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Abstract

This thesis details two investigations of highly nonlinear optical phenomena us-

ing few-cycle light pulses. Specifically, self-focusing in air with carrier-envelope

phase locked pulses and high-order harmonic generation from successive sources.

Producing few-cycle light pulses with a sufficient intensity to observe these phe-

nomena has only become possible with the recent development of mode-locked

lasers. By observing the behaviour of atoms in such an intense electromagnetic

field, new conclusions can be drawn on the nature of nonlinear phenomena.

Intense electromagnetic fields propagate nonlinearly and one effect that plays

an important role in determining the propagation is the Kerr effect. This effect

makes it possible for an intense light pulse to undergo self-focusing, in which the

light modifies the spatial refractive index of the medium such that the light is

brought to a focus. The position of the self-focus is determined by the power of

the light pulse relative to a critical power for self-focusing that is a property of

the medium. When using a few-cycle pulse, shifting the carrier-envelope phase

alters the peak value of the electric field within the pulse envelope that deter-

mines the maximum instantaneous power achieved. In this thesis, self-focusing

in air with a 6.3 fs, 800 nm pulse was investigated. The critical power of self-

focusing was measured to be 18 ± 1 GW. A first-order theory was developed

and predicted that altering the carrier-envelope phase would shift the focus by

790 µm. When the experiment was performed, no change in the focus position

was observed and a 3σ upper limit to a fit of the data gave a total shift of 180 µm.

High-order harmonic generation (HHG) is one of the processes that can occur

when an intense light pulse causes the ionisation, acceleration and recombination

of an electron from an atom. On recombination of the electron, a photon of a

much higher energy than the photons of the driving laser is produced. This effect

is used to produce coherent pulses of light extending into the soft x-ray regime.
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In this thesis, the details of designing and constructing a HHG apparatus are

discussed. Upon completion of the construction, procedures for producing HHG

radiation and calibrating the instrumentation were developed. The apparatus

was modified to include a second gas jet such that two generation media were

operating within the single focus of a laser pulse. It was found that altering

the gas jet separation produced interference fringes in the observed harmonic

radiation with a very high contrast. A first-order semi-classical treatment of the

HHG emission process was able to successfully provide an explanation for the

interference pattern. The Gouy phase of the driving laser causes the electron

recombination, and hence the photon emission time, to be shifted as a function

of the position within the focus. Thus, a time shift is introduced between two

emissions at different positions in the single focus. The apparatus was named

the Gouy phase interferometer. The delay introduced between the sequential

emissions was measured to a precision of better than 100 zeptoseconds, making

the Gouy phase interferometer ideal for future attosecond science experiments.

iv



This work has not previously been submitted for a degree or

diploma in any university. To the best of my knowledge and

belief, the thesis contains no material previously published or

written by another person except where due reference is made

in the thesis itself.

Dane Edward Laban

v





“There is a theory which states that if ever anyone discovers ex-

actly what the Universe is for and why it is here, it will instantly

disappear and be replaced by something even more bizarre and in-

explicable.

There is another theory which states that this has already hap-

pened.”

– Douglas Adams (1952 – 2001).
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Chapter 1

Introduction

1.1 Thesis overview

The aim of this thesis is to investigate some of the nonlinear optical effects that

result from matter being exposed to intense electromagnetic fields. The intense

fields are provided by a few-cycle laser pulse whose carrier-envelope phase is locked

which allows for the electric-field to be precisely controlled within the pulse. In

this section, nonlinear optical effects are introduced and it is shown how using

few-cycle pulses allows for the effects to be studied at higher intensities than

possible with longer pulses.

1.1.1 Nonlinear optics

The field of nonlinear optics aims to study phenomena that result from a modi-

fication of the optical properties of a material when in the presence of light [1].

The earliest observation of a nonlinear optical phenomenon occurred in 1941,

with unexpected saturation effects in luminescent dye molecules [2]. After the in-

vention of the laser in 1960 [3], the field was firmly established with the discovery

of second harmonic generation in 1961 [4]. In second harmonic generation the

atomic response was found to scale quadratically with the intensity of the applied

optical field and, consequently, so did the intensity of the generated light.

