meter. The few-cycle pulses ionize the target gas at the focus, located inside a gas

cell filled with Xe at ∼ 1.3× 10−6 bar. The generated direct (low energy) and backscattered

(high energy) electrons are detected using two microchannel plate detectors (Photonis, APD

2 MA25/12/10/12 D 60:1) on both sides of the phase meter (MCP-L & MCP-R). The laser

polarization is aligned along the time-of-flight axis, normal to the MCPs. A thin µ-metal

sheet shields the electron path from external magnetic field influences. The electron time-of-

flight signals from each of the detectors are processed by dedicated electronics [20], and the

resulting parametric asymmetry plot (PAP) provides the carrier envelope phase information

shot-by-shot [20; 109; 111; 112]. From the PAP, a one-to-one mapping of the polar angle of

each individual hit and the single-shot CEP value can be established.

This stereo-ATI phase meter has proven to be a very capable instrument for real-time,

single shot CEP tagging. They have also been successfully used across a range of wavelengths
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[120]. To date, almost all single-shot CEP tagging studies have been performed using these

types of instruments. In some cases, phase meters have also been used to lock the CEP

of a laser [107], although f-2f interferometry still remains the dominate technique used for

feedback schemes.

4.3 Long-Term Stabilization of the Carrier-Envelope

Phase in a Terawatt-Class Laser System

Stabilizing the carrier-envelope phase of a mode locked oscillator is by now a common and

robust technique [97]. Excellent commercial CEP stabilization systems exist [121], making it

relatively easy to produce few-cycle pulse trains with highly stabilized CEP values. However,

this is not the case with amplified laser systems. The chirped-pulse amplification process

introduces a large amount of noise into a CEP stabilized pulse train. Mechanical vibrations in

the stretcher and compressor are particularly disruptive [105]. This chapter briefly presents

work done to produce a 20mJ laser system with a high degree of long-term CEP stability.

This laser is known as the high intensity tunable source or HITS laser.

This HITS laser has two separate amplification stages. The first stage is a 14-pass ring

amplifier pumped with a 35W, Q-switched, DPSS pump laser (Photonics Industries DM35).

The second stage consists of a five-pass amplifier in a “bow tie” configuration optically

pumped by two frequency doubled, 50W, Q-switched, DPSS pump lasers (Photonics Indus-

tries DM50). The Ti:Sapphire crystals in both stages are cooled to below -200 ◦C with a cold

helium cryogenic cooling system (CryoMech) to avoid thermal lensing. Figure 4.7 (a) shows

a layout of the respective components of the laser.

When locking the CEP of an amplified system, it is not actually necessary to fix the

CEP of every pulse in the mode locked pulse train seeding the amplifier. Instead, it is only

required to lock the CEP change, ∆φCE, to a rational fraction of π. For example, if the

pulse-to-pulse CEP change of the oscillator is stabilized so that ∆φCE = π/2, then every

fourth pulse will have an identical CEP value since a 2π shift in the CEP constitutes a return
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to the original value. Then care just needs to be taken when down-sampling the repetition

rate of the pulse train for amplification to select pulses with the same CEP. Locking to a

constant phase change is much easier than locking every single pulse because it amounts to

locking f0 to a fixed value instead of zero, as would be required to fix the carrier-envelope

phase of every pulse. For the HITS laser, f0 is locked to frep/4 since a 20 MHz signal is easy

to measure and control. This gives ∆φCE = π/2 as described above, and when the repetition

rate is reduced to 1kHz for amplification, every pulse has the same CEP.

To stabilize the HITS oscillator, a portion of the output is sent into a Menlo Systems

XPS800 f-2f interferometer with the SYNCRO electronics package. The CEP noise correction

is provided by moving the high reflector in the dispersed arm of the oscillator. Every fourth

pulse of the resulting pulse train typically carries CEP noise of 110mrad in the integration

range from 1MHz to 2MHz.

The CEP noise accumulated in the CPA process is measured by a sapphire crystal-based

f-2f interferometer [113]. A portion of the interferometric signal is split off for single-shot

spectral fringe detection using a spectrometer with 1ms integration time. The rest is sent

to a quadrant position sensitive photodiode to measure the “jitter” of a single-shot fringe

pattern. This f-2f interferer is shown in figure 4.6. The photodiode signal is integrated to

give an analog error signal with a bandwidth up to the repetition rate of the amplifier. This

analog error signal is then processed in a proportional-integral-derivative (PID) controller

and used as feedback to both the oscillator and compressor gratings. The feedback to the

oscillator is termed fast-loop. It pre-compensates the fast drifts of the CEP by modulating

the same high reflector used for oscillator CEP locking. The feedback to the compressor

grating is termed the slow-loop. It drives the piezo stage under one of the gratings using a

PID program to correct for long-term CEP drifts.

A sophisticated mounting system that “floated” both the stretcher and compressor was

developed to isolate vibration in each. This proved critical to achieving the final, high degree

of CEP stability. More details about the vibration dampening mounts can be found in [62]

and [122]. The final carrier-envelope stabilization results are shown in figure 4.7 (b) and (c).

The CEP was locked to a value of 300mrad, single-shot, for a 9-hour period. Figure 4.7 (b)
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Figure 4.6: Amplifier CEP locking f-2f interferometer. Adapted from [14]

shows the CEP value as a function of time. The spike around 250 minutes occurred when

the fast-loop PID reached the locking limit, but it was driven back by the slow-loop. Figure

4.7 (c) shows the corresponding spectral fringe pattern. A temperature fluctuation caused

the slightly dimmer spectral fringe at around 300 and 500 minutes but did not seem to affect

the CEP locking.

4.4 Single-Shot Carrier-Envelope-Phase Tagging Using

an f-2f Interferometer and a Phase Meter: A Com-

parison

This section presents work to directly compare and correlate single-shot carrier-envelope

phase tagging with the all optical method of f-2f interferometry and a stereo-above threshold

ionization carrier-envelope phase meter. This study uses the PULSAR Ti:Sapphire laser

which produces 21 fs, 2mJ pulses at a repetition rate of 10kHz. The goal here is to measure

the CEP of the pulses simultaneously and synchronously with both methods to allow for

a direct comparison. In this study, the PULSAR laser is running without CEP locking,

which is the typical operational mode in CEP tagged experiments. Our results demonstrate
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Figure 4.7: (a) Layout of the 1 kHz, 20 mJ, 26 fs HITS laser system. BS: beam splitter;
GS BB: grating stretcher breadboard; GC BB: grating compressor breadboard. (b) Long-term
single shot CEP error with the “floated” stretcher and compressor. (c) The spectral fringes
for the long-term CEP stabilization using the floating and compressor and stretcher. All
measurements performed with an f-2f interferometer.
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that f-2f interferometry is an accurate and robust way to tag CEP values with comparable

accuracy to that of the CEMP.

Unlike an f-2f interferometer, the CEPM only operates with few-cycle pulses as the pulse

must be short enough to have CEP effects on strong-field ionization due to the spatial

intensity asymmetry. In order to produce few-cycle pulses [123], we couple ∼0.9mJ, 21 fs

pulses from the PULSAR laser system into an inert-gas-filled HCF as shown in Figure 4.8.

A 1.5m focal length plano-convex lens is used to focus the laser beam into a 1m long hollow-

core fiber (HCF) with 250µm inner diameter filled with ∼2.4 bar of Ne gas. The HCF system

generates an octave- spanning spectrum from 500 to 1000nm through self-phase modulation

(Figure 4.8 inset). A small portion of the PULSAR beam, split off before the HCF, is used for

beam pointing stabilization. The output of the HCF goes through a set of ultra-broadband

chirped mirrors (UltraFast Innovations, PC70; -50 fs2 per reflection at 800nm) to compensate

the positive dispersion due to propagation through the fiber. A pair of fused-silica wedges

(LENS-Optics) is used to control the small residual dispersion. Ultimately, this allows for the

generation of 5 fs pulses with 0.4mJ of energy at 10kHz repetition rate. The pulse duration

was estimated from the radius of the parametric asymmetry plot (PAP), as described in

[124], as well as from results in previous studies using the same setup [85].

After broadening and re-compression, the pulse is split in two, with one arm sent to the f-

2f interferometer and the other into the CEPM. Since the spectrum out of the HCF is already

greater than an octave, no pulse broadening is needed to operate the f-2f interferometer. The

overall setup is depicted in figure 4.9. The f-2f interferometer and the CEPM were described

in section 4.2 and shown in figures 4.3 and 4.5 respectively.

In order to compare the single-shot CEP measured by the f-2f and the CEPM, the timing

of the acquisition needs to be precisely controlled. A flow chart of the timing logic is shown in

figure 4.9. The camera in the f-2f interferometer is triggered from a delayed photodiode signal

and is exposed for a 50µs window to allow for single-shot detection. At the same time, the

frame grabber (NI PCIe-1433) sends a trigger to a National Instrument Data Acquisition (NI-

DAQ) card inside the computer. The output signals from the CEPM processing electronics

are then recorded by the DAQ card for the same laser shot that produced the f-2f interference
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Figure 4.8: Few-cycle pulse generation system. I: Iris; BSM: beam stabilization mirror;
F: lens; BS: beam splitter; M: mirror; PSD: position sensitive detector; HCF: hollow-core
fiber; SM: low-dispersive broadband silver mirror; CM: chirped mirror; PP: prism pair. Inset
shows octave-spanning spectrum generated through this process.

Figure 4.9: Experimental setup and timing synchronization logic for generating few-cycle
pulses and measuring the CEP with both the f-2f interferometer and Stereo-ATI Phase Meter
simultaneously.
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pattern.

The results are shown in figure 4.10 panels (a) and (b). Specifically, panel (a) shows a

shot-to-shot mapping of the CEP measured by the two methods for 6 million laser shots. Two

narrow bands at 45 degrees are clearly observed, suggesting that the CEP measurements from

the two are very well correlated with a constant phase difference of 2.24 rad. This constant

phase offset depends on the beam path in each measurement arm. Figure 4.10 panel (b)

shows the distribution of the shot-to-shot difference between the two measured CEP values.

A standard deviation of 220 mrad is calculated from this difference. Möller et al. [125]

suggested that, for a 5 fs pulse, CEPM has a CEP measurement uncertainty of about 120

mrad. Using this value, the uncertainty for the f- 2f can then be estimated to be about 184

mrad. However, there is no guarantee that our CEPM has such a low uncertainty, suggesting

that 184 mrad might be a high estimate for the CEP uncertainty for the f-2f interferometer.

Thus, we can conclude that both methods produce comparable accuracies for CEP tagging.

To check the generality of this conclusion, we performe a further comparison of the CEP

measured using the CEPM and a commonly used sapphire-based f-2f interferometer. A

small portion of the laser is picked off before the HCF and sent into this second f-2f. The

CEP values are then detected and analyzed as described before. The results are shown

in figure 4.10 panels (c) and (d). Comparing with figure 4.10 panels (a) and (b), we can

see that the correlation between the CEP measurements is much worse than with the f-2f

interferometer after the HCF. We measure a standard derivation of 1.25 rad in this case.

It has been shown previously that the change of the CEP during the SPM process in the

sapphire crystal [115; 126] has a stronger dependence on laser energy fluctuation than the

one in the HCF [106; 115]. As such, the relation between carrier-envelope phase measured

in the f-2f interferometer and carrier-envelope phase measured in the CEPM are not well

correlated. In addition to the increased sensitivity of the self-phase-modulation process, the

poor correlation is also compounded from the long optical path difference between the two

CEP measurements. Any small laser pointing differences will cause the CEP measured by

the two to be very different. This issue is also present for any experiment seeking to make

use of the tagged CEP value measures prior to few-cycle pulse generation. However, for the
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Figure 4.10: (a) Correlation of the single-shot CEP measured by the CEPM and HCF-based
f-2f interferometer. (b) Histogram of the difference between the two phases; phases have been
converted to within 0 to 2π (c) and (d) are same as (a) and (b), respectively, but for the
CEPM and the sapphire-based f-2f.
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case of the f-2f measurement performed after broadening in the hollow-core-fiber the f-2f

and the CEPM share common optical path before being split for CEP detection, making the

correlation less susceptible to laser energy and pointing fluctuations.

We have presented a method, based on f-2f interferometry, for single-shot CEP tagging

with an estimated 184 mrad uncertainty and shown evidence that CEP-tagged experiments

can be performed using an f-2f interferometer. This all-optical method is simpler and easier

to operate than the carrier-envelope phase meter. We also note that the f-2f interferometer

does not provide the absolute CEP while the CEPM in principle can [109]. However, since

the CEP needs to be calibrated at the experiment in both cases, this is not a significant

disadvantage.
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Chapter 5

Ultrafast Non-Gaussian Optics,

Characterization and Applications of

Femtosecond Bessel Beams

The simplest method of determining the behavior of an optical element is ray optics. A few

simple equations and methods provide a way to estimate how a beam of light will propagate

through an optical system. A great deal of sophisticated optical engineering is performed

using nothing more than Snell’s Law and ray propagation. However, ray optics can produce

non-physical behavior, such as focusing light to an infinite point, and it completely ignores

diffraction.

Gaussian optics, derived as a solution to the Helmholtz wave equation, provides a much

more rigorous method of calculating beam propagation behavior. Within this framework,

the transverse profile of a laser beam is described by a Gaussian distribution. As shown in

the following section only two independent parameters are needed to fully classify a Gaussian

beam, the waist size (or alternatively the confocal parameter) and the optical wavelength.

Additionally, as most laser cavities are constructed to lase on the TEM00 mode, which is

nearly Gaussian, the equations of Gaussian optics provide a relatively accurate and simple

way to calculate the response of most optical systems. In fact, even when used with beam
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profiles that are decidedly non-Gaussian (such as the output of a strongly pumped Optical

Parametric Amplifier), the equations of Gaussian optics can provide a reasonable estimate

(within a factor of two) for quantities such as the minimum spot size and far field divergence.

However, it is also possible to have optical beams that do not, in any form, follow Gaussian

beam propagation. Of course, these beams must still satisfy Maxwell’s equations (from

which the Helmholtz wave equation is derived). Perhaps the most famous class of these non-

Gaussian optical beams are Bessel Beams. As the name implies, the transverse profile of a

Bessel Beam is mapped out with Bessel functions (for almost all circumstances a zero order

Bessel function of the first kind). This has dramatic effects on their propagation dynamics.

An “ideal” Bessel beam, one that is exactly described by a Bessel function, propagates with

no diffraction at all. As seen in the next section, this seemingly unphysical behavior comes

straight out of the wave equation, solved in vacuum with cylindrical coordinates. This isn’t

a trick of the coordinates though, in Cartesian coordinates a plane wave is a non-diffracting

solution. However, the Bessel solution has one major and fundamental difference from a

plane wave, the localization of optical energy into finite area. For a J0 Bessel beam, the

peak intensity comes at the central maximum. Each of the subsequent local radial maximum

also contain energy. This is where the concept of an ideal Bessel beam ends. The intensity

in each of these rings falls of radially as 1/r and as such a Bessel function is not square

integrable. Thus, a true Bessel beam would require an infinite amount of optical energy to

support.

What really makes Bessel beams an interesting area of experimental research, and not

just a mathematical trick, is the ability to generate or engineer quasi-Bessel or Bessel-like

beams. These are mathematically described by a Bessel distribution but convolved with

an additional profile, such as a Gaussian or flat-top, to localize the beam. These Bessel-

like beams still contain, in some form, properties of the ideal Bessel beam. For example,

while not perfectly diffractionless Bessel-like beams can be used to contain optical energy

to incredibly small areas and propagate with negligible spreading. This difference, when

compared to Gaussian beams, can be dramatic. Bessel-Gauss beams or Bessel-like beams

have a series of enticing and desirable properties [127; 128]. Among the most notable is

95



the ability to overcome limitations of the Rayleigh range [129; 130]. Bessel beams maintain

focused, on-axis peak intensity for much longer distances than focused Gaussian beams [131].

In the following, I will derive some of the basic formulas for the electromagnetic propa-

gation Bessel beams (Section 5.1), describe development and characterization of an optical

setup for the generation of tunable femtosecond Bessel beams (Section 5.2), and present our

application of this setup to drive high harmonic generation (Section 5.3).

5.1 Propagation of Electromagnetic Energy

This section derives and presents the equations that govern the spatial propagation of opti-

cal beams. These equations are applied to two particular cases, Gaussian beams and Bessel

beams. All classical Electrodynamics is, of course, governed by Maxwell’s equations (ex-

pressed here in vacuum and the absence of free charge)

∇ · E = 0, (5.1)

∇ ·B = 0, (5.2)

∇× E = −∂B

∂t
, (5.3)

∇×B = µ0ε0
∂E

∂t
. (5.4)

Maxwell’s equations can be re-expressed in the form of the electromagnetic wave equation

in vacuum

∇2E− µ0ε0
∂2E

∂2t
= 0 , (5.5)
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with
1

√
ε0µ0

= c (5.6)

where c is the speed of light.

Now we use separation of variables for the temporal and spatial part of E.

E(r, t) = R(r)T (t) (5.7)

The temporal equation has the simple solution of

T (t) = eiωt. (5.8)

The spatial part can be rearranged as

(∇2 − k2)R = 0 (5.9)

otherwise known as the Helmholtz equation where

k =
ω

c
. (5.10)

The solutions to the Helmholtz equation will give the spatial dependence of an electro-

magnetic wave. One approximation/assumption in this was that R is a scalar or that the

direction of the Electric field can be described using only one spatial variable. For linearly

polarized beams this is the case and more complex beams can always be constructed as a

superposition of linearly polarized waves.

When solving the Helmholtz equation for an electromagnetic wave, it is usually convenient

to orient the propagation direction along the z-axis and separate out the primary propagation

factor such that spatial portion of the electric field is expressed as

R(r) ≡ ũ(x, y, z)e−ikz. (5.11)
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Where u is a complex scalar that describes the profile of the beam. Inserting this into

5.9 and differentiating by parts gives

∇2
t ũ(s, z) +

∂2ũ

∂z2
− 2ik

ũ

∂z
= 0, (5.12)

where s is the radial coordinate which can be either s(x, y) or s(r, θ).

At this point everything so far has been exact. But it is now very helpful to make the

paraxial approximation which essentially says the rate of change along z is small compared

to that along the radial coordinate. Mathematically, this lets us set ∂2ũ
∂z2
≈ 0 and gives the

paraxial wave equation.

∇2
t ũ(s, z)− 2ik

ũ

∂z
= 0 , (5.13)

where

∇2
t ũ(s, z), (5.14)

is the Laplacian operating on the transfers coordinates. The paraxial wave approximation is

equivalent to making the small angle approximation and is generally valid as long as beams

are traveling at a reasonably small angle (less than 30 degrees [13]) to the z-axis.

Now, let’s propose a solution to the paraxial wave equation of the form:

ũ(x, y, z) = A(z)exp
[
− ikx

2 + y2

2q̃(z)

]
, (5.15)

where both A(z) and q̃(z) are as yet undetermined and Cartesian coordinates have obviously

been chosen.

Plugging this into the paraxial wave equation gives

[(k
2

)2(dq̃
dz
− 1
)

(x2 + y2)− 2ik

q̃

( q̃
A

dA

dz
+ 1
)]
A(z) = 0. (5.16)

For this equation to be valid for all sets of transverse coordinates, both terms in the large
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brackets must be identically zero, leading too:

dq̃(z)

dz
= 1, (5.17)

and
dA(z)

dZ
= −A(z)

q̃z
(5.18)

Which have the respective solutions of

q̃(z) = q̃0 + z − z0, (5.19)

and

A(z) =
A0q̃0
q̃(z)

(5.20)

Inserting q̃(z) into 5.15 gives

ũ(x, y, z) = A(z)exp
[
− ik x2 + y2

2(q̃0 + z − z0)

]
. (5.21)

Split q̃0 into its imaginary and real components

q̃0 ≡ qoR + iq0I . (5.22)

Which gives:

ũ(x, y, z) = A(z)exp
[
− ik

2
(x2 + y2)

( 1

q0R + z − z0 + iq0I

)]
. (5.23)

Partial fraction decomposition gives the following relation,

1

α + iβ
=

α

α2 + β2
− i β

α2 + β2
. (5.24)
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Which allows 5.24 to be split as

ũ(x, y, z) = A(z)exp
[
− ik

2
(x2+y2)

( q0R + z + z0
(q0R + z − z0)2 + q20I

−i q0I
(q0R + z − z0)2 + q20I

)]
. (5.25)

Writing this in a more convenient way gives

ũ(x, y, z) = A(z)exp
[−ik(x2 + y2)

2R(z)
− k(x2 + y2)

ω2(z)

]
, (5.26)

where we will see that R(z) and ω2(z) are the radius of curvature and waist size of a gaussian

beam respectively, as shown in figure 5.1 with

R(z) =
(q0R + z + z0)

2 + q20I
q0R + z − z0

, (5.27)

and

ω2(z) = −2
(q0R + z + z0)

2 + q20I
q0I

. (5.28)

The actual value of q0R, and q0I are in practice almost never actually used, as beams

are defined in terms of the “lab based” quantities R(z) and ω(z). Mathematically, q0R,

and q0I represent the real and imaginary initial coordinates of a spherical wave propagating

outwards with a complex radius of curvature given by q̃(z). Evidently, a Gaussian beam

is mathematically equivalent to a spherical wave propagation from a complex source point

and a complex radius of curvature. A discussion and derivation of this is nicely presented in

chapter 16 of [13].

The complex radius of curvature is related to R(z) and ω(z) by

q̃(z) =
[ 1

R(z)
− i λ

πω2(z)

]−1
(5.29)

The final step of this solution is to write A(z) in terms of R(z) and ω(z). Using equations

5.27, 5.28 and 5.29, along with a hefty amount of algebra and remembering that a complex
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number can be expressed an exponential, we get:

q̃0
q(z)

= ω0

exp
[
iψ(z)− ψ0

]
ω(z)

, (5.30)

where ω0 is the initial beam waist, ψ0 a term known as the initial phase angle (an often

not relevant for most calculations) and ψ(z) is the phase angle defined by:

ψ(z) = arctan
(πω2(z)

R(z)λ

)
. (5.31)

Finally, all of these expressions can be plugged back in to give the paraxial solution to

the Helmholtz equation for a Gaussian beam defined in terms of the radius of curvature and

the beam waist.

ũ(x, y, z) =
( 1

π

)1/2 exp(−ikz + iψ(z))

ω(z)
exp
[
− x2 + y2

ω2(z)
− ikx

2 + y2

2R(z)

]
(5.32)

Now, after all of the math, let us take a look a what the exact physics behind this are.

First, it is important to remember that this is just a solution to the Helmholtz’s equation

not the solution. The form we chose in equation 5.15 has no special meaning, at least not

mathematically speaking. It is however, a very physically relevant solution. As mentioned

previously, most lasers are constructed to lase on the TEM00 mode which is almost Gaussian.

So, this expression should do a good job of calculating the behavior of most laser beams

propagating through an optical system. These would typically be quantities such as the

minimum spot size after a focusing optic (necessary to calculate the peak laser intensity) or

the far-field divergence of a beam. To completely characterize a Gaussian beam, only two

quantities are needed, the wavelength and the minimum spot size, or beam waist. All of

the relevant parameters are related by the following equations [13]. The complex radius of

curvature is related to R(z) and ω(z) by

ω(z) = ω0

√
1 +

( z
zr

)2
, (5.33)
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Figure 5.1: Propagation of a Gaussian beam from a minimum spot-size outward.

R(z) = z +
z2R
z
, (5.34)

and

ψ(z) = arctan
( z
zr

)
, (5.35)

where zr is a particularly useful quantity known as the Rayleigh range,

zr ≡
√

2ω0 =
2πω2

0

λ
. (5.36)

The Rayleigh range gives a way of quantifying the depth of field of a focus. After a beam

has propagated one Rayleigh range away from the focal plane, ω(z) has grown by
√

2 and

the overall peak amplitude falls by a factor of two.

As a final consideration, let’s examine how a Gaussian beam is focused, namely what

the focal spot size and Rayleigh range are as a function of the focal length of the focusing

optic and input beam size to that optic. In equation 5.33 ω0 is the beam waist with ω(z)

expanding from there. Of course, this could be reversed and we could alternately think of

ω(z) as the input parameter which propagates down to a focus.

As such, we can write

ω(f) = ω0

√
1 +

( f
zr

)2
, (5.37)
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where f is the focal length and ω(f) is the size of the beam at that position of the focusing

optic.

If f is much larger than zR as it is for almost all cases, then we can write

ω(f) ≈ ω0
f

zr
=

λf

πω0

(5.38)

Which gives:

ω0 =
λf

πω(f)
. (5.39)

The focal spot size scales linearly with wavelength and focal length while scaling inversely

with the input spot size. So, for a given laser source, the only things that can be adjusted

to change the spot size are the beam size or focal length. The behavior is very rigid for

Gaussian beams.

This hard link between the input spot-size, wavelength and Gaussian focal profile is the

primary reason that motivates the use of non-Gaussian beams in strong-field physics.

Now we will consider Bessel-type beams. The full derivation of a Bessel beam is many

times more involved than a Gaussian beam, so I will only present a few qualitative derivations

and cite the final results from other works. However, the formal method is the same as for

a Gaussian beam, start with Helmholtz equation, or the paraxial wave equation, propose a

solution of the desired form and turn the crank to get the full solution and relevant relations.

In cylindrical coordinates, the wave equation from 5.5 can be expressed as

1

r

∂

∂s

(
r
∂
−→
E

∂r

)
+

1

r2
∂2
−→
E

∂φ2
+
∂2
−→
E

∂z2
− µ0ε0

∂2
−→
E

∂2t
= 0. (5.40)

An exact, scalar solution for this equation is

E(r, t) = exp(i(βz − ωt))J0(αr), (5.41)

where J0 is the zero-order Bessel function and α and β are defined by β2 + α2 = (ω/c)2.

This solution clearly has no radial dependence on z. That is to say that the radial
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profile does not change with propagation. This is distinctly different than what we saw for

Gaussians beams and is known as a diffraction free beam. As mentioned above, this solution

has the incredibly interesting fact that it also has localized features (unlike a plane wave).

Note that when α = 0 this solution reduces to a plane wave. The first zero of a zero-order

Bessel function is at 2.4048. So, the Bessel beam above will have a central spot size of

rα = 2.4048⇒ r0 =
2.4048

α
(5.42)

As depicted in figure 5.2, the J0 beam can be constructed by a superposition of plane

waves traveling on a cone with an angle β with respect to the z-axis defined by [132]

α =
2π

λ
sin(β) (5.43)

An important note is that β in equation 5.43 is not the same as the one in equation 5.41.

It is an unfortunate limit of notation but in almost all literature β is used to describe the

angle of a plane wave (or optical ray) with respect to the optical axis. All further uses of β

will refer to this and equation 5.43.

By expressing the Bessel beam as a superposition of plane waves, we can get a better feel

for the physics of a Bessel beam. For example, if we set the radius of the central maxima to

be 100µm, then we can calculate the angle at which the plane wave would travel to be:

β = arcsin
(2.4048

2π
λ
r0

)
= 0.13◦, (5.44)

with a wavelength of 500nm.

So, if we could construct a cone of perfect plane waves traveling at 0.13 degrees, then we

could produce a spot 200µm in diameter with no spreading as it propagates. Of course, it

is vital to remember that this type of beam would require an infinite amount of energy to

support. Durnin addresses this by simulating the propagation after an aperture is used to

truncate an ideal Bessel beam such that the energy to form the beam would be finite [133].
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He finds that, for a zero-order Bessel beam with the same central maximum spot size of 200

µm as above, truncated by an aperture with a radius of 2mm, the central maxima propagates

with near constant intensity (neglecting some fast oscillators) for almost a meter. It would

take a focal length of almost 5 meters to get a Rayleigh range that long with the same

input size. Additionally, the focal waist ω0 would be 5 times larger than the Bessel central

maximum. If the aperture radius is increased to 1cm, then the central spot stretches out to

more the 5 meters. Clearly, even quasi-Bessel beams are extremely resistant to diffractive

spreading.

The question is how to generate a Bessel or quasi-Bessel beam. There are quite a few

methods including ring-apertures [134], Fresnel zone plates [135], Air-spaced doublet lens

systems [136], spatial light modulators [137] and axicon lens [138]. Each of these have their

own advantages and disadvantages. Ring-apatures can generate high-quality beams but, by

design, only transmit a small fraction of the incident radiation. Zone-plates can be very

expensive and often require custom fabrication. Doublet lens systems can be quite limited

in the properties of beam they can be used to produce. Spatial light modulators can be used

very effectively and offer a large degree of tunablity. However, they are expensive, limited

to certain wavelengths, and cannot be used for high-power beams. Axicons are relatively

inexpensive, easy to use and can be used with a wide range of wavelengths. The rest of this

chapter will focus solely on axicons.

The conical lens axicon was originally introduced and used by McLeod [138]. Shown in

figure 5.2, an axicon is typically made of glass, and defined by a base angle γ. Axicons have

several major advantages over the other methods. The first is that unlike ring apertures,

axicons convert all of the input optical energy into the Bessel beam. They are also relatively

inexpensive (at least compared to many of the other options) and since they are constructed

with glass, they work over a large frequency range.

An axicon produces a Bessel beam by tilting the wave front onto the cone of propagation

described by equation 5.43. Using Snell’s law, it is relatively easy to calculate the outgoing
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angle of propagation (with respect to the optical axis)

β = arcsin[nsin(γ)]− γ, (5.45)

in terms of the base angle, γ and the index of refraction, n, of the axicon.

As long as the incoming beam to the axicon can be reasonably approximated as a set of

plane waves, then an axicon will produce a Bessel beam and these results remain at least

good estimates of the behavior. A full treatment using Huygens phase integrals can be found

in [132].

However, the input beam into an optical system is rarely approximated well by plane

waves. As mentioned above, a Gaussian beam is a much more realistic input. The theory

and results for this case are worked out in [139; 140]. In the paraxial approximation the

solution of the the Bessel-Gauss electric field (EBG(r, z)) takes the form [141]:

EBG(r, z) =
Ef√

1 + (2z/bBG)2
J0

( krsin(γ)

1 + (2z/BBG)

)
× exp

[
− k(r2 + z2sin2(γ))/bBG

1 + (2z/bBG)2

]
×

exp
[
i
(
kzcos(γ)− arctan

( 2z

bBG

))]
× exp

[
i

2z

bBG

(k(r2 + z2sin2(γ))/bBG
1 + (2z/bBG)2

)]
. (5.46)

The full (non-paraxial) solution is worked out in [142].

In practice, these expressions are not particularly useful for most experimental cases, but

it is nice to see that an analytic expression is obtainable. Most of the insight comes from

the simpler equations and the concept that a Bessel beam can be constructed as a cone of

plane waves.

A final discussion on the properties of Bessel beams is the far-field behavior. The finite

size of the axicon, along with the angle of propagation for the wavevectors means that

at some point, the on-axis intensity will completely fall off (infinite energy is required to

permanently support the Bessel beam on-axes intensity). After this, the mode transforms

into a “donut mode” where all of the energy is concentrated into a single, expanding ring.