In the case of conventional linear optics when an electromagnetic field propa-

gates through a medium, the induced dipole moment per unit volume, known as

the polarisation, can be described by the relationship

~P (t) = ε0χ
(1) ~E(t) , (1.1)

1



2 CHAPTER 1. INTRODUCTION

where ε0 is the permittivity of free space, χ(1) is the linear susceptibility and

E(t) is the applied electric field strength. This relationship is scalar and assumes

that the optical field is linearly polarised. For nonlinear optics, equation (1.1) is

generalised by expressing the polarisation, P (t), as a power series with respect to

the field strength,

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

]
. (1.2)

In this equation, χ(2) and χ(3) are known as the second- and third-order non-

linear optical susceptibilities. Higher-order nonlinear susceptibilities will not be

considered in this thesis even though they are required for high-order harmonic

generation, a semi-classical model is used to describe the process. If the medium

exhibits some dispersion and absorption of the field, the exact values of the non-

linear susceptibilities will depend on the frequency and the Kramers-Kronig re-

lations can be used to determine their values [5].

Second-order nonlinear optical processes arising from χ(2), include the follow-

ing effects: second-harmonic generation, where the frequency of an input beam

is doubled at the output (f → 2f); sum- and difference-frequency generation,

where two inputs are mixed to yield either the sum or difference of their frequen-

cies (f1 + f2 or f1 − f2); and optical parametric down-conversion (or oscillation),

a process that involves a single input being converted into the sum of two lesser

frequencies (f1 →
[
f2 + f3 = f1

]
). These processes are all useful for generating

frequencies that can’t be reached using conventional laser gain media. The ef-

ficiency of χ(2) processes scales quadratically with the intensity of the incident

radiation so either an intense pumping laser is used or the nonlinear medium

can be placed inside a resonant-buildup cavity. Interestingly, χ(2) is equal to

zero for any media that contains an inversion symmetry (such as liquids, gases

and amorphous solids) so second order nonlinear optical interactions can only be

observed in noncentrosymmetric crystals [1]. The range of frequencies that can

be efficiently generated by are limited by the transparency of the crystal at the

frequencies of interest.

In contrast, χ(3) is much more present in common materials as it doesn’t

require a lack of inversion symmetry. The efficiency of third-order processes

scale cubically with the incident radiation intensity and include: third-harmonic
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generation, where a single input results in the frequency being tripled at the

output; and the nonlinear Kerr effect, an effect that describes a modification to

the local refractive index and is dependent on the incident radiation’s intensity.

The Kerr effect is represented as [1]

n(I) = n0 + n2I , (1.3)

where n(I) is the refractive index the radiation experiences, I is the incident in-

tensity, n0 is the linear refractive index that is present at low intensities, and n2 is

termed as the nonlinear refractive index. In high-intensity pulses, the Kerr effect

gives rise to several propagation effects as the intensity profile is not constant in

time or across the width of the beam, i.e. I(~r, t). The temporal intensity profile

leads to a phase-velocity that isn’t constant and results in self-phase modulation,

effectively broadening the spectral profile of the pulse [6]. The spatial profile of

the intensity can lead to self-focusing when n2 > 0 as the centre of the beam

is more intense than the outside, thus the Kerr effect modifies the medium to

look like a positive focusing lens [7, 8]. In this thesis, the nonlinear effect of

self-focusing will be studied in air where n2 = 5.0×10−19 cm2/W [9]. This means

that a large intensity is required before any appreciable modification to the linear

refractive index is noticed.

At intensities on the order of 1014 W/cm2, the amplitude of the electric field

strength is on the order of the Coulomb field that the outer-shell electrons expe-

rience. This causes the radiation field to suppress the binding Coulomb potential

in atoms to some extent and allows for optical field ionisation by tuneling through

the Coulomb barrier [10]. This effect is called multi-photon ionisation and is non-

linear in nature. There is a possibility, however, that the electron can return to

the vicinity of the nucleus as its motion is now predominantly governed by the

oscillating electric field. This leads to more nonlinear optical effects that are no

longer easily described by a low-order χ(n) process [11]. If the electron recom-

bines with the parent ion, a photon is produced with an energy determined by

the electron’s trajectory in the accelerating electric field. This effect is known

as high-order harmonic generation and can be described by a semi-classical non-

perturbative theory rather than by the use of nonlinear susceptibilities. A more

thorough explanation of the semi-classical theory is presented later in this thesis.
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Investigating nonlinear optical processes relies on two things: a sufficiently

large intensity to increase the nonlinear response of the medium, and that the

most weakly bound electron has not yet been ionised. By using a laser pulse

the intensity can be increased, however if there are too many oscillations of the

electric field within this pulse, the atomic ground state will be depleted well

before the maximum of the pulse intensity is reached [12]. Thus the only way to

probe nonlinear atomic responses at very high intensities is to use a pulse that

contains as few cycles of the electric field as possible, so that the peak is reached

almost instantaneously and before the majority of ground-state electrons have

been ionised. Such pulses are termed few-cycle pulses and they are discussed in

the next section.