A wide verity of experiments use this behavior feature of Bessel beams. The work presented
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Figure 5.2: Propagation of plane-waves through and axicon and the formation of a Bessel
beam.

later in this chapter, with high harmonic generation, exploits both the extremely long on-axis

peak intensity of a Bessel beam and the transition into the donut mode to increase the flux

of deliverable HHG radiation.

All of the tunability of a Bessel beam generated from an axicon comes from the angle

of the axicon, γ. This obviously means that a new axicon would be needed to adjust the

properties of the beam.

In the next section, a design of an optical system that uses a focusing lens in combination

with an axicon is presented. A great deal of tunability in the focal profile can be achieved

by varying the distance between the lens and axicon.

5.2 Spatial Characterization of Bessel-Like Beams for

Strong-Field Physics

The use of high-power Bessel beams has several large technical challenges. Most notably,

as a large number of experiments using ultrafast lasers are performed in vacuum chambers,

the laser light needs to be coupled into the system through a window. The fluence on

such windows needs to be kept low to avoid damage and undesired nonlinear effects. In

conventional setups, using Gaussian focusing optics, this is frequently overcome using long

107



focal length optics with the window placed far away from the focus. This is difficult to do

using just an axicon as shallow axicons produce a very large “focal waist”. This limits the

maximum achievable intensity to prohibitively low values. Sharp-angle axicons can produce

very tight foci but also have extremely short working distance, unsuitable for coupling into

vacuum.

This section focuses on designing and characterizing a simple, compact and flexible setup

for generating relatively tight focusing Bessel-like beams with long effective working dis-

tances. By placing a positive, spherical lens before a shallow-angle axicon, it is possible to

produce tight focal spot sizes while keeping the working distance long enough to allow for

high-energy laser pulses to be coupled into vacuum. Additionally, by adjusting the ratio of

the spherical lens focal length to the distance between the two optics, a very large array

of spot sizes can be produced using a single axicon. This adds a great deal of tunability

to the setup and dramatically increases the usability. We present detailed characterization

measurements for a variety of spherical lens focal lengths and distances between the axicon

and focusing lens using both pulsed and continuous-wave lasers.

These measurements use a form of high dynamic range (HDR) imaging to accurately

measure the intensity profile of focused Bessel beams over a large scanning range. Both the

ability to generate tight foci with long effective working distances and the extreme tunability

of our setup are promising for using Bessel beams in strong-field science.

5.2.1 Optical Setup and Beam Characterization

A schematic of the experimental setup is shown in figure 5.3 For comparison purposes, we use

two laser sources, a continuous-wave HeNe laser with 633nm wavelength and a femtosecond

laser delivering 35 fs pulses with a center wavelength of 795nm and a repetition rate of 2

kHz. Three neutral density (ND) filters are used to attenuate the beam to different levels for

our high-dynamic-range (HDR) imaging scheme. The ND filters are individually calibrated

for each of the two laser sources and their values are reported in terms of optical density.

Three positive spherical lenses with focal lengths of 100, 200 and 300mm are placed in front
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Figure 5.3: Experimental setup

of the axicon (Edmund Optics), which has a base angle of 1 degree and diameter of 25.4mm.

The distance (L) between the lens and the axicon is changed in order to tune the focal spot

size and the axial depth of field of the Bessel-like beam. A camera (Mightex, SME-B050-U

B/W) is used to record beam profiles at various axial (Z) positions (Z=0 is defined at the

axicon tip). For some measurements, a circular piece of aluminum foil of 2mm in diameter

is placed directly in front of the axicon to block the central portion of the laser in order to

reduce intensity modulation caused by the blunt axicon tip [136].

One key issue in the focal profile analysis is the accurate determination of intensity

distribution. This issue becomes more difficult for analyzing laser beams with large intensity

variations. Bessel-like beams are an extreme example of such a case. Due to the fact that

each of the outer rings in an ideal Bessel beam contains the same amount of energy [143], the

intensity of each ring falls off as a function of radius. Imaging with high bit-depth is required

to capture both the outer rings and the minima in between rings. In this work, we use the

technique of high-dynamic-range imaging to extend the image bit-depth. This process is

shown in figure 5.4. At each axial (Z) position, three distinct images (Figure 5.4 (a)-(c)) are

captured, each using a separate ND filter. Due to the limited, 8-bit depth of the camera,

either high intensity regions are saturated (Figure 5.4 (b) and (c)), or low intensity regions

are not visible (Figure 5.4 (a)). The HDR image is generated algorithmically by replacing

saturated pixels of the middle image (ND2) with the corresponding, unsaturated, pixels in
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Figure 5.4: An example showing HDR image processing. Images (a)-(c) are obtained using
three ND filters with the femtosecond laser. Combined high dynamic range (HDR) images
are shown in (d) with linear intensity (I) and in (e) with square root I. 80% of the total
energy falls within the red circle in (d) with a radius of R0.8.

the highly attenuated image (ND1). Similarly, pixels with a low value in the middle image

are replaced with the corresponding pixels in the least attenuated image (ND3). Before

combination, the raw pixel values of all images are multiplied by the corresponding optical

density values. The result is a combined image where both high and low intensity regions

are present, as shown in Figure 5.4 (d). The low-intensity, outer rings are emphasized in

Figure 5.4 (e) by plotting the square root of the intensity.

This technique can significantly increase the effective bit depth of the camera. As such,

detailed and accurate measurements can be performed without the need for prohibitively

expensive, high-bit-depth cameras. The effective bit-depth of the combined images is ap-

proximately 14-bits, representing a 64-fold increase in detection range over a single 8-bit

image.

The intensity of focused Bessel-like beams does not decrease monotonically as a function

of radial distance away from the center beam. As such, standard parameters such as the
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full-width-at-half-maximum (FWHM) and 1/e2 beam waist do not accurately describe the

focal profile. For this study, we use a more suitable parameter, the radius at which 80%

of the beam energy falls within, R0.8. Shown as the dotted red line in figure 5.4 (d), this

parameter captures the most usable part of the mode but was admittedly chosen, to some

degree, arbitrarily.

5.2.2 Results and Discussion

We examine the profiles of Bessel-like beams generated with the combination of a lens and

an axicon. As stated above, we use two laser sources, a continuous-wave (CW) HeNe laser

and a femtosecond laser delivering 35 fs FWHM pulses. Figure 5.5 shows the beam shape

on the transverse plane (figure 5.5 a) and (b)) and the longitudinal sections (figure 5.5 (c)

and (d)), for the two laser types. These measurements were taken using a lens with a focal

length of 200mm and a distance L of 10mm.

We observe similarities between the two cases. Bright cores start to form at around Z=85

mm, where Z is the distance between the axicon and the observation plane. Concentric rings

appear at a further distance (Z=90-100mm), resembling those of Bessel and Bessel-Gauss

beams [134; 143]. However, a few key differences are observed compared to the ideal Bessel

and Bessel-Gauss beams. We attribute most these differences to the imperfect axicon tip.

First, as L changes, the central cores vary in intensity, which is more noticeable on the

longitudinal profiles (figure 5.5 ). This has been linked in previous work [136] to an imperfect

axicon tip. We show later that it can be suppressed by blocking the central part of the input

beam.

Second, we observe reduced intensity for the inner rings at Z 100mm. For instance, on

the Z=110mm images in Figure 5.5 (a) and (b), one can see that some inner rings have lower

intensity (in whiter color) compared to the outer rings. This intensity modulation is more

apparent in figure 5.5 (c) and (d), where one can see discrete, symmetric structures around

the cores at Z>100mm. At first glance, such modulation is similar to the diffraction pattern

of a circular aperture. However, in our experimental setup no aperture is used to truncate
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Figure 5.5: (a, b) Bessel-like beams observed at various distances (Z) from the axicon for
(a) HeNe and (b) femtosecond (FS) lasers. (c, d) Longitudinal profiles of laser beams for
(c) HeNe and (d) femtosecond lasers. Intensities are normalized to the peak values in the
two cases.
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Figure 5.6: Longitudinal sections of femtosecond Bessel-like beams generated at various
lens-axicon distances (L) as a function of distance from the axicon tip. The focal length of
the lens is 200 mm. Red dashed lines mark the boundary of 80% energy beam size (R0.8).

the beam.

We also observe differences between the HeNe and pulsed laser. The HeNe beam shape

is smaller than the pulsed beam, in both transverse and axial dimension. This is due to the

fact the HeNe wavelength (633nm) and input beam size (7.4mm, 1/e2 size) are both smaller

than those of the pulsed laser (790nm and 9.8mm, respectively). One difference of particular

interest is the reduced fidelity of outer rings for the pulsed laser, which is more noticeable by

comparing figure 5.5 (d) with figure 5.5 (c). As has been pointed out by others [144; 145],

the temporal aspect of the pulsed laser can alter the spatial aspect. We speculate that the

difference is due to the bandwidth content in a femstosecond pulse compared to CW lasers.

This is an important effect to keep in mind when generating Bessel-like beams with pulsed

lasers.

Next, we investigate the beam profiles for various lens-to-axicon distances, L. The results
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Figure 5.7: The 80%-energy beam size measured for three focal lengths (f) and various
distances from the axicon (L). Axicon is at Z=0.

are shown in figure 5.6 for L=10, 60, 110 and 160mm. The focal length of the lens is f=200

mm. We can see that as L increases, the depth of field decreases along with the focal spot

size. This is expected, because as the lens moves away from the axicon, the beam size on

the axicon aperture reduces, resulting in a shortened focal range. Even though the axial

length is reduced, the beam shape maintains similar characteristics, e.g., bright cores and

modulated ring structures, between L=10mm to L= 110mm. At L=160mm, for which the

axicon is placed close to the focal plane of the lens (f=200 mm), the ring structures disappear.

This, again, is attributed to the blunt axicon tip. These figures illustrate the large degree

of tunability achievable through changing the distance between the lens and axicon. It is

possible to change the 80% minimum spot size by over a factor of two through this simple

parameter.

Figure 5.7 demonstrates the flexibility of tuning the axial length of the generated Bessel-

like beams by changing the lens-axicon distance L and the focal length of the lens. To this

end, we choose three focal lengths, f=100, 200 and 300mm, and record beam profile for

various L distances. Figure 5.7 shows the 80% energy radii R0.8 calculated for each data
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set. We can see that for each focal length, the R0.8 curves move closer to the axicon when

L increases. The minima of the curves point to the Z-position where laser energy is most

concentrated, and their values are the corresponding smallest spot size of 80% total energy.

While the three sets of curves from three focal lengths have similar shape, longer focal lengths

lead to a longer axial extent and thus wider curves. This can be seen by comparing f=200

mm, L=160mm and f=300mm, L=160mm curves with the f=100mm, L=60mm and f=200

mm, L= 60mm curves, respectively.

The on-axis intensity variation can be suppressed by blocking the central part of the

beam, as has been demonstrated in a previous study with a HeNe laser [136]. To demonstrate

that this method applies also to femtosecond laser, we cut a circular piece of aluminum foil

with 2mm diameter and attach it to a glass microscope slide. We then place the assembly

before the lens so that the foil blocks the central portion of the beam. All other optics are

unaltered. The Bessel-like beam generated in this way is shown in figure 5.8 in comparison

with the original beam (5.8 (a)). Red curves are the on-axis intensity averaged around X=0

with a width of 30µm. This width is approximately the size of the cores. The suppression of

intensity variation can be seen, especially in the front part (L<110mm) of the beam. Besides,

the modulation in the rings, while not completely removed, is also suppressed. One should

also note that the laser power/energy used in this study is low (< 1mW for the HeNe laser

and < 1µJ for the femtosecond laser), and therefore the generated Bessel-like beams are all

observed in the linear regime, without any nonlinear effect such as plasma generation in air

[146]. Since many strong-field studies, such as high harmonic generation, are conducted in

vacuum, our results can provide adequate assessment of beam profiles when used for those

experiments.

5.3 High Harmonic Generation from Bessel Beams

Since the first demonstration high harmonic generation in the late 1980’s an enormous

amount of research has been put into generating pulses with increasingly shorter wave-

lengths and higher photon flux. The payoff for creating a high-flux HHG source is huge, not
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Figure 5.8: Beam profiles for (a) original and (b) center-blocked input beam as a function of
distance from the axicon. Red curves are intensity profiles averaged around the cores (X=0,
average width 30µm). f=200mm, L=10mm.

just scientifically but also industrially. The only other viable sources of coherent XUV and

X-ray radiation are synchrotrons and free-electron lasers (FELs). While most HHG sources

are not exactly cheap from a conventional stand point (order $1 million), they are dramati-

cally less expensive than a synchrotron (order $10 million to $100 million ) or free-electrons

laser (order $100million to $1 billion). In some circumstances, the latest generation of HHG

sources produce usable pulses that are on par with synchrotron radiation while maintaining

much shorter pulse durations. In terms of continuous bandwidth and pulse duration, no

other sources come close to high harmonic generation.

In this work, we explore using Bessel beams, in particular those generated using the lens-

axicon combination from the previous section, to more efficiently generate and deliver XUV

radiation. Bessel beams have several notable theoretical advantages to Gaussian beams for

high harmonic generation. The most noteworthy of these are:

1. Favorable phase matching conditions for large interaction regions

2. Self-filtering of the fundamental radiation

3. Extended region for of high-intensity, on-axis fields

4. More compact geometry than conventional setups.
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5.3.1 High Harmonic Phase Matching with Bessel Beams

Let’s start with the phase matching for Bessel beams. The process of creating high harmonic

photons can fairly accurately be described by the three-step model [22]. A laser ionizes a

target atom or molecule (neglecting more complicated or solid-state systems) through either

multiphoton or tunnel ionization. The photoelectron gains energy from the oscillating vector

potential of the laser field before being driven back and undergoing photorecombination

with the parent ion. This produces a single, high-energy photon. To produce an actual

appreciable amount of flux, this process must be repeated simultaneously in billions of atoms

(or molecules). This is typically not an issue, even with the relatively low combined cross

section for photorecombination. What is very difficult however, is to get all of these high

harmonic photons to add constructively in the far field. Achieving this condition is known

as phase matching.

A condition must be established such that photons generated at a position z+dz in the

laser focus are in phase with those generated a time-step earlier, at a position z. This

amounts to a requirement that all frequencies (both fundamental and generated) propagate

with the same phase through the target medium. This is not an easy task considering the

immense number of frequencies (bandwidth) ranging from the fundamental (typically in the

near to mid infrared) though the XUV to soft X-ray regime. Finding and establishing the

best conditions for phase matching has been one of the most active areas of high harmonic

and attosecond science [40]. Achieving good phase matching is basically a study in balancing

numerous, competing elements.

The four main terms that affect phase matching are material dispersion (of the target

gas), plasma dispersion (of the ionized target gas), a geometric term from the geometry of

the laser focus, and a term originating from the rather inconveniently named “atomic phase”.

For propagation directly on-axis, the phase mismatch is given by [147; 148]

∆k = qklaser − kq = ∆kdisp + ∆kplasma + ∆kgeom + ∆atomic, (5.47)

117



where the terms refer to the previously mentioned contributions respectively and q is the

harmonic order.

Putting this into more explicit terms gives

∆k =
q2π(1− η)

λ
∆n+ PηNatmre

(λ
q
− qλ

)
+ ∆kgemo + ∆katomic (5.48)

where λ is the laser wavelength, P, η, Natm, re are the gas pressure in atmospheres, the

ionization fraction, the gas density at 1 atm, and the classical electron radius, respectively,

and ∆n = nlaser−nk with nlaser the refractive index for the laser and nq for the qth harmonic.

Perfect phase matching is achieved when ∆k = 0, so all of the respective terms need

to be balanced. For all practical situations, ∆kdisp is always positive because the index of

refraction is greater than one in the infrared/visible and less than one in the XUV and X-ray

regimes. The dispersion from plasma is necessary to correctly account for the ionized target

gas. Only a very small fraction (approximately one in a million [149]) of the ionized atoms

undergo photorecombination, but a significant number of the atoms are ionized by the laser

field and contribute to the total ionization fraction. The plasma dispersion term is always

negative and its magnitude depends on the target (ionization potential), driving wavelength,

and intensity.

∆katomic arises from the propagation of the photoelectron in the laser field prior to re-

combination. It can be quite complicated, but it is typically proportional, macroscopically,

to the gradient of the intensity along the axis of propagation dI/dZ [150]. This term plays a

part in the phase matching conditions for Bessel beams, namely in that it is small due to the

quasi-diffraction-free beam and the long length of on-axis high intensity. This results in a

propagation with a smooth intensity and phase evolution that keeps ∆katomic small relative

to the other phase mismatch terms [151].

The geometric phase mismatch comes from focusing a laser beam to achieve high inten-

sities. A plane wave would have no geometric mismatch. For a focused Gaussian beam, the
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phase mismatch is due to the Gouy phase and will always be positive with a value of [147].

∆kgeom =
d

dz

[
arctan

( z
Zr

)]
(q − 1) =

Zr(q − 1)

Z2
r + z2

(5.49)

where Zr is the Rayleigh range and z = 0 at the focal plane.

The positive contributions of the material dispersion and geometric phase mismatch

necessitate compensation with the negative plasma dispersion. This is primarily controlled

with laser intensity, which also changes the harmonic cutoff, or by varying the density of the

gas jet.

It should be noted that a full discussion of high harmonic generation in gas-filled capil-

laries has been intentionally excluded for the sake of brevity. The geometric phase matching

term for this geometry is negative with a magnitude inversely proportional to the size of the

capillary channel [152].

The majority of the benefits of using Bessel beams for high harmonic generation come

out of the geometric term, ∆kgeom. This is, of course, expected since this term arises from

the geometry of the beam focus. As developed in [133], a Bessel beam can be described as

a superposition of plane waves propagating on a cone with an angle γ relative to the optical

axis. The overall phase velocity of the pulse can be controlled by varying this angle. This

allows for a degree of tunability not present with Gaussian beams. When a Bessel beam

is generated using an axion, the base angle of the axicon controls γ. The wave vector of

a Bessel beam will always be shortened as compared to a plain wave propagating directly

along the optical axis. That is, the phase velocity will be slower than for a plain wave. Thus,

the geometric phase mismatch term for a Bessel beam will always be negative and have a

magnitude of [148]:

∆kBessel = qk0(1− cos(γ)). (5.50)

Thus, Bessel beams provide an interesting candidate for increasing the flux of HHG

sources, particularly in the regime below the critical ionization limit where the material

dispersion phase mismatch term is greater in magnitude than the plasma dispersion.
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With correct phase matching established, the extended axial focal area, provided by a

Bessel beam, would allow for high harmonic generation in a large target area. This large

target is typically experimentally realized in a gas cell geometry. The longer the cell, the

more HHG light that can be generated, at least up to the point where reabsorption in the

target gas beings to dominate. All or almost all current high-flux HHG sources employ a gas

cell in one geometry or another. When using conventional Gaussian pulses to drive HHG in

gas cells, the long Rayleigh range required is achieved with extremely long focal lengths. For

example, an attosecond beamline at ELI ALPS uses a 50 meter focal length! This makes

high-flux HHG sources quite large, particularly for lab-based experiments. As seen in figure

5.7 an axicon-lens combination can be used to produce a long, peak-intensity region with

a short working distance. An HHG source, designed with this focusing geometry, would be

much more compact than one that utilizes a shallow, Gaussian beam.

The final major advantage of Bessel beams for high harmonic generation is self-filtering.

In most cases, using the radiation produced with HHG requires the elimination of the funda-

mental beam. This is typically accomplished by employing a series of very thin filters. While

these filters block significantly more IR than XUV or X-ray radiation, they still reduce the

total flux of the HHG beam. After all the work and expense of making these photons, a

majority of them are just “thrown away”. However, a Bessel beam will form into a donut

mode in the far field, where the on-axis intensity goes to zero. This allows for a simple

filtering scheme where an iris is used to block the IR fundamental radiation while the HHG

beam passes though untouched.

While most previous investigations into HHG with Bessel beams have been theoretical,

preliminary experimental studies have been performed by Dinh et al. [153]. This work

employed a lens-axicon combination, similar to that described in section 5.2.2, coupled into

a semi-infinite gas cell filed with argon. An enhancement in the HHG flux was observed in

the cuttoff harmonics when using the lens-axicon combination as opposed to just a focusing

spherical lens. Additionally, Dinh and coworkers observed an improvement in the spatial

coherence of the HHG beam. Both of these were attributed to the improved phase matching

conditions of Bessel beams, as described above.
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5.3.2 Experimental Realization of High Harmonic Generation with

Bessel Beams

The goal of this study is to map out the harmonic generation at various places in the Bessel

beam focal profile. This is different than the study by Dihn [153] in that the goal is not

to measure the total increase in flux from a gas cell but instead to acquire a better overall

understanding of the relative ionization and phase matching conditions throughout the Bessel

focal profile. So instead of using a gas cell, we employ a thin gas jet produced using a hollow

core capillary. The jet diverges quickly so the fundamental beam is focused very close to

the output (∼ 1mm). Additionally, the ionization yield is measured in conjunction with

the HHG signal to provide information into the local intensity and at the interaction. This

allows any increases in HHG flux to be investigated not just as a function of higher intensity

but also local phase matching conditions, deconvoluting the two competing effects.

A schematic of the experimental setup is shown in figure 5.9. We use the same optical

setup (lens and axicon combination) described in 5.2.1. A 300mm lens is placed a distance

L behind the axicon (1 degree base angle). L is varied from 10.7cm to 13cm to tune the

Bessel focusing conditions and explore the effects of different focal profiles on high harmonic

generation. Both the lens and the axicon sit on a computer-controlled stage to allow the

focal profile to be scanned through the gas jet. The stage is set to have a total travel distance

of 30mm allowing a minimum distance from the tip of the axicon to the gas jet of 95mm and

a maximum distance of 125mm. For the larger values of L, the usable range is more limited

as the beam on the entrance window became too small and intense. Prior to the positive

lens, the incoming beam is telescoped down to approximately 20mm. The laser pulse energy

is 2mJ with a duration of 30 fs FWHM and a central wavelength of 795nm.

The gas jet is approximately 5cm after the entrance window of the source chamber.

The capillary used to produce the gas jet has an inner core diameter of 250µm and is 10

mm in length. Approximately 30-40psi of argon gas is placed behind a needle valve that

limits the gas flow through the capillary to approximately 200mbar l/sec. To measure the

ionization yield simultaneously to the HHG, a channeltron is placed several centimeters
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Figure 5.9: Experimental setup for HHG with femtosecond Bessel beams. S-motorized state,
FL- focusing lens, A- axicon, EW- Entrance window, GJ- Gas jet, G- Grating, MCP- Micro
Channel Plate.

behind the gas jet and slightly off axis so as to not block the harmonics. A 2000 l/sec

magnetic levitation turbo pump keeps the source chamber at a vacuum of approximately

5 × 10−5 torr during operation. An HHG spectrometer is placed approximately 1 meter

behind the generation region. Differential pumping tubes between the source chamber and

the spectrometer chamber keeps the pressure in the spectrometer chamber a 1 × 10−7 torr

during operation. The HHG spectrometer consists of a curved, variable-spacing, holographic,

grating, with a groove density of 1,200 grooves/mm, that disperses the generated harmonics

across a Z-stack, 105mm by 35mm MCP (Photonis) with a P46 phosphor plate on the

output. A Hamamatsu Orca Flash 2.8, low-noise, 12-bit resolution camera is used to capture

the harmonic spectrum.

Figure 5.10 shows photo taken of the HHG source chamber with the entrance flange

removed. The gas capillary is glued to a SwageLok s-bend tube, which is attached to a 3D

manipulator. Below the capillary, a strip of ionization can been seen from focusing the laser

though the axicon lens setup. This strip of ionization is more the 4cm in length, illustrating
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Figure 5.10: Ionization of air from 2mJ, 30 fs, 795nm pulse focused by the axicon lens
setup. The ionization strip is the ”electric blue” line and extends for more than 4cm. In-
creased ionization can be seen directly below the glass capillary from a Kr gas jet.

the extremely long area of high intensity produced by a focused Bessel beam. Directly below

the capillary, a small section of increased ionization is present. This is due to krypton gas

coming from the capillary. Since the ionization potential of Kr is lower than air, it is more

easily ionized leading to increased ionization where the gas jet is present. This gives an idea

of how much of the Bessel profile the gas jet samples at a given position.

Before looking at the high harmonic yield results, let us first examine just the ionization

yields. Figure 5.11 shows the recorded ionization yield as a function of distance from the

axicon to the gas jet for several different values of L. Several striking features are immediately

visible. The first is the extremely long range over which strong-field ionization takes place.

The second major feature is the strong oscillations in yield as the beam is scanned through

the jet. Both the extended ionization range and the oscillations are features absent from

strong-field ionization using Gaussian beam. However, in light of the results of section 5.2.2,

neither of these observations are surprising. In fact, the strong-field ionization measurements

are refreshingly consistent with the HDR imaging results.
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Figure 5.11: Ionization yield as function of position from the axicon, for four different
distances between the positive lens and axicon.

Figure 5.12: Ionization yield as function of position from the axicon, for L=12.3mm with
the 2mm tipblock inserted.

All traces in figure 5.11 were taken with the tip block discussed in 5.2.2 inserted. As seen

in figure 5.8 the effects of this tip block are dramatic. Figure 5.12 shows the results without

the tip block.

Figure 5.12 shows the ionization yield with a value of L = 12.3mm with and without

the tip block. When the tip block is removed, the position of peak ionization yield shifts

by approximately 10mm and increases by more than a factor of two. Three local ionization

maximuma are still observed but their relative values are extremely different than when the

tip block is used. These scans were taken a short time apart and no difference exists other
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Figure 5.13: MCP images for the HHG spectrum generated with (a) a normal Gaussian
beam using a 50cm positive lens and (b) with the axicon-lens combonation. Harmonic order
increases from left to right.

than the presence (or absence) of the tip block.

Clearly, femtosecond Bessel beams are capable of strong-field ionization. This is no

surprise as the only requirement is high peak intensity. High harmonic generation, however

is a much more sensitive process. As developed in section 5.3.1, pulsed Bessel beams can

“theoretically” produce harmonics. This is also supported experimentally by the early work

of Dinh citeDinh2012Thesis in a semi-infinite gas cell. However, the complexity of high

harmonic phase matching and the non-standard profile of Bessel beams makes demonstrating

HHG with our setup and experimental conditions far from guaranteed. The first step our

investigation into studying HHG through the focal profile of a Bessel beam is to confirm

our ability to produce harmonics from the lens-axicon combination with a gas jet. Figure

5.13 (a) shows the HHG spectrum generated with a conventional focusing geometry using

a 50cm lens. Figure 5.13 (b) shows the same, but instead generated with the lens-axicon

combination.

Next, we can look at exactly where in the focal profile harmonics are generated and how

that relates to the corresponding ionization rate. We will also look at the effects of changing

the distance between the lens and axicon. Figure 5.14 (a) shows the same ionization data

as figure 5.11. Figure 5.14 (b)-(e) gives a line-out of the yield for harmonic 11 though 17

respectively. To allow for better overall comparison of the profiles, the vertical axis of each
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plot is adjusted individually. A dashed line is drawn through all fames to depict the position

of peak ionization for each value of L. The overall shape of each harmonic is largely similar for

each respective value of L, indicating similar phase matching for all harmonics in the regions

studied. We can also see that the peak harmonic yield corresponds almost exactly with

the peak ionization for all cases. As ionization maps out the peak intensity, we can clearly

see that local intensity plays the largest role on harmonic generation. Also evident from

caparison to ionization yield data is the fact that the overall length of harmonic generation

is shorter than the length of ionization. This is possibly from decreased phase matching, but

it is difficult conclude without more extended scans which are prevented by prohibitively

high fluence on the input window.

In the beam profiling study, it was seen that the tip block had a large effect on the

overall on-axis intensity. How does this translate to HHG? Figure 5.15(a) shows the yield of

harmonic 17 with L = 12.3mm, both with and without the tip block inserted. Figure 5.15

(b) shows the associated ionization rates. The first thing that is apparent is that the effects

of the tip block are even more dramatic than in the ionization data. The peak yield is shifted

by more than 10mm. Also, without the tipblock, there are two clear maxima while only one

is present when the block is inserted. This is despite the fact that the ionization yield (and

thus the intensity) is relatively similar from the first maxima to the second. Evidently, the

phase matching conditions are very different even for nearly constant intensities.

The next interesting feature is the relative maximum of the harmonics compared to the

relative maximum of the ionization. With the tip block inserted, the peak ionization yield

is reduced by more than a factor of two. However, the peak harmonic actually increases

slightly. In the absence of other effects, this change can be attributed to phase matching.

This is actually quite an important point for the overall scaling of HHG with the axicon lens

system. Typically, the ultimate limit of HHG flux is due to target depletion and ionization

when the driving field becomes too strong. Above this value, adding more pump intensity

energy will actually drive the amount of harmonic light generated down due to the plasma

dispersion effect on the phase matching. The fact that more harmonic flux is produced with

less ionization indicates that the system can easily be scaled to higher pump energy with
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Figure 5.14: Ionization yield along with the accompanying HHG yields as a function of
position within the Bessel profile for four different values of L. Vertical dashed lines mark
the position of peak ionization yield for each case. The axicon is at z=0.
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Figure 5.15: (a) Ionization yields for L=12.3mm with and without the tipblock. (b) HHG
yields for harmonic 17 corresponding to the ionization yields. The axicon is at z=0.
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Figure 5.16: Ionization trace (a) plotted with the 2D map of HHG yield (b) for L=12.3mm
and the tipblock inserted. Vertical blue dashed line marks the position of peak HHG yield.
Open blue circles mark all the points in the ionization trace where the ion yield is the same
as the value for peak HHG yield. The axicon is at z=0.

increased output flux.

Figure 5.16 shows the results just for L = 12.3mm with the tip block inserted. The

2D map of the harmonic spectra is plotted as a function of gas jet position along with the

ionization yield. Harmonics from the 9th through the 29th are present. The same shift in

peak ionization yield and harmonic yield is even more evident. What is also clear is that

harmonics are preferentially generated on the “falling edge” of the first intensity fringe. The

position of peak harmonic yield is marked by the blue dashed line. Also marked by open

blue circles are the four areas of ionization yield equal to that were harmonic generation

originates from. The fact that the HHG yield is dramatically lower at each of these positions

elucidates the very complicated relation phase matching plays. Evidently, the “real world”

conditions are much more complicated than the theoretical calculations show (imagine that).

Figure 5.17 - 5.19 shows the 2D HHG spectra for the full gas jet scan for the other various
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geometries.