1.1.2 Few-cycle laser pulses

The electric field of a linearly polarised light pulse can be thought of as a carrier

wave contained within an amplitude envelope. Here, the carrier determines such

properties as the period of oscillation, T , whereas the envelope gives the duration

of the pulse. This can be represented mathematically as

E(t) = a0a(t)e−i(ωt+φ) + c.c. , (1.4)

where a0 is the maximum amplitude of the envelope, a(t) is the envelope function

that has a peak value of 1 and can take different functional forms (e.g. Gaussian,

Sech2, etc.), and ω is the angular frequency of the light wave [13]. The quantity

φ determines the relative position of the carrier-wave crests within the envelope

and is called the carrier-envelope phase. If the carrier-envelope phase takes on

the values of 0 and π/2, the pulse is referred to as cosine or sine, respectively. The

peak value of the electric field within the envelope gives the peak instantaneous

intensity that the pulse can achieve, as I(t) ∝ E2(t). For a pulse that contains

many oscillations of the field, i.e. τp >> T , the carrier-envelope phase has no

measurable physical consequence [14]. However, as the pulse duration approaches

the period of oscillation of the electric-field, the carrier-envelope phase affects the

temporal evolution of the field significantly. This can lead to a large change in

the peak of the instantaneous intensity. Figure 1.1 shows the electric-field and it’s

square of a cosine and a sine pulse. The quantity δCEP is the difference between

the peak E2(t) of these two CEP pulse shapes with the same envelope amplitude.
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Figure 1.1: A cosine and a sine pulse exhibit large differences in the electric field
as the pulse duration decreases to be of the order of the optical carrier period. As
the electric field is squared, this difference becomes even larger and is depicted
in δCEP. In the top and bottom graph, the amplitude has been normalised to a0

and a 2
0 respectively.

Figure 1.2 demonstrates the significant difference between a cosine and a sine

pulse becomes by depicting δCEP as a function of pulse duration for a 800 nm

carrier wave (T = 2.67 fs) with a Gaussian envelope profile. As the pulse dura-

tion decreases to less than 3 carrier periods (7 fs), δCEP starts to become large,

allowing for the electric-field waveform to be accurately tailored. Pulses in this

regime are referred to as few-cycle pulses and much of the work in this thesis

relies on accurate control of the carrier-envelope phase and a method for doing

so is presented in the next chapter.

The absolute carrier-envelope phase of a few-cycle light pulse can be mea-

sured by utilising the process of above-threshold ionisation [15]. In this process

an electron is ionised by more photons than are required to overcome the Coulomb

binding potential. The direction of the electric-field plays a role in determining

the ultimate direction that the ionised electron ends up travelling [16]. For a

few-cycle pulse that has a carrier-envelope phase of 0 rad., more electrons will be

released in one direction along the axis of the laser polarisation and this will be

reversed when the phase is set to π rad. For a π/2 or 3π/2 rad. pulse, electrons
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Figure 1.2: The difference in the achievable instantaneous power between a sine
and cosine pulse that has a wavelength of 800 nm (T = 2.67 fs). As the pulse
duration decreases, the peak instantaneous power that can be reached by a sine
pulse decreases, whereas the cosine pulse has its maximum at the maximum of the
envelope. As an example, for a pulse duration of 5.5 fs, the peak instantaneous
power decrease by 4.0% as the carrier-envelope phase is shifted by π/2.

will be ionised equally in both directions1. By placing two electron detectors in

the plane of the laser polarisation, with one above and one below the ionisation

event, comparing the relative yield of the two enables the absolute value of the

carrier-envelope phase to be inferred.

In order to present some of the physical quantities associated with few-cycle

pulses, one must define the shape of the temporal envelope. In this thesis a

Gaussian function is assumed, i.e.

a(t) = e−2ln2(t/τp)2 , (1.5)

where τp is the full-width at half-maximum (FWHM) pulse duration. The inten-

sity at the peak of a laser pulse with a Gaussian spatial profile is given by

Ipeak =
2Ppeak

πw 2
0

, (1.6)

1This has long been an assumption used within the field, although recent above threshold
ionisation experiments with atomic hydrogen in our laboratory indicates this may not neces-
sarily be the case.
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where w0 is the 1/e2 beam radius. Ppeak is the peak power of the optical pulse

and it is given as

Ppeak =
αUpulse

τp

, (1.7)

where Upulse is the energy contained within the pulse and α is determined by the

temporal shape of the pulse with α = 0.94 for Gaussian shaped pulses, respec-

tively [17]. Thus it is favourable to decrease the pulse duration to increase the

maximum usable intensity by limiting ground-state depletion as mentioned pre-

viously. Other pulse shapes commonly used outside of this thesis are sech2(t/τp)

(α = 0.88) and, in some theoretical modelling, sin4(t/τp). As the shape of the

spectrum doesn’t have a clear distribution, a Gaussian pulse shape is used as it

is mathematically easiest to deal with.

1.2 Thesis outline

The outline of this thesis is as follows:

Chapter 2 discusses the generation of few-cycle carrier-envelope phase locked

pulses that are to be used in the rest of this thesis. A brief history of

the discoveries that have resulted in the creation of few-cycle laser systems

is given. Then the specific laser system used in our laboratory will be

introduced and explained.

Chapter 3 presents an investigation into the nonlinear phenomenon of self-

focusing in air. A simple theory predicts that the amount of self-focusing

the few-cycle pulse undergoes should change as the carrier-envelope phase

is varied. The theory and the experiment are both presented here.

Chapter 4 introduces high-order harmonic generation, another nonlinear pro-

cess that is capable of producing attosecond pulses from few-cycle carrier-

envelope phase locked pulses. The experimental apparatus used to generate

the high-order harmonics as well as characterise them will be presented and,

finally, the preliminary results suggesting the production of isolated attosec-

ond pulses are given.

Chapter 5 will detail the development of a new type of interferometer for use in

attosecond pump-probe experiments, the Gouy phase interferometer. An

introduction to the Gouy phase as well as the details of the alterations
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made to the high-order harmonic generation apparatus of Chapter 4 will be

discussed. Measurements of the temporal coherence of the emitted radiation

as well as a first-order theory that explains the operating principle of the

interferometer are presented. Finally, the ultimate timing resolution of the

interferometer is also investigated.

Chapter 6 provides some conclusions and future directions for this work.



Chapter 2

Few-cycle lasers

In this chapter the history of ultrafast optics will be discussed, culminating in the

development of a reliable, few-cycle mode-locked laser that has carrier-envelope

phase locking provided by the f-2f interferometer technique. The chapter will

then finish with an overview of the laser system that will be used to conduct the

experiments contained in this thesis.

2.1 Mode-locked lasers

Laser mode-locking has been described as one of the most striking interference

phenomena in nature [12] and, with its development, has given birth to the field

of ultrafast optics [18, 19, 20]. By allowing for a large number of longitudinal

modes, all coherent and phase-locked, to oscillate simultaneously in a laser cavity,

the resultant field destructively interferes to zero except for a short period of time

where constructive interference occurs. This means that all of the energy of the

radiation is confined and concentrated into a quick burst when all of the modes

constructively interfere together. If the round-trip time of a cavity is Trep, then

the longitudinal modes are separated in frequency by 1/Trep and the constructive

interference effect will be repeated at any fixed position also with a period of Trep.

This can be thought of, in a simple picture, as a short pulse circulating the laser

cavity with a partially reflective mirror used to output a copy of the pulse after

each round trip. The pulse duration of a mode-locked laser, τp, is approximately

calculated by the round-trip time of the laser cavity, Trep, and the number of

phase-locked modes within the cavity, N , [17]

τp ≈
Trep

N
. (2.1)

9
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The peak power, Ppeak, of the pulse exiting the mode-locked laser cavity is also

given by a similarly simple approximation involving the average output power,

Pave,

Ppeak ≈ NPave . (2.2)

In order to acheive higher powers and shorter pulse durations, a greater number

of phase-locked modes have to co-exist within the laser cavity. The laser gain

medium, therefore, has to have a broad lasing bandwidth to produce such pulses.

2.1.1 A brief history

Early mode-locked lasers were able to produce pulses of durations less than 100 ps

and used solid-state laser gain media such as ruby, Nd:YAG or Nd:glass. In these

systems mode-locking was initiated with either active loss modulation (e.g. with

an electronically driven Pockels cell or acousto-optic modulator) [21, 22, 23], or

by a passive technique with a saturable absorber [24, 25]. The saturable ab-

sorber technique was found to have a faster response time which led to shorter

pulses being created. By using the saturable absorber in the cavity, a loss is

introduced for less intense light making the formation of pulses with a greater

intensity preferable and, thus, initiating mode-locking. This first generation of

passively mode-locked solid-state lasers were limited by the response time of the

organic saturable absorbers being used, and produced pulses with durations on

the order of picoseconds.