Figure 5.17: 2D map of HHG yield spectrum as function of distance from the axicon tip.
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Figure 5.18: 2D map of HHG yield spectrum as function of distance from the axicon tip.
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Figure 5.19: 2D map of HHG yield spectrum as function of distance from the axicon tip.
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5.4 Conclusions and Future Work

We have shown that by using a positive focusing lens in combination with a shallow-angle

axicon it is possible to produce a femtosecond Bessel beam with parameters suitable for

strong-field studies. The combination of optics allows for a degree of tunablity while also

allowing for the generation of high-peak intensities with a reasonably long working distance.

This setup was successfully used to drive and study high harmonic generation.

The local focal profile conditions for high harmonic generation were sampled by measuring

both the HHG spectrum as well as the corresponding ionization rate as a function of gas

jet position in the focus. Ionization yields were found to correspond well with the all-

optical, HDR, beam characterizations with the total length of ionization far exceeding what

is possible with Gaussian focal profiles of similar working distances. The ionization yields

oscillate through several local maxima and contain a global maximum at working distances

also in line with what was found in the optical characterizations.

The generated harmonic flux also oscillates through the focal profile but does not al-

ways directly follow the ionization yield. This indicates that different positions along the

focus have more favorable or less favorable phase matching conditions. Inserting the circu-

lar tip-block, to eliminate the effects of the blunted axicon tip, has a large effect on both

the ionization yields as well as the HHG flux. With no other conditions changed, inserting

the tip-block both significantly reduces and shifts the position of peak ionization. However,

even with the reduced ionization, the peak of the HHG flux is increased with the tip block

inserted, showcasing the strong differences in not just ionization but also HHG phase match-

ing. Varying the distance between the focusing lens and the axicon significatnly alters the

high harmonic generation spatial profile showing the ability to tune for a desired output just

by adjusting this relatively simple parameter. While a number of experimental difficulties

still exist, this points to promising ability to create a compact XUV source.

Future measurements will focus on measuring the absolute difference in flux from a

Gaussian focus relative to a Bessel focus. Additionally, other experimental factors can be

varied to get a better handle on the respective phase matching terms. This includes varying
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the optical input power, the target gas and the target pressure over a wide range. Finally,

full gas cell geometries could be explored in order to fully exploit the long axial intensity

range to produce high flux harmonics. The complicated behavior unearthed in this study

shows that a full parameter space will need to be explored to arrive a full working knowledge.

However, despite the difficulties, Bessel beams remain an enticing option for use in HHG

sources. This is particularly true in situations where a compact geometry or where working

below the critical ionization threshold is desired.
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Chapter 6

Strong-Field Interactions in

Nanosystems

Nanoelectronics, nanophotonics and nanoplasmonics have been fields of growing interest in

the last several years [154–158]. These areas bring more conventional and explored fields

in optics and electronics into the nanoscale regime where many new phenomena occur and

macroscopic descriptions break down or have to be strongly modified. Research into ultrafast

nanoscale physics has great potential to both increase the fundamental understanding as

well as lead to groundbreaking new technologies and applications. Among one of the most

exciting technologies are opticially diven nanoelectronics with the potential to take electronic

devices into the petahertz regime by driving the electronic response of the nanosystem with

optical frequencies [154; 159]. Micro and nano-arrays have been used to dramatically enhance

the strength of a driving optical field leading to other possible revolutionary breakthroughts

involving ultrafast nanoelectronics including tabletop free electron lasers [160; 161] and novel

high harmonic generation sources [162; 163].

All of these applications require exquisite control and knowledge of the interaction of

nano-matter with ultrafast laser pulses. This chapter presents work that aims to add to this

pursuit through two separate studies. The first looks into the thermal response and damage

of gold nanowires under exposure to intense, femtosecond pulses. The second study examines
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strong-field ionization and photoelectron rescattering in nanoparticles. Both of these studies

add to the overall understanding of ultrafast light matter interaction at the nanoscale and

lead to the ability to perform more targeted and precise future studies.

6.1 Thermal Dynamics in Nanowires Exposed to In-

tense, Ultrafast Pulses

One particularly exciting area of nanophotonics is light-driven, nano-circuitry. Ultrafast

nanoscale circuitry relies on the ability to utilize the non-linear interaction of light with

nanoscale materials in order to control (collective) electron motion on a sub-optical-cycle

timescale. These non-linear regimes are reached for strong laser pulses with intensities

typically just below the damage threshold of the materials. Such interactions give rise

to (sub-optical- cycle) electron emission and acceleration from isolated nanotips [89; 164],

nanospheres [165], and nanostructured surfaces [166; 167]. In all of these cases, the highest

laser intensity that can be applied to the material depends on the material composition and

the pulse duration. The exact reasons for damage of nanoscale materials are therefore often

not well understood.

This section presents work to better understand the damage mechanisms and thermody-

namics that occur within gold nanowires after exposure to intense, femtosecond pulses. This

is broken into two parts, the experimental measurement of the optical damage threshold

and the development of a model to simulate the full thermal response in the nanowire from

heating from an intense laser pulse. This model is then extended to simulate the effects of

multi-pulse heating when the system is exposed to a train of laser pulses.
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6.1.1 Measurement of the Optical Damage Threshold of Gold

Nanowires

Here, we study the melting of single-crystalline nanowires under the illumination of fem-

tosecond light fields with different intensities and pulse durations. Two types of nanowire

arrangements are studied: (1) free-standing Au nanowires that are grown on tungsten nee-

dle electrodes and (2) Au nanowires attached to fused silica slides. Both sample types are

single-crystalline nanowires that were grown via the directed electrochemical nanowire as-

sembly (DENA) process [168]. The relatively low repetition rate of the laser used in our

studies, with 500µs between individual pulses, prevents heat from accumulating over many

laser shots.

Experimental Setup

Our experiments make use of the Kansas Light Source (KLS), a chirped pulse amplification

(CPA) Ti:Sapphire laser system. This laser provides pulses of 32± 3 fs in duration (FWHM

of the intensity), with 1.8mJ of energy and a central wavelength of 790nm at a repetition

rate of 2kHz. The shot-to-shot variation in pulse energy was approximately 5%. The pulses

are attenuated to 100± 10µJ before entering the experimental set-up shown in figure 6.1

A half-wave plate and a polarizing beam cube are used to attenuate the peak power of the

pulses while keeping the focusing conditions constant. The beam is focused onto the sample

through ambient air, using a plano-convex 60 mm lens (L3), to spot-size of 9µm. A manual

three-dimensional translation stage is used to position the sample in the focus. A halogen

lamp is used as a microscope backlight for visualization and alignment. Lenses L1 and L2

function as a condenser for the halogen lamp light as shown in figure 6.1. The halogen light

is collimated by placing L2 at fL2 +fL3 (the respective focal lengths) in front of L3, allowing

for illumination of the entire sample. Both the halogen and the laser radiation are imaged

using a 20× microscope objective (O) attached to a camera. In order to find the optical

damage threshold, the samples are initially exposed to laser intensities significantly below the

damage regime and the intensity is stepped up gradually. To ensure that no optical damage
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Figure 6.1: Experimental setup for measuring the optical damage threshold of single-
crystalline gold nanowires. λ/2, half-wave plate; PBC, polarizing beam cube; L1, 100mm
biconvex lens; L2, 100mm biconvex lens; BS 50/50 beam splitter; L3, 60mm plano-convex
lens; S, sample mounting point; O, 20× long working distance objective; I, image of typical
sample.

was sustained, the sample is exposed to approximately 20,000 laser pulses (10 seconds) before

moving to the next intensity step. The energy of the pulses is increased in 2.5nJ steps until

the first signs of damage are observed. Damage signatures take the form of bending, curling,

melting, or balling up by the free-standing nanowires, whereas the slide-mounted wires either

melted or completely ablated. All initial signs of damage are observed at the center of the

laser focus. Using the KLS grating-pair-based compressor, we are able to compensate for the

frequency dispersion of all elements in the optical path. The pulse duration measurements

are performed with all the optical elements in place using a Frequency Resolved Optical

Gating (FROG) device. In addition to the transform limited measurements, we also perform

experiments with 108 fs, positively chirped pulses. These pulses are created by adjusting the

grating distance in the amplifier compressor. The relation between the laser polarization

and the nanowire orientation is random.
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Sample Preparation and Characterization

The Au nanowires are fabricated by a technique called directed electrochemical nanowire

assembly (DENA) [168; 169]. This technique, based on dendritic solidification [170], permits

relatively straight-forward fabrication of metallic nanowires. The crystal structure of these

wires is invariant along their lengths; hence they are single-crystalline [168; 171]. We employ

two different electrode types to prepare Au nanowire samples. The first set consists of

nanowires fabricated at the tip of movable tungsten electrodes [172]. The setup consists

of two electro-etched tungsten electrodes immersed in HAuCl4 solution. After mounting

the tungsten electrodes on two different 3D stages and positioning them ∼ 1µm above a

microscope slide, a 20µl aliquot of aqueous solution containing 20.0mM HAuCl4 (Sigma

Aldrich) is deposited across a ∼ 30µm inter-electrode gap. A function generator (Hewlett

Packard, 8116A) is used to apply a square wave voltage signal of ± 4.0V, 20.0MHz to the

tungsten electrodes to induce growth of the Au nanowire from the biased electrode towards

the grounded electrode [173]. The voltage signal is turned off once the Au nanowire reached

the desired length. The wire is removed from the growth solution by translation of the

microscope stage and allowed to dry. The second mounting configuration consists of Au

nanowires that are grown at the tips of electrodes that are fabricated on a fused silica slide

by evaporative deposition. A ∼ 5µm layer of gold is deposited on the glass slide using a

vacuum evaporator (Varian VE10). After growing the Au nanowire from the tip a of gold

electrode by the method described above, it is twice cleaned by depositing a ∼ 10µl aliquot

of deionized water on the wire, then wicking away the excess solution with a Kimwipe. Thus,

the Au nanowires grown in this way lay in direct contact with the silica substrate.

Figure 6.2 shows four images of typical nanowires used in this experiment. Figure 6.2 (a)

shows a Scanning Electron Microscope (SEM) image taken before the sample was damaged.

The Au nanowire pictured is approximately 250nm wide and 25µm long, giving an aspect

ratio of 100. It was prepared using the DENA technique described above. Figure 6.2 (b)

shows an optical microscope image of the same nanowire, also prior to experimental damage,

taken using the setup shown in figure 6.1. The objective used was a 20× long-working-
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Figure 6.2: Freestanding Au nanowire grown from a tungsten electrode: (a) SEM image
of a 25µm long undamaged wire. (b) Optical micrograph of the same nanowire as imaged
in the experimental setup; (c) Optical micrograph of same nanowire shown in panel (a) post
damage; (d) SEM image of typical nanowire post damage.

distance microscope objective. A Complementary Metal Oxide Semiconductor (CMOS)

camera sensor with 2.2µm pixels collected the image. Figure 6.2 (c) shows an image of the

same nanowire, also taken with the setup shown in figure 6.1, after 5 seconds of exposure to

pulsed laser intensity of 8.8×1012W/cm2. Figure 6.2 (d) displays an SEM image of a typical

nanowire post experimental damage under similar experimental conditions as for the sample

depicted in figure 6.2 (c). Damaged wires all melted in a very localized region located at the

center of the laser focus. In total, we investigated 63 nanowire samples, of which 18 were

free-standing on W electrodes and 45 were grown from evaporated gold electrodes on fused

silica. All samples were exposed to either 32 fs or 108 fs intense laser pulses.

Experimental results

Our main experimental results are shown in figure 6.3. The figure shows the number of

samples that were damaged at a given peak laser intensity. Figures 6.3(a) and 6.3(b) show the
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Figure 6.3: Measured optical damage threshold distribution as a function of intensity for
(a) 108fs pulses and nanowires on fused silica slides, (b) 32 fs pulses and nanowires on fused
silica slides, (c) 108 fs pulses and free-standing nanowires on tungsten electrodes, and (d)
32 fs pulses and free standing nanowires on tungsten electrodes. Measured optical damage
threshold distribution as a function of pulse energy for (e) 108 fs pulses and nanowires on
fused silica slides, (f) 32 fs pulses and nanowires on fused silica slides, (g) 108fs pulses
and free standing nanowires on tungsten electrodes, and (h) 32 fs pulses and free standing
nanowires on tungsten electrodes.

distribution of damaged wires when these are on a fused silica substrate for pulse durations

of 108 fs and 32fs, respectively. Figures 6.3(c) and 6.3(d) show the distribution of damaged

wires when these are free-standing on a tungsten electrode for pulse durations of 108 fs and

32fs, respectively. The influence of pulse duration becomes evident by comparison of figures

6.3(a) and 6.3(b) or figures 6.3(c) and 6.3(d). The influence of the growth process and heat

conduction between the wires and the environment can be extracted from comparison of

figures 6.3(a) and 6.3(c) for damage at 108 fs and figures 6.3(b) and 6.3(d) for damage at 32

fs. While the horizontal axis in figures 6.3(a)- 6.3(d) is the peak intensity of the laser, it is

also useful to compare when damage occurs as a function of pulse energy. Figures 6.3(e) and

6.3(h) show the damage threshold as a function of energy.
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Perhaps the most dramatic aspect of these measurements is the very high intensities at

which the nanowires are found to survive. With average damage thresholds ranging from a

few TW/cm2 to above 10TW/cm2 for the respective cases, it is suspected that Au nanowires

survive well into the optical strong-field regime. In addition to this result, a clear distinction

in optical damage threshold between the 32 fs and 108 fs cases can be seen for both wires

grown on tungsten needles and on gold coated silica slides. The damage threshold for both

cases was higher for 32 fs pulses than for 108 fs pulses. This corresponds to a factor of 2.4 ±

0.7 for free-standing nanowires and a factor of 2.7 ± 0.6 for the wires attached to fused silica

substrates, where the uncertainty is due to the spread in the measured damage threshold.

In contrast to this peak intensity picture the energy per pulse at which damage occurs varies

only modestly between all four cases. The average pulse energy at which the free-standing

nanowires damaged was 80nJ for 32 fs pulses and 112nJ for 108 fs pulses. The wires attached

to fused silica exhibited average damage pulse energies of 132nJ and 169nJ for the 32 fs pulses

and 108 fs pulses, respectively.

The decreased damage threshold, with respect to intensity for the longer pulses, points

to the fact that fluence (with units of energy per area) is actually the more relevant quantity

in determining thermal damage thresholds. For a fixed intensity, the pulse with a longer

duration will have a larger overall fluence as it requires more pulse energy to reach the

same intensity as the shorter pulse. This increase in pulse energy will increase the amount

of energy coupled into the nanosystem by a proportionate amount. To better explain the

mechanisms underlying this process the next section presents a phenological model that links

the optical pulse to the thermal response of the nanosystem.

6.2 Numerical Simulation of Ultrafast Laser Heating

in Gold Nanowires

The Two-Temperature-Model (TTM) is an established phenomenological model based on a

coupling between the temperature of the free electrons in the metal and the metal lattice.
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The TTM is well documented for describing the thermal effects of an ultrafast laser pulse

interacting with a metal [174–179]. This interaction and subsequent heating can be described

as a three-step process.