The next generation of mode-locked laser would break the 1 ps barrier by

shifting from a solid-state gain medium to organic dyes. A continuous-wave or-

ganic dye laser that was mode-locked by a saturable absorber in a laser cavity

that had been compensated for astigmatism [26, 27, 28, 29], broke the limitation

of the saturable absorber’s response time by introducing a new effect of gain sat-

uration in pulse formation [30, 31, 32]. The first result of a pulse shorter than

1 ps was reported by Ruddock and Bradley in 1976 [33]. Further development of

the passively mode-locked dye laser resulted in the breaking of the 100 fs barrier

[34, 35] and when low-loss Brewster-angled prism pairs were also included in the

cavity [36, 37], pulses as short as 27 fs were observed directly exiting the laser

oscillator [38, 39].
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The current generation of mode-locked laser are again based around solid-state

gain media, after the doping of various host crystals with transition-metal ions

was found to provide laser transitions with much greater bandwidths than any

dye solution. For example, sapphire doped with titanium ions (Ti:Sapphire) has a

gain profile from 600 nm through to 1100 nm offering greater than 100 THz in the

near-infrared region. If this entire spectrum were to be filled with phase-locked

longitudinal modes, pulse durations down to 1 fs could be supported. Other ex-

amples of crystal that can act as mode-locked laser gain media along with the

gain bandwidth are Cr:Yag (1.1 µm to 2.0 µm), Cr:Forsterite (0.7 µm to 1.5 µm)

and Cr:LiSGaF (0.7 µm to 1.3 µm) [40, 41, 42, 43]. Using these crystals along

with a technique known as self-mode-locking, the entire lasing bandwidth could

be utilised to routinely generate few-cycle pulses [44].

2.1.2 Self-mode-locked lasers

As discussed previously, the technique of mode-locking a laser using a saturable

absorber is limited owing the finite relaxation time of the absorber and the gen-

eration of a few-cycle light pulse seemed unlikely. However, in the early 1990s,

researchers realised that self-focusing in the laser crystal, an effect that causes

intense light to converge to a focus more rapidly than predicted by linear optics,

could be coupled with an intra-cavity aperture and would act like a near instan-

taneous saturable-absorber [45, 46, 47, 8]. Figure 2.1 depicts how the aperture

allows more of the high intensity pulsed beam through, making this mode of

propagation preferable to a less intense continuous-wave mode. In practice, an

aperture isn’t required as the transverse gain profile of the laser cavity can be

altered to favour the self-focusing pulses . The effect is called Kerr-lens mode-

locking (KLM) and is the current state-of-the-art in passive mode-locking.

Refinements to the KLM technique allowed access to pulse durations much

shorter than 100 fs in a Ti:Sapphire crystal by introducing a negative group delay

dispersion (GDD) to the cavity with a pair of prisms [36]. GDD is the second

derivative of the spectral-phase with respect to the angular frequency and de-

scribes the chromatic dispersion of a laser pulse through a medium with units

of fs2. For most materials, the GDD has positive sign and offsetting this with a
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Laser Crystal

High intensity
passes aperture

Figure 2.1: A schematic depicting how Kerr-lens mode-locking works. The self-
focusing in the crystal is more for intense pulses than it is for continuous-wave,
causing the pulses to make it through the aperture beyond.

negative amount to give a total GDD of nearly zero results in shorter pulses as

more spectral bandwidth is able to be oscillating in-phase. When combined with

self-phase modulation (SPM), the spectral bandwidth of the pulse is broadened

further while keeping the pulse duration similar. By introducing the negative

GDD, the pulse is compressed. This interplay between SPM and negative GDD

gives rise to a stable soliton and the interplay is represented in figure 2.2 [47].

SPM -ve 
GDD

E

t

ω

I

Figure 2.2: An overly simplified illustration of how the interplay between self-
phase modulation (SPM) in the laser crystal and the introduction of negative
group delay dispersion (GDD) results in pulse compression.

With this technique, the limiting factor to the pulse duration becomes a small

linear modification to the GDD’s dependence on wavelength and is known as

the third-order dispersion, D3. Now the total GDD of a cavity is given as,

D(ω) = D + D3(ω − ω0) and it was found that the mode-locking became in-

creasing unstable as τp → |D3/D| [48]. This was initially overcome by selecting

prism pairs made of fused-silica as it has the smallest third-order dispersion to
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GDD ratio and pulses in the 10 fs regime were able to be routinely generated in

Ti:Sapphire [49, 50, 51, 52, 53].

The limitation imposed by third-order dispersion was overcome by the devel-

opment of the chirped multi-layer dielectric mirror [54]. These mirrors consist

of numerous layers of dielectric material that each reflect a different wavelength,

effectively introducing a wavelength dependent phase delay. A mirror can be de-

signed to give a constant negative GDD as well as compensate for higher-order

dispersion over a desired wavelength range. Recent developments with these

mirrors have yielded high reflectivity over a bandwidth > 200 THz and with dis-

persion control spanning > 150 THz and have allowed for sub-6 fs pulses to be

generated directly from mode-locked laser oscillators [55, 56, 57]. These lasers

are known as mirror-dispersion controlled (MDC) Kerr-lens mode-locked (KLM)

lasers and typically use a Ti:Sapphire crystal that has a central wavelength of

800 nm. This wavelength corresponds to a period of only 2.7 fs so it leads that a

sub-6 fs pulse only consists of a few optical cycles, making these the first few-cycle

lasers. Ultimately, the progression of the ultrafast optics field has been aston-

ishing. The rapid evolution of the femtosecond Ti:Sapphire laser has resulted in

the pulse duration decreasing by two orders of magnitude and the peak power

increasing by four orders of magnitude in only thirty years.

2.2 The laser system

The few-cycle laser system used for the experiments contained in this thesis

is commercially available from Femtolasers (model: Femtopower Compact Pro

CE-Phase) and consists of a Ti:Sapphire mode-locked oscillator, a multi-pass

chirped pulse amplifier, and two pulse compression stages: a prism compressor

and a neon filled hollow core fiber with broadband double-chirped mirror set for

spectral broadening and compression into the few-cycle regime. The system gen-

erates carrier-envelope phase locked pulses as short as 5.2 fs at FWHM with up

to 0.3 mJ of energy to give a peak power exceeding 50 GW. In this section, the

four components of the laser will be discussed.
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2.2.1 Mode-locked oscillator

The first section of the laser system is a KLM oscillator with MDC (model:

Femtolasers Rainbow) that produces sub-7 fs pulses at a repetition rate of

∼ 80 MHz from a Ti:Sapphire gain medium, giving a central wavelength of

∼ 780 nm over a ∼ 240 nm bandwidth. A schematic representation of the os-

cillator is displayed in figure 2.3. The crystal is optically pumped by a laser

producing 3 W of 532 nm light (model: Coherent Verdi-V5) and the pumping

beam passes through an acousto-optic modulator (AOM) before being focused

into the crystal. This AOM provides intensity modulation for the purpose of

locking the carrier-envelope offset frequency of the oscillator.

Coherent V5 Pump Laser

AOM
Ti:Sapph.

Start Button
Stability Range

Crystal Position

APD

To Diagnostics

To Stretcher

PPLN

Figure 2.3: The optics of the mode-locked oscillator. The output light is directed
on to the stretcher and amplifier section. Figure from [58].

The cavity consists of two arms on either side of the crystal and is designed

such that the long-arm is twice the length of the short-arm. On the short-arm

is the cavity end-mirror while the long-arm contains the output-coupler, a par-

tially transmissive mirror that allows for a small amount of the cavity energy to

escape. The output-coupler is wedged at 10◦ to prevent back-reflections from the

opposing face re-entering the laser cavity. A matching wedge is placed very close

to the output-coupler and translating this allows for the extra-cavity GDD to

be optimised. A pair of intra-cavity double-chirped multilayer dialectric mirrors

(DCMs) provide the negative GDD and a pair of wedges allow for the ultimate

GDD of the cavity to be minimised as close to zero as possible.

Mode-locking is initiated by translating the crystal position towards the pump

laser from the point of maximum continuous-wave (CW) power (> 480 mW at
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max to ∼ 420 mW). The stability range of the cavity is then moved in by trans-

lating the curved mirror towards the crystal. As this is done, the end-mirror on

the short-arm of the cavity is rocked back and forth (via the ‘start’ button) to in-

troduce a perturbation which begins the formation of pulses. Once mode-locking

has been initiated the average power drops to ∼ 200 mW (equivalent to a pulse

energy of ∼ 2.5 nJ) and the colour of the output beam becomes bright red, indi-

cating that the spectral bandwidth has been greatly increased. Fine adjustment

of the stability range is used to reduce any CW component in the output which

is visible on a spectrometer as a large spike at 760-820 nm. Adjustment screws

embedded in the laser’s breadboard allow for easy manipulation of the crystal

position and the stability range.