The first step (1), electronic absorption, is the ballistic heating of the free electrons in

the metal by the driving laser. This occurs while the laser pulse is present and thus nat-

urally occurs with a timescale equal to the pulse duration. For ultrafast laser pulses, this

results in a state where the electronic temperature has been dramatically increased while

the temperature of the lattice has remained unchanged. In the second step (2), electron-

phonon thermalization, the gold lattice heats up through electron-phonon collisions. The

characteristic time scale for this process ranges from single picoseconds to a few hundreds of

picoseconds depending on the system. Finally, the third step (3), external heat diffusion, is

heat diffusion through and eventually out of the nanowire. This step follows the standard

diffusion equation, solved for the particular geometry of the system. The third step often

takes several orders of magnitude longer than the electron-phonon thermalization. Addi-

tionally, the time scale for heat dissipation is highly dependent on both the geometry and

boundary conditions of the system. All three of these steps are modeled by the following set

of coupled differential equations [174; 175; 178; 179]

Cl

(
∂Tl
∂t

)
= Clκl∇2(Tl) +G(Te − Tl)− Sla(r, t), (6.1)

Ce(Te)

(
∂Te
∂t

)
= Ceκe∇2(Te)−G(Te − Tl) + S(r, t), (6.2)

where Tl = Tl(r, t) is the lattice temperature profile, Te = Te(r, t) is the electron tem-

perature profile, Cl and Ce are the respective lattice and electron heat capacities, κl and κe

are the respective thermal diffusivities, G is the electron-phonon coupling constant, Sla(r, t)

is the heat loss from the lattice to the surrounding air and S(r, t) is the absorbed power

density from the laser pulse and has the functional form of [175]

S(t, x, z) = (1−R)α exp(−αz)I0(x, t), (6.3)
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with R being the reflectivity of gold (0.974 at 800nm [180]), α is the absorption coeffi-

cient (8.038 × 105cm−1 at 800nm [180]) and z is defined to be in the direction of the laser

propagation. I0 is the spatial temporal peak intensity function.

6.2.1 Thermal Response of Gold Nanowires to a Single Femosec-

ond Laser Pulse

Equations 6.1 and 6.2, along with the laser source term 6.3 can be solved computationally

to simulate the thermal dynamics in a metallic nanowire interacting with an ultrafast pulse.

Solving these equations fully, for all time scales, however, presents a significant computa-

tional challenge. Fortunately, a series of approximations can be made, with a high degree

of accuracy, that greatly reduce the computational complexity. Physical insights about the

different time-scales of the respective processes allow for decoupling into a set of more man-

ageable equations.

As the ultrafast laser pulse interacts with the nanowire, the electric field rapidly heats

the free electrons in the metal. This temperature can be driven to multi-thousands of Kelvin

depending on the pulse intensity. The large difference in the electron temperature and lattice

temperature gives rise to a strong coupling between the electrons and lattice which results in

fast thermalization between the two. As mentioned above, this thermalization is much faster

than the heat diffusion of the system. Due to the large time difference between the laser-

heating, electron-phonon thermalization and the external heat diffusion, these dynamics can

be decoupled for computational proposes without significant effect on the accuracy of the

computation. Only a very small amount of heat diffusion occurs during the time it takes

the electronic and lattice temperatures to equilibrate. All dynamics involving the electronic

temperature can be computed prior to calculating the heat diffusion in the system. After

the electronic and lattice temperature have reached the equilibrium point, the diffusion can

be “unfrozen” and calculated using the standard diffusion equation. That is, the initial

energy deposition into the electronic degrees of freedom and subsequent electron-phonon

thermalization can be solved to serve as the initial condition of the heat-diffusion solution.
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Additionally, energy lost to radiative effects is negligible and is not included in the simulation.

These simplifications reduce and separate Equations 6.1, 6.2 and 6.3 into the following

Cl

(
∂Tl
∂t

)
= G(Te − Tl), (6.4)

Ce(Te)

(
∂Te
∂t

)
= −G(Te − Tl) + (1−R)α exp(−αz)I0(x, t), (6.5)

∂Tl(x, t)

∂t
= κl∇2(Tl(x, t)), (6.6)

where x is defined to run along the length of the nanowire, z is defined as into the

nanowire (and in the direction of laser propagation), the other parameters remain the same

as in equations 6.1 and 6.2 and κl = 127× 10−6m2/s [181].

Equations 6.5 and 6.4 describe the absorption of optical energy by the free electrons and

the transfer of that energy to the lattice and are solved over fast time scales (femtoseconds

to tens of picoseconds).

Solving these equations numerically, using a variable step fourth-and fifth-order Runge-

Kutta method (Matlab ODE45), gives the electronic and lattice temperatures as a function of

time after being illuminated with a femtosecond laser pulse. The results of these simulations

are shown in figure 6.4 for various peak intensities of an 800nm, 32 fs pulse and at a depth

of 25nm into the nanowire (z=25nm in equation 6.5).

Figure 6.4(a) shows the electron temperature (given in units of mean electron energy)

as a function of time along with the instantaneous intensity of the pulse for four separate

peak laser intensities, 7.5TW/cm2, 2.5TW/cm2, 0.75TW/cm2, and 0.25TW/cm2. These

plots show that the heating happens on a time scale defined by the laser pulse duration,

since the peak electron temperature is reached very shortly after the peak of the laser pulse.

Figure 6.4(b) shows the lattice and electron temperature over a longer timescale. The figure

shows that the electron cooling time is dependent on the laser intensity and that the peak

lattice temperature is only a fraction of the peak electron temperature. Looking at both the
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Figure 6.4: a) Fast timescale electron energies (solid lines) are shown for (b) 32 fs pulses,
along with the respective laser intensity temporal profiles (dot-dash lines). (b)Temporal profile
of both lattice temperature (dashed lines) and mean electron energy (solid lines) after inter-
action with 7.5TW/cm2, 2.5TW/cm2, 0.75TW/cm2 and 0.25TW/cm2 32fs laser pulse.

electron and lattice temperatures as a function of time shows two very distinct time scales,

thus confirming the above three-step model.

Figure 6.4 shows the electronic and lattice temperature as a function of time, at the peak

of the laser focus, and for fixed depth into the nanowire (25nm). To get the full response

to the laser pulse and thus the full amount of optical energy coupled into the nanowire,

equations 6.5 and 6.4 must be solved for all positions along the laser focus and for the full

depth of the nanowire.

The intensity of the laser pulse at the surface of the nanowire is given by:

I(x, t) = I0exp
[
− 2
( x
ω0

)2]
exp
[
− 4ln2

( t
τ

)2]
, (6.7)

where I0 is peak intensity ω0 is the focal spot size and τ is the pulse duration.

Equations 6.5 and 6.4 are solved individually for each position along the length of the

nanowire (x-axis) illuminated by the focus. The intensity used for each of these positions is

the local intensity, given by equation 6.7. Also, due to the z dependence in the source term

the solution must be calculated for all depths (z-axis) for every x-position. Numerically,

this is done by breaking the system into a two-dimensional grid along the length and depth

of the nanowire. In each grid, equations 6.5 and 6.4 are propagated for a time sufficiently

long to allow for complete thermalization of the electronic and lattice temperature. For all

relevant laser intensities this occurs in less than 50ps and for most intensities, in less than
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Figure 6.5: Initial heat profile of the lattice temperature in a 100nm thick nanowire after
exposure to a 25fs, 800nm laser pulse with a peak intensity of 1 × 1012W/cm2. The base
temperature is 300 Kelvin (room temperature). The peak temperature occurs at the surface
of the nanowire located at the center a laser focus with a 10µm spot size.

20ps. For all calculations shown here, 1,000 points were used along the length of the wire

and 100 points were used into the depth of the wire.

Figure 6.5 shows the results of this calculation for a 25 fs, 800nm pulse with a peak

intensity of 1TW/cm2. The nanowire has a thickness (depth) of 100nm and the laser focus

has a spot size of 10µm. The initial temperature distribution in the z-axis, at a given position

along the wire, is a decaying exponential with the hottest point at the surface. This is simply

due to the free electron screening of the electric field with increasing depth (which produces

the optical skin depth). Along the length of the nanowire, the initial temperature at the

surface of the nanowire is greatest at the center of the focus and decreases towards the wings

of the focus. The temperature scale is Kelvin so the base temperature is taken to be room

temperature at 300 degrees Kelvin. This distribution is then the initial temperature profile

in the nanowire after electron-phonon thermalization and prior to heat diffusion.

At this point, both steps one and two from the TTM are competed and the only dynamics
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left are due to heat diffusion. To solve this, we first consider the fact that the system

has two characteristic dimensions, the length and depth of the nanowire. For a nanowire

with a diameter (depth) of 100nm and a length of 100µm this gives an aspect ratio of

1000. This large difference in length scales leads to an additional approximation, that the

diffusion in the z-dimension can be considered separate and prior to diffusion along the

length (x-dimensions). This approximation is further bolstered by the shape of the initial

heat distribution. The flow of heat is proportional to the gradient of temperature in the

system. As can be seen in figure 6.5 the gradient along the z-direction is much larger

than the x-direction. Notice, that the z-axis is plotted in nanometers while the x-axis is in

micrometers. Thus, the flow of heat will be much more rapid in the z-direction than in the

x-direction.

So, the diffusion in the z-direction (depth into the wire) can be calculated prior to “un-

freezing” diffusion in the x-direction (along the length of the wire) with little effect on the

overall accuracy of the solutions. This decouples the two, two-dimensional, second-order dif-

ferential equation into two, subsequent one-dimensional, second-order differential equations.

This separation dramatically speeds up the computation time and will be seen to be very

important in section 6.2.2.

The computational strategy is to propagate the initial temperature distribution, accord-

ing the heat diffusion equation until the temperature reaches equilibrium (constant tempera-

ture as a function of z). This is numerically performed using a time-forward finite-difference

scheme with insulating boundary conditions at each surface (front and back) to account for

the fixed “walls” of the nanowire.

Figure 6.6 (a) shows the same initial temperature distribution as figure 6.5. Figure 6.6(b)-

(f) show the temperature distribution for a series of time steps up to 5ns. It is clear that

by this time the system has reached equilibrium. Figure 6.7(a)-(f) shows the same but for

a laser pulse with a peak intensity of 10TWcm2. While the dynamics appear to be almost

identical, a large difference can be seen in the actual value of the temperature. For both

figure 6.6and figure 6.7 the color scale for each plot is scaled individually for each plot but

the z-axis is kept fixed across all frames.
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Figure 6.6: Heat diffusion through the depth of a nanowire after exposure to a 25fs, 800nm
laser pulse with a peak intensity of 1 × 1012W/cm2 and a focal spot size of 10µm. Lateral
heat diffusion (along the length of the wire) is frozen out. Color scale is renormalized for
each time frame while the z-axis is kept fixed.
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Figure 6.7: Heat diffusion through the depth of a nanowire after exposure to a 25fs, 800nm
laser pulse with a peak intensity of 1 × 1013W/cm2 and a focal spot size of 10µm. Lateral
heat diffusion (along the length of the wire) is frozen out. Color scale is renormalized for
each time frame while the z-axis is kept fixed.
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Figure 6.8: Peak temperature of the nanowire after heat diffusion in the z-dimension (depth)
has completed plotted as a function of intensity. The temperature crosses the melting point
of gold (1337K) at an intensity of ∼ 4× 1013W/cm2

Figure 6.8 plots the final, peak temperature of the nanowire after propagation in the

z-direction as a function of intensity. This plot can be linked to understanding the damage

threshold date presented in figure 6.3. Figure 6.8 shows the temperature crossing the melting

point of gold (1337K) at intensities in the mid 1013W/cm2 range. As described in section

6.1.1 the damage observed was a complete morphology change (bending, curling, balling up,

etc.) of the nanowire. It is probably accurate to assume that for this to happen the temper-

ature through the full depth of the wire would be equal to or exceed the melting point. The

damage measurements give a damage threshold in the mid to high 1012W/cm2 depending on

the sample, for 32 fs pulses. This shows that the thermal modeling somewhat over estimates

the damage point as a function of intensity but is overall qualitatively consistent with the

measurements.

The final step to complete the simulation of the thermal response of a nanowire to a

single ultrafast pulse is the remaining diffusion in the x-direction. For numerical stability

and scalability purposes this diffusion is calculated using a Crank-Nicolson method. To

accurately reflect the geometry of the system, one side of the nanowire is given an insulating
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Figure 6.9: Gold nanowire cooling profile from an initial heat distribution after exposure to
a 25fs, 800nm laser pulse with a peak intensity of 1 × 1012W/cm2 and a focal spot size of
10µm. The laser focus is simulated to be near the free tip of the nanowire. The boundary
at 50µm has insulating boundary conditions applied while the boundary at 0µm is kept at a
constant 300 degrees Kelvin to enforce conducting boundary conditions.

(Neumann) boundary condition while the other is given constant temperature (Dirichlet)

boundary condition. Figure 6.9 shows the temperature distribution profile along the length

of the nanowire, as a function of time, for the same laser conditions as shown in figures 6.5

and 6.6. The pulse is also placed near the insulating tip. The profile starts out as Gaussian,

from the profile of the laser focus. The heat initially spreads symmetrically in both the

positive and negative x-directions with the center of the focus staying the hottest. However,

when the diffusion reaches the insulating boundary (nanowire tip) the heat is reflected. This

point quickly becomes the hottest point of the wire as heat can only leave the system though

the other boundary at the base of the nanowire. Within 20µs the wire has cooled to a few

tens of degrees above room temperature and by 100µs the temperature at the tip is only

slightly elevated above room temperature.

The full thermal response and dynamics take on four distinct time-scales. The first is
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femtosecond heating of the electronic degrees of freedom which occurs on the same time scale

as the pulse. The second set of dynamics is electron-phonon thermalization which takes a few

picoseconds to several tens of picoseconds. The third timescale is the heat diffusion though

the depth of the nanowire which is completed after a few nanoseconds. The fourth and final

timescale is the diffusion along the length of and out of the nanowire, which happens in tens

of microseconds. This last step is quite sensitive to the exact conditions. For example, if

both boundaries are set to a constant temperature to conduct heat out of the nanowire, as

opposed to just one edge, then cooling will occur much faster

6.2.2 Thermal Response and Effects of Gold Nanowires to a Train

of Femtosecond Pulses

Figure 6.9 shows that it can take on the order of 50-100 microseconds for the heat to diffuse

out of the nanowire. The wire cools rapidly at first but then as the heat spreads out and

thermal gradient is reduced, the diffusion rate slows. This often results in a small residual

amount of heat left in the system after exposure to an ultrafast laser pulse. For most cases,

the effect of this residual heat is completely negligible. However, for systems exposed to a

train of pulses, this residual heat can build up pulse-to-pulse, resulting in significant effects

after a number of laser pulses.

For the damage threshold measurements presented in section 6.1.1 the laser had a repe-

tition rate of 2kHz with pulses separated by 500µs. This gives ample time for heat to leave

the system before the next pulse. However, if sources with higher repetition rate, and thus

less time in between pulses, are used then the system may not completely cool before the

arrival of the next pulse. This is compounded for laser intensities near (but below) the single

shot damage threshold, as they can couple a large amount of heat into the system, making

complete cooling more difficult.

This multi-shot heating effect is important to consider when working with very high

repetition rate ultrafast sources such as Ti:Sapphire oscillators or mode-locked fiber lasers.

The repetition rate in these systems can approach or even exceed 100MHz, giving less than 10
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ns for cooling. Applications such as field-enhanced high harmonic generation from nanotips

[162; 163] or nanosystems exposed to femtosecond radiation as an ultrafast photoelectron

source [89; 160; 161; 164] are particularly sensitive to multi-shot heating as they operate at

relatively high intensities and high repetition rates.

This section extends the above thermal modeling to a train of pulses. Ultimately the goal

of these simulations is to determine if the nanowire will be melted by a single, intense, pulse

or if heat will build up in the system as a function of the number of laser pulses, leading

to damage. Here we explore the multi-pulse thermal effects in gold nanowires irradiated by

a train of 25 fs pulses centered at 800nm using a the two temperature model developed in

section 6.2.1.

Extending the TTM to multiple pulses is fairly simple conceptually, if not exactly simple

computationally. All three steps, electron heating, electron-phonon thermalization and heat

diffusion (in both the z-dimension and x-dimension) are modeled fully for each pulse. Then

the final heat profile in the nanowire is used as the initial profile to calculate the response

to the next pulse. An important note is that the electronic heat capacity is a function of

temperature so equation 6.5 is dependent on the initial temperature of the system. So it is

necessary to use the full heat distribution along the length of the wire when solving equations

6.4 and 6.5. Figures 6.10 (a) and (b) show, schematically, how this is done. All temperatures

are plotted in degrees above room temperature (ART). The peak temperature of the wire

after the focus is 1,000 degrees C above room temperature which is just below melting

temperature and corresponds to an optical intensity of approximately 3× 1013W/cm2. The

time between shots is 500µs.

Figure 6.10 (c) shows the heat profile in the wire for, three subsequent laser pulses,

one time instant before the next laser pulse for the same conditions as Figures 6.10 (a)

and (b). As can be seen, the temperature rises after each shot but the absolute difference

decreases. This is due to the fact that as heat builds up in the system, pulse by pulse, the

thermal gradient between the temperature of the system and the temperature of the outside

environment grows, resulting in a larger thermal conductance. This eventually leads to a

steady state where the amount of thermal energy absorbed by the system from the nth pulse
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Figure 6.10: Schematic of how multi-pulse heating simulations are carried out. The laser
focus is simulated to be near the wire tip and the boundary at 0µm is treated as insulating
while the boundary at 500µm is conducting. (a) Temperature profile along the wire directly
after the first laser shot (black) and after cooling for 500µs (red). (b) Temperature profile
from the second laser shot (blue) calculated using the final profile form the previous laser
pulse (red). (c) Temperature profile of the first three subsequent laser pules. (d) Temperature
of the wire at the focal position as a function of time for the first 10 lasers pulses.

is completely dissipated just before the nth+1 pulse arrives. The temperature of the system

still changes after every pulse, but it relaxes to the same value before the next pulse. This

is depicted by figure 6.10 (d), which follows the wire temperature at the center of the laser

focus as a function of time. The temperature profile rises after the first few shots but then

comes to a steady state.

The question then becomes, what effect this steady state residual heat has on the mea-

surements being performed. The most dramatic effect obviously occurs when this residual
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heat raises the base temperature to a value such that the nanowire melts in regimes where

single-shot temperatures are far below the melting temperature.

To answer this question, we performed this multi-pulse simulation for a wide range of

pulse intensities and repetition rates. For damage, the quantity of relevance is the peak

temperature. So, for each individual condition (repetition rate and intensity) the simulation

was run until the peak temperature rose to its steady state value. This is defined as an

increase of less the 1-degree K from one pulse to the next.

For some conditions, this happens within relatively few pulses (as depicted in 6.10 (d)).

However, for other conditions, this steady state condition can take many thousands of pulses

to reach. This leads to a significant computational challenge. It is very computationally

expense to solve the full systems of equations over the full parameter range for the required

number of pulses.

To speed this up, we break the computation into two separate parts. In the first part, the

electron heating by the laser pulse, followed by the electron-phonon thermalization and the

diffusion in the z-direction are calculated. The dynamics in these steps will always be faster

than the pulse-to-pulse spacing for all relevant repetition rates. This calculation is performed

for intensities ranging from 1× 107W/cm2 to 1× 1015W/cm2. Also, since the electronic heat

capacity is a function of temperature, the calculation is performed with a complete range of

starting temperatures from room temperature to melting temperature. Calculating this full

range of parameters took several weeks to complete, even when parallelized to a machine

running a 12 core Xeon E5 2.5GHz chip. All calculations were done in Matlab. However,

once completed, the results can then be saved into a lookup table that can be referenced

for the next step which factors in the multi-pulse effect. This eliminates the need to do the

full calculation for each pulse. The ability to do this is a significant advantage, in terms

of computational time, of splitting the diffusion into two subsequent steps as described in

section 6.2.1.

Figures 6.11 and 6.12 show the results of the full multi-pulse heating simulation for the

same system described in section 6.2.1 and shown in Figure 6.9. Like in these calculations,

the pulse is placed near the tip of the nanowire and the heat is confined to only leave the
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Figure 6.11: Asymptotic final peak temperature of a 100nm gold nanowire as a function of
laser intensity and repetition rate

system from the other end. Figure 6.11 plots the steady-state, peak temperature as a function

of repetition rate and pulse intensity and figure 6.12 shows several key temperature contour

lines for the same. The curvature of these contour lines show how multi-pulse effects develop

at higher intensities and repetition rates. The increase in curvature towards the horizontal

indicates the amount of multi-pulse heating. For parameters where no multi-pulse heating

is present these lines are vertical as the final temperature of the nanowire does not greatly

depend of the number of laser shots incident on it. For repetition rates up to around 10kHz,

corresponding to a time in between pulses of 100µs, the heat accumulated pulse-to-pulse is

negligible. In this regime, the simulations predict that the nanowire will only damage if a

single pulse is intense enough to heat it above melting. This occurs at intensities around

3 × 1013W/cm2 for 25 fs pulses. As the repetition rate increases past 10kHz, multi-heat

effects become significant as the heat does not have time to diffuse out of the system before

the next pulse arrives.
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Figure 6.12: Three temperature profiles showing the asymptotic final peak temperature of a
100nm gold nanowire as a function of laser intensity and repetition rate.
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These results show that when working with very low-dimensional nanosystems it is im-

portant to consider the multi-pulse heating effects of higher repetition rate systems. These

effects are also very geometry dependent. In a sense, the simulations shown here represent

the “worst case scenario” as the heat has a limited volume to spread into and can only leave

though one end of the system. If the boundary conditions allowed heat to leave through

both ends of the wire or the wire was a larger diameter then the multi-pulse effects would

be reduced. Future work in this area could expand these simulations to include different

geometries, wavelengths and pulse durations as well as perform experiments to validate the

numerical models.

6.3 Wavelength Scaling of Photoionization of Dielec-

tric Nanoparticles

Colloidal nanoparticles can be an ideal test system for studies of light-matter interactions

with increasing levels of complexity. The ability to precisely synthesize these systems, with

a high-degree of control on size and composition [182; 183], allows for the systematic investi-

gation of many-body interactions and their various aspects in response to an intense external

optical field [158; 184]. Photoelectron emission represents one of the most fundamental re-

sponses of matter to a strong optical field. Recently, considerable effort has been spent

to understand the electron dynamics in individual nanoparticles photoionized by intense,

femtosecond pulses [165; 185–189], largely motivated by the vision of nanoscopic, ultrafast

electronic control. One of the resultant properties at the nanoscale is the concentration

of highly localized near-fields with dimensions far below the diffraction limit. Driving this

enhanced near-field with an ultrafast laser provides the potential for controlling electronic

motion at the nanoscale [86; 87; 164–166]. This section details our work to understand

strong-field photoionization in dielectric nanoparticles. In particular, emphasis is placed on

extending the driving wavelength into the mid-infrared (MIR). Over the preceding decade

a number of studies have been performed to investigate strong-field ionization in dielectric
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nanoparticles with visible or near-infrared (NIR) fields. However, to the best of our knowl-

edge, no work has been performed using mid-infrared driving pulses in gas-phase dielectric

nanoparticles. The quadratic scaling of the ponderomotive potential with wavelength, and

the established subsequent effects on photoelectron rescattering dynamics for atomic targets,

presents a strong motivation for investigating strong-field ionization of nanoparticles with

mid-infrared wavelengths.

6.3.1 Size Dependent Electron Emission from Laser-Driven SiO2

Nanoparicles

Analogous to the atomic case, photoelectrons emitted from nanoparticles can be driven back

by the oscillating laser field to interact with the particle surface. However, the photoelec-

tron rescattering process and resulting electron energy spectra is strongly influenced by the

unique bulk properties of the system. In particular, these spectra carry signatures of laser-

induced near-field enhancements [165] and dynamical many-particle charge interactions [87],

processes not present in atomic or molecular systems. Figure 6.13 shows the photoelectron

momentum distribution (PMD) for atomic xenon and 120nm SiO2 nanopartices from both

800nm and 1800nm pulses, for similar peak intensities. Figure 6.13 (a) and figure 6.13 (b)

show the PMD for strong-field ionization of Xe for 800nm an 1800nm with intensities of 16

TW/cm2 and 17TW/cm2 respectively. Figure 6.13 (c) and Figure 6.13 (d) show the PMD

for 120nm SiO2 nanoparticles with intensities of 18TW/cm2 and 19TW/cm2 respectively.

As a note, all four PMDs were taken with different VMI repeller voltages and thus span

different maximum electron energy range. White circles in each plot denote the position of

the labeled momentum values in atomic units for better comparison.

Several differences are readily apparent. The intricate fringe and interference ATI pat-

terns seen in xenon are nonexistent in the nanoparticle photoelectron momentum distribu-

tion. This can primarily be attributed to many-body effects, space charge and trapping

potentials that destroy the coherence between the photoelectrons. More strikingly, the max-

imum photoelectron energy from nanoparticles is many times higher than those from xenon

160



Figure 6.13: Photoelectron momentum distribution for Xe and 120nm SiO2. (a) Xe, 800
nm, 1.6 × 1013 W/cm2, VMI repeller voltage: -500V, (b) Xe, 1800nm, 1.7 × 1013 W/cm2,
VMI repeller voltage: -250V, (c) 120nm SiO2 NP, 800nm, 1.6× 1013 W/cm2, VMI repeller
voltage: -4,000V, (c) 120nm SiO2 NP, 1800nm, 1.6 × 1013 W/cm2, VMI repeller voltage:
-8,000V. All images are non-inverted. (e) Normalized energy spectra along polarization
direction for (a)-(d).
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at the same peak intensity. This fact is most clearly seen in figure 6.13 (e) which plots

the energy distribution of panels (a)-(d) along the polarization direction. The nanoparticle

photoelectron maximum energies are significantly higher than the 10Up rescattering limit in

strong-field ionization of atoms. Thus, the photoelectron emission properties, especially the

maximum electron energy (“photoelectron cutoff”), can be expected to sensitively depend

on both nanoparticle properties (composition, shape, size) and laser pulse characteristics

(wavelength, peak intensity, pulse duration).

The energies of the photoelectrons are determined by their quiver motion in the contin-

uum under the influence of the optical field. In the atomic case, discussed in section 3.2.3,

the final electron energy is determined almost entirely by the specific trajectory and the

action acquired during this propagation, with direct backscattering producing the maximum

photoelectron energy. This is also the case for nanoparticle photoelectron rescattering events

where the most energetic elections reach maximum energy after backscattering from the sur-

face at an optimal phase of the field. However, as opposed to atomic systems, the local field

in which the electron propagates depends on the optical response of the nanoparticle to the

driving field. The classical electrodynamic interaction of the laser field with the nanopar-

ticle results in the generation of well-defined near-fields, whose linear response structure is

accurately described by the Mie solution [190] These near-fields can lead to local electric

field enhancements several times that of the particle-free laser field. This correspondingly

increases the local ponderomotive potential and maximum rescattered photoelectron ener-

gies. The spatial distribution of the induced near-field also depends strongly on the size

of the system, described by a dimensionless Mie size parameter ρ = πd/λ (where d is the

particle diameter and λ is the incident wavelength).

As a result of the thousands to millions of atoms in the nanoparticle, a single interaction

with the intense laser field can easily produce hundreds to thousands of photoelectrons even

at relatively low peak intensities. This has a dramatic effect to the final photoelectron

energy spectra. The presence of a large number of continuum electrons in a tightly confined

space leads to a repulsive interaction often termed the space charge effect. In addition,

as each electron is stripped off, a resulting positive charge is built up on the surface of the
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nanoparticle. This positive surface charge forms a potential that suppresses further ionization

[165; 191]. Subsequent electrons must acquire sufficient energy from the laser field not just to

overcome the binding potential but also this Coulombic trapping potential. The presence of

this potential has been linked to the observation that the number of detected photoelectrons

scales linearly with nanoparticle size [191]. Both the repulsive space charge and trapping

potential modify the continuum electron trajectories and can result in a significant increase

in the maximum electron energy for some trajectories [191].

A number of experimental and theoretical studies [87; 192] have been performed in the

near-infrared looking into the photoelectron cutoff as a function of nanoparticle size and

peak driving intensity. For these wavelengths, the cutoff energy was found to increase nearly

linearly with both size of the nanoparticle and intensity. The increase as a function of inten-

sity can be understood as the linear increase of the ponderomotive potential and enhanced

near-field. This produces a proportional increase in the rescattering energies.

Several different mechanisms contribute to the scaling of the cutoff energy as a function

of nanoparticle diameter. First, the maximum near-field increases with size. This in turn

increases the energy the electron gains while being accelerated in the continuum before

undergoing backscattering. A second important effect is the increased photoelectron yield.

As the particle diameter increases, the total amount of ionization grows resulting in an

increased space charge and cutoff energy. The overall effect from the increased near-field,

ponderomotive potential and the space charge gives that the cutoff energy grows nearly

linearly with particle size. This fact has been verified both experimentally [87; 192] as well

as with a full theoretical treatment [191].

Given the complexity of the dynamics involved in the photoelectron trajectories, and in

particular the trajectories that lead to cutoff electrons, the scaling laws with wavelength are

difficult to predict a priori. The rest of this section presents our experiment and results of

strong-field ionization of SiO2 nanoparticles as a function of both particle size and intensity

with 1800nm driving pulses.
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6.3.2 Experimental Setup

This study uses the same optical and velocity map imaging (VMI) setup detailed in section

3.3. Briefly, a high-energy optical parametric amplifier (OPA) is pumped with 18mJ, 25 fs

800nm pulses at a repetition rate of 1kHz. The OPA is then tuned to generate the desired

MIR pulses. In this experiment 1400nm and 1800nm pulses are used with pulse duration of

60 fs and 80fs respectively. The signal and idler output beams are separated in the far-field

by inducing a slight non-colinear overlap in the final amplification crystal of the OPA. The

beam is then coupled into an optical setup to attenuate the pulse energy to the desired level

before being focused into the VMI with a positive lens. The intensity in the interaction

region is calibrated in the same manner explained in section 3.3.

Instead of the effusive gas jet shown in figure 3.2, nanoparticles are coupled into the

VMI, in gas-phase, using an aerosolization system and aerodynamic lens. This is shown in

figure 6.14. A suspension of silica (SiO2) nanoparticles in water is aerosolized and a solid-

state membrane drier selectively removes the solvent (water) from the carrier gas (N2). An

aerodynamic lens is used to focus the gas-phase nanoparticles to increase the beam density

while a three-stage differential pumping system removes excess carrier gas to preserve the

high vacuum at the interaction region [64; 193; 194]. Spherical silica nanoparticle samples

(nanoComposix, Inc.) ranging from 20nm to 750nm (silanol surface coating) were custom

ordered specifically for their narrow size distribution (< 10%), solvent choice and overall

purity. The initial number concentration of each sample was experimentally determined

to minimize the probability of more than one nanoparticle per aerosol droplet while also

ensuring less than one particle in the interaction volume per laser shot.