The carrier-envelope offset frequency of the pulses exiting the oscillator are

locked with the monolithic CEP stabilisation technique. A periodically-poled

magnesium oxide doped lithium niobate crystal (PP-MgO:LN) generates the light

at > 1350 nm by DFG and SPM which are interfered on an InGaAs avalanche

photodiode to produce the carrier-envelope offset frequency signal. The signal

from the photodiode is fed into locking electronics (model: Menlo XPS800) which

produces a feedback signal to the AOM on the pump beam. In this laser system,

the carrier-envelope offset frequency is locked to one quarter of the repetition

rate (which is measured by a photodiode in the stretcher section), thus ensuring

that every fourth pulse has an identical carrier-envelope phase. The intra-cavity

wedges also allow for coarse adjustment of the carrier-envelope offset frequency,

as the locking electronics only provides a small range of movement. These lock-

ing electronics are referred to as the fast phase lock due to it operating at RF

frequencies > 10 kHz.

2.2.2 Stretcher & amplifier

For the few-cycle pulse to be utilised in nonlinear optics experiments, the energy

contained within it needs to be amplified from single nJs to hundreds of µJs or

increased by greater than five orders of magnitude. However, if the few-cycle

pulse is amplified straight out of the oscillator, the short pulse duration would

give rise to an intensity well above the damage threshold of the gain medium.

To overcome this problem, the pulse is temporally stretched from fs to ps in a
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scheme known as chirped-pulse amplification (CPA) [59, 60]. In this laser system,

the few-cycle pulses are stretched by retro-reflecting them through a 5 cm length

of Schott SF57 glass which introduces positive GDD. This stretching section is

shown in figure 2.4 and includes a set of third-order dispersion (TOD) compen-

sating mirrors. The TOD mirrors precompensate the pulse for the third-order

dispersion that is collected in the amplifying section and the number of bounces

on these has been set in the factory. A photodiode after the stretcher is used to

measure the repetition frequency of the oscillator for the carrier-envelope phase

lock and also to provide synchronised timing signals to the amplifier section.

TOD Mirrors

Optical Isolator

PD

Stretcher

To Ampli�er

From
Oscillator

Figure 2.4: Continuing on from the oscillator, the pulse encounters the stretcher
and amplifier section. After exiting here, the pulse is compressed in the prism
compressor. Figure from [58].

The amplification is provided by passing the pulse train through another

Ti:Sapphire crystal that is held in a small vacuum chamber and mounted on

a Peltier that is cooled to 243 K to maximise the gain. A Nd:YLF Q-switched

laser (model: Coherent Evolution-15) pumps the crystal with an average power

of ∼ 8 W. The 80 MHz pulse train from the oscillator is divided down to ∼ 1 kHz

by a Pockels cell after having undergone four passes through the amplifier. Plac-

ing the Pockels cell at this point also helps to minimise amplified spontaneous

emission in the output. A Berek compensator is used to fine-tune the Pockels

cell polarisation contrast, enabling the contrast of the pulse selected for further

amplification to be better than 104 : 1 relative to any pre- or post-pulse. The

contrast ratio is measured by a photodiode and neutral density attenuation filters

located after the amplification stage.

After the Pockels cell, the 1 kHz pulse train is amplified further with another

five passes through the crystal. The ultimate energy of the output is > 1 mJ or

an increase of approximately six orders of magnitude from the initial input. The

alignment of the nine passes through the amplifier is simplified by the use of two
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Pockels Cell

Peltier-Cooled
Ti:Sapphire

From Stretcher

To Prism Compressor

Pump Beam & Optics

Figure 2.5: Continuing on from the oscillator, the pulse encounters the stretcher
and amplifier section. After exiting here, the pulse is compressed in the prism
compressor. Figure from [58].

aperture plates, with each plate having nine holes – one for each pass, that have

been pre-positioned in the factory. These apertures are generally only used when

the alignment is being set for the first time or after the input beam has been

moved by a long distance. Day-to-day peaking of the amplifier is achieved by

maximising the output power as measured by a thermal power meter, typically

yielding 1.0-1.1 W.

2.2.3 Prism compressor

To counteract the temporal stretching of the pulse in the chirped-pulse amplifier,

a prism compressor is employed to introduce a variable amount of negative GDD

to the pulse [61]. Figure 2.6 shows the optical layout of this section. Consisting

of two Brewster-angled prism pairs separated by an air path of ∼ 5 m, the prism

compressor reduces the pulse duration to 28 fs. The prisms are made from a

material with a low group velocity dispersion (GVD is the amount of GDD per

unit length) and third-order dispersion. One prism pair is mounted on an angular

translation mount that allows for the amount of GDD given to the pulse to be

altered. The pulses are retro-reflected back through the prisms to ensure that

the introduced spatial dispersion is properly reversed.
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Angular Translation
Stage

From Ampli�er

To Hollow-Core
Fiber Compressor

Figure 2.6: The optics of the prism compressor which follows on from the stretcher
and amplifier section. The hollow-core fiber follows on from here. Figure from
[58].