A single-shot-camera, alongside a real-time hit finding routine, is used to record the

photoelectron spectra for each laser shot. When the gas-phase nanoparticle passes through

the intense laser focus a large number of photoelectrons are produced, much more than would

be seen from ionization of the background gas alone. To suppress background, a minimum

number of detected electrons sorting condition is applied. Detailed information about this

technique can be found in [64]. For each experimental condition (wavelength, intensity and
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Figure 6.14: High energy velocity map imaging (VMI) spectrometer coupled to nanoparticle
source. Single, isolated gas-phase nanoparticles are focused and injected into vacuum to
interact with focused ultrafast pulses. Emitted electrons are focused onto the MCP/phosphor
assembly where a single-shot camera records the electron spectra for each laser shot. A
continuous nanoparticle source guarantees a fresh sample for each interaction while a narrow
size distribution of the nanoparticles ensures identical particles shot-to-shot. Adapted from
[64].

nanoparticle diameter) the total photoelectron momentum distribution is constructed from

laser shots that produce more than this number of electrons. A line-out along the polarization

direction is extracted from this PMD and converted to energy to select the cutoff value. The

cutoff energy is determined from this line-out as the point where the signal is reduced to the

background level. The cutoff photoelectron energy is then used to investigate size, intensity,

and wavelength scaling effects.

6.3.3 Results and Discussion

Figure 6.15 shows the cutoff energy as a function of size for a series of peak intensities

at both 800nm and 1800nm. The 800nm data was originally taken and reported in [64].
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Figure 6.15: Photoelectron cutoff energies as a function of nanoparticle diameter for (a)
800nm driving wavelength and (b) 1800nm driving wavelength. The corresponding Mie pa-
rameter ρ is given by the top axis.

Several different behaviors are immediately apparent. First, as expected, increasing the

driving intensity results in an increase in the cutoff energy for both 800nm and 1800nm

wavelengths. The 800nm data also shows a clear increase of absolute cutoff energy as a

function of nanoparticle size. This effect is quite dramatic. The largest nanoparticle (750

nm) emits electrons almost six times more energetic than the smallest (20nm) nanoparticle,

given the exact same incident laser intensity. This follows the near linear increase as explained

above and understood in terms of the ponderomotive potential, near-field enhancements and

space charge scaling.

However, while the 1800nm cutoff energies are higher than the 800nm case, as expected

by the quadratic scaling of the ponderomotive potential with wavelength, they do not show

a linear or even monotonic increase as a function of nanoparicle diameter. The intensities

covered for both the 800nm and 1800nm span a similar range.

To attempt to understand this deviation in behavior, as compared to the 800nm data,

we separate out the various individual effects that scale with wavelength. The first and most

obvious is the ponderomotive energy. Recall that for the atomic case, in the tunnel ionization

regime, the photoelectron cutoff scales directly with Up. Figure 6.16 shows the same cutoff
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Figure 6.16: Size dependent photoelectron cutoff energy values in units of ponderomotive
potential from SiO2 nanoparticles at 800nm, 1400nm and 1800nm driving wavelengths.

energies for both 800nm and 1800nm, plotted in terms of the ponderomotive energy instead

of electron volts. These are now plotted on the same graph and all intensities for each size

are included. Also, a single data point taken with 1400nm for 120nm diameter nanoparticles

has also been included. The ponderomotive energy used here for scaling corresponds to the

particle-free value for the calibrated intensity.

Looking at the plot, we see that scaling by the ponderomotive potential brings cutoff

values at a given size and wavelength on top of each other or close to on top of each other.

This shows that for all wavelengths, the cutoff energy does indeed scale with Up or in other

words, linearly with intensity. The 800nm data still shows the clear linear increase with

size but the 1800nm very obviously does not. In fact, after scaling by Up, the 1800nm

photoelectron cutoff values show a slight decrease with size. While only one data point was

measured at 1400nm, and thus the trend with nanoparticle size is impossible to determine, it

does fall nicely between the 800nm and 1800nm points indicating a systematic functionality

in the underlying physics with driving wavelength.

The flat, or slightly decreasing, trend with size at 1800nm represents a large departure

from the mostly understood physics that explain the scaling when strong-field ionization
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Figure 6.17: Squared maximum field enhancement as a function of nanoparticle diameter
for 800nm (red) and 1800nm (black).

is driven with 800nm pulses. Part of this effect can be attributed to the slower increase

as a function of size in near-field enhancement for 1800nm versus 800nm (for the range

of nanoparticle sizes studied here). Figure 6.17 plots the square of the maximum field

enhancement (α) as a function of size for both 800nm and 1800nm, calculated by numerically

solving for the Mie field [195]. Since optical intensity is proportional to the square of the

electric field, the squared field enhancement (α2) represents the maximum increase in local

intensity from the induced near-field.

To see if this difference in near-field scaling explains the photoelectron cutoff trend for

1800nm strong-field ionization, the (ponderomotive) scaled cutoff energies shown in figure

6.18 are further scaled by α2. Physically, this corresponds to scaling the cutoff energies by the

‘maximum local ponderomotive potential’. A note to this method is that it is not completely

apparent that scaling by the maximum is the only (or correct) method to account for the

near-field. For example, it may be more relevant to scale by the field enhancement along the

polarization axis, at the pole of the sphere. However, due to the highly non-linear response

of strong-field ionization to the field strength this method seems most appropriate without
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Figure 6.18: Size dependent photoelectron cutoff energy values scaled by ponderomotive
potential and squared field enhancement (α2) from SiO2 nanoparticles at 800nm, 1400nm
and 1800nm driving wavelengths.

more detailed modeling of the entire nanoparticle response. Prior to scaling by α2 the data

points from multiple intensities are averaged, which is possible since the normalization by

Up already accounted for the intensity scaling.

This normalization does bring the 1800nm and 800nm cutoff energies closer inline, but

a large discrepancy is obviously still present. The 800nm cutoffs still continue to increase

with size while 1800nm cutoffs remain flat.

Considering the electron excursion distance during the rescattering process brings an

additional possible explanation for the reduced energies at 1800nm. The classical electron

excursion distance (le) scales quadratically with wavelength (inverse square with frequency)

le =
eE0

mω2
, (6.8)

where e is the electron charge, E0 is the field strength, m is the electron mass and ω is the

angular frequency.

Scaling the cutoff energy by α2Up implicitly assumes that enhanced near-field the electron
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Figure 6.19: SiO2 field enhancement along the polarization axis as a function of distance
from the nanoparticle surface for 1800nm incident light. Inset: classical electron excursion
distance as a function of intensity for 1800nm driving wavelength.

trajectory samples stays constant. However, this comes into question for longer excursion

distances where the near-field could decay over distances shorter than the quiver amplitude.

This effect has been experimentally observed for photoemission from sharp nanotips [164].

To check if this could be the case for our samples, we calculate the full near-field for all

nanoparticle sizes used in this study at 1800nm. Figure 6.19 shows the field enhancement

along the polarization direction as a function of distance from the nanoparticle surface.

The inset in figure 6.19 shows the classical electron excursion distance as a function

of intensity for 1800nm. Even at a relatively high intensity of 1014 W/cm2 the electron

does not move travel than 5 nm. Comparing this to the decay of the near-field shows that

for all but the smallest nanoparticle size (20nm), to a good approximation, the field is

constant over the electron trajectory. So a decaying near-field over the electron trajectory is

unlikely to contribute to the overall trend shown in figures 6.15, 6.16, and 6.18, for 1800nm

driving wavelengths, except for the 20nm case. This could be the explanation for the lower
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photoelectron cutoff with 20nm nanoparticles.

The final possibility for explaining why 800nm cutoff electron energies scale linearly with

nanoparticle size, while the cutoff energies for 1800nm remain flat, is the contribution from

space charge. Our measurements at 800nm do show an approximately linear increase in the

number of cutoff electrons as a function of size while the number of cutoff electrons decreases

slightly with size for 1800nm. This fact points to the explanation that space charge effects are

reduced proportionally at 1800nm. However, the total number of photoelectrons is perhaps

the more relevant quantity. Unfortunately, due to detector saturation for lower electron

energies we are unable to comment effectively on the total electron yield. Additionally, the

full spatial distribution of free electrons at the time of ionization of a cutoff electron is needed

to state with certainty the exact contribution of space charge. This is a much more difficult

quantity to ascertain the effects of without a full theoretical treatment of the strong-field

ionization process.

6.3.4 Conclusion and Future Work

We show here, to the best of our knowledge, the first size dependent measurement of strong-

field ionization of gas-phase dielectric nanoparticles with mid-infrared wavelengths. The

photoelectron cutoff energies are extracted from the full angular distribution and compared

to results with 800nm pulses for a similar intensity range. The increased ponderomotive

energy at longer wavelengths does result in an overall increase to the absolute cutoff energy.

However, a large difference in the scaling as a function of nanoparticle size between the

800nm wavelengths and 1800nm wavelengths is observed. This represents a deviation from

current understanding. While some of this difference can be attributed to relative decreased

near-field enhancements other, not yet fully understood, physical processes, such as decreased

space charge effects are needed to completely explain our observations.

Establishing the true wavelength scaling laws for strong-field ionization of gas phase

nanoparticles is an important step in the overall quest to precisely control electron dynamics

on the nanoscale with ultrafast pulses. Future experiments are planned for a larger range of

171



driving wavelengths to better establish the full functionally. Additionally, various theoretical

approaches are being considered to gain more insight into the exact nature of the space charge

effects on the ionization dynamics as a function of wavelength.
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Chapter 7

Conclusion

A number of different topics were explored in this thesis. In chapter 3 the study of strong-

field ionization in xenon, as a function of both wavelength and intensity, gave a dataset

that systematically contains information on the strong-field ionization process, where sev-

eral different mechanisms are involved. Signatures of direct above threshold ionization,

Freeman resonances, direct backscattering, and the interference between direct electrons

and low-energy rescattered electrons were tracked from the near-infrared regime through the

mid-infrared regime. The transition from multiphoton ionization to tunnel ionization, due to

both increasing wavelength and intensity, is also shown along with a method for calibrating

intensity from the ponderomotive shifting of photoelectrons. These measurements help to

create more comprehensive and consistent picture of strong-field ionization and the scaling

dynamics with intensity and wavelength. Chapter 4 presented both the locking and tagging

of the carrier-envelope phase. The long-term carrier-envelope phase stabilization of ampli-

fied, high-energy pulses was demonstrated. Additionally, a single-shot, all optical method of

carrier-envelope phase tagging was developed and shown to provide comparable accuracy as

the above threshold ionization carrier envelope phase meter. In chapter 5 the production,

characterization and use of Bessel beams for strong-field applications was shown. Femtosec-

ond Bessel beams were then used to drive high harmonic generation and showed the potential

for use in a compact, high-flux XUV source. The interaction of ultrafast and strong-field
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pulses with both nanowires and nanoparticles was studied in chapter 6. The damage thresh-

old of gold nanowires was found experientially while the full thermal response was modeled

numerically. This model was extended to calculate the multi-pulse heat buildup in nanowires

irradiated from a train of pulses. Also, the first investigation of strong-field photoionization

of dielectric nanoparticles with mid-infrared wavelengths was presented. This showed a devi-

ation from current understanding for the scaling of photoelectron cutoff energies as a function

of nanoparticle size.

Final Comments

As I mentioned in the introduction, during the course of my Ph.D. I have had the opportunity

to work on a large range of projects and experiments. The research presented in the preceding

pages represents the results of much of that work. All of these individual studies are aimed, in

some way or another, at better understanding intense, ultrafast light-matter interactions. So,

what have I learned during all of this? What would I say actually happens when an optical

pulse that generates an electric field stronger than atomic binding potential slams into an

atom, or molecule, or nanoparticle? Well, to the zeroth order the phrase ‘all hell breaks

loose’ comes to mind. Almost any response pathway possible can and does occur. However,

as evidenced by all of the results presented here, when you look a little deeper and attempt

to understand the interaction to first-order, or second-order, or whatever order it may take,

you find that these complicated interactions are far from random. In many cases, such as

photoelectron rescattering, relatively simple classical models can be quite powerful. In other

cases, semi-classical descriptions that at first glance seem to have no hope of accuracy, such

as the strong-field approximation, can produce quantitative results. Concepts from atomic

ionization, such as the ponderomotive scaling of the energy of backscattered photoelectrons,

also hold deep importance for systems containing millions of atoms. That is not to say

that predicting strong-field interactions is easy, far from it. It has taken the combined

work of thousands of researchers and more than 50 years of intensive investigation to build

up the current understanding. Technological innovations in strong-field light sources and
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ultrafast measurement techniques have and will continue to play a major role in pushing

this understanding even deeper. This thesis represents my contributions to this continued

pursuit.

As humans we are largely incapable of comprehending the unimaginably fast dynamics

that play out during the basic interactions that make up our universe. However, we are

capable of building machines and making measurements of these fundamental, dynamic

building blocks. We are capable of developing theories and models that describe underlying

physical laws and we are capable of using this understanding to make predictions about new

and yet to be investigated phenomena. Science provides the framework for investigating

nature and the big question ultrafast science seeks to answer is: how does our world work

at its fastest timescales?

“Equipped with his five senses, man explores the universe

around him and calls the adventure Science.” - Edwin Powell

Hubble

175



Bibliography

[1] T.H. Maiman. Stimulated Optical Radiation in Ruby. Nature, 187:493–494, 1960.

[2] F.J. McClung and R.W. Hellwarth. Giant optical pulsation from ruby. Journal of

Applied Physics, 33:828–829, 1962.

[3] Todd Ditmire. High-power Lasers. American Scientist, 98(5):394–401, 2010.

[4] E. K. Damon and R. G. Tomlinson. Observation of Ionization of Gases by a Ruby

Laser. Applied Optics, 2(5):546–547, 1963.

[5] R. G. Meyerand and A. F. Haught. Gas breakdown at optical frequencies. Physical

Review Letters, 11(9):401–403, 1963.

[6] P. B. Corkum and Ferenc Krausz. Attosecond science. Nature Physics, 3:381–387,

2007.

[7] Philip H. Bucksbaum. Attophysics: Ultrafast control. Nature, 421(6923):593–594,

2003.

[8] Ahmed H. Zewail. Femtochemistry: Atomic-Scale Dynamics of the Chemical Bond .

The Journal of Physical Chemistry A, 104(24):5660–5694, 2000.

[9] M. Meckel, D. Comtois, D. Zeidler, A. Staudte, D. Pavicic, H. C. Bandulet, H. Pepin,

J. C. Kieffer, R. Dörner, D. M. Villeneuve, P. B. Corkum, V. Pervak, F. Krausz,

and E. Goulielmakis. Laser-Induced Electron Tunneling and Diffraction. Science, 320

(5882):1478–1482, 2008.

[10] B Wolter, M G Pullen, A.-T Le, M Baudisch, K Doblhoff-Dier, A Senftleben, M Hem-
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threshold ionization: fron classical features to quantum effects, volume 48. 2002.

[57] S. V. Popruzhenko and D. Bauer. Strong field approximation for systems with Coulomb

interaction. Journal of Modern Optics, 55(16):2573–2589, 2008.

[58] Min Li, Ji Wei Geng, Hong Liu, Yongkai Deng, Chengyin Wu, Liang You Peng, Qi-

huang Gong, and Yunquan Liu. Classical-quantum correspondence for above-threshold

ionization. Physical Review Letters, 112(11):1–5, 2014.

[59] Tian Min Yan, S. V. Popruzhenko, M. J J Vrakking, and D. Bauer. Low-energy struc-

tures in strong field ionization revealed by quantum orbits. Physical Review Letters,

105(25):10–13, 2010.

181



[60] Y. Huismans, A. Rouzée, A. Gijsbertsen, J. H. Jungmann, A. S Smolkowska, P. S W M
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Alnaser, N. G. Johnson, M. Kübel, A. Horn, V. Mondes, C. Graf, S. A. Trushin,

A. Azzeer, M. J.J. Vrakking, G. G. Paulus, F. Krausz, E. Rühl, T. Fennel, and M. F.
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S. A. Trushin, Nora G. Kling, M. Kübel, B. Ahn, D. Kim, I. Ben-Itzhak, C. L. Cocke,
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