2.2.4 Hollow-core fiber compressor

The final section of the laser system compresses the now ∼ 30 fs pulses into the

few-cycle regime with spectral broadening and the introduction of more negative

GDD. As the pulses exit the amplifier and prism compressor sections, the spec-

tral bandwidth has been reduced to ∼ 50 nm which is too small to support a

few-cycle pulse. This is due to gain narrowing in the Ti:Sapphire crystal as well

as the narrow bandwidth of the optics used in these sections. In a technique

similar to the interplay between SPM and negative GDD shown earlier (figure

2.2), SPM is used to spectrally broaden the bandwidth of the pulse in a neon

filled hollow-core fiber. Here, the fiber acts as a waveguide to keep the inten-

sity of the pulses large over the 1 m interaction length to increase the amount

of SPM the pulses undergo. Neon gas is used as it has a large ionisation en-

ergy which reduces the chance of multi-photon ionisation in the fiber, a process

that is detrimental to the SPM broadening. Figure 2.7 shows the set up of the

hollow-core fiber, located after the prism compressor. A lens is used to focus the

pulse train into the glass capillary which is placed inside a pressure vessel with

thin viewports at Brewster’s angle on either end. This pressure vessel is then

able to be translated with two, 2-axis manipulators placed at the start and end

of the fiber. The pressure of neon inside the vessel is ∼ 1 bar above atmosphere

and is controlled via a regulator directly attached to the gas cylinder. The entire

pressure vessel and gas line can be evacuated with a diaphragm pump (model:

Pfeiffer MVP-015-2) and is done so daily to reduce gas impurities in the fiber

chamber.

After passing through the hollow-core fiber, the pulse train is then compressed

into the few-cycle regime by means of nine reflections on a double-chirped mirror
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Figure 2.7: Hollow-core fiber and DCM set where the final compression to the
few-cycle regime occurs.

(DCM) set which introduces a total of −400 fs2 of GDD. This overcompensates

the amount of positive GDD present in the pulse and allows for the beam to be

transported to other experiments as travelling through air introduces more posi-

tive GDD. A pair of fused silica wedges (wedge angle of 2.0◦) is used to fine tune

the total amount of pulse chirp and the insertion is such that the pulse duration is

optimised at the point of the experiment. A beamsplitter can be flipped into the

beam path and allows for diagnostics to be performed on the beam through an

autocorrelator (pulse duration) and spectrometer (central wavelength and spec-

tral bandwidth). Typical pulse duration after the DCMs is < 5.6 fs with pulses as

short as 5.2 fs being measured and a central wavelength of ∼ 800 nm with some

250 nm of bandwidth. The pulse energy directly after the DCMs is ∼ 300 µJ

which means peak powers greater than 50 GW can be generated by this system.

Also located in this section is an f-to-2f interferometer (model: Menlo APS800)
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that is used to stabilise the carrier-envelope phase after the amplifier, as thermal

fluctuations in the crystal can cause long-term drifts. In order to operate at the

1 kHz repetition rate of the few-cycle pulses, this interferometer contains a spec-

trometer to resolve the interference between the two components. The position

of the fringes observed in the spectrum allow a measure of the carrier-envelope

phase to be calculated. The spectrum is fed into a computer program to calcu-

lates any drift of the carrier-envelope phase and generates an offset voltage that

is applied to the fast phase lock electronics. The software offers a way to shift

the carrier-envelope phase by up to 4π, although this can be achieved manually

by varying the wedge insertion. This f-to-2f interferometer is known as the slow

phase lock.

2.3 f-to-2f interferometer for carrier-envelope phase

locking

As mentioned in the previous section, a mode-locked laser essentially consists of

a large number of coherent longitudinal modes that constructively interfere for a

short period of time that results in a pulse at the output coupling mirror. Figure

2.8 depicts a series of three few-cycle pulses after they exit the laser cavity. The

carrier-envelope phase of these pulses may not be the same as the pulse envelope

travels at the group velocity whereas the carrier wave moves at the phase velocity.

These velocity difference originates mostly from refractive index of the laser gain

crystal. Due to the periodicity of the carrier-wave, the mismatch of the group

and phase velocity can be expressed as a constant phase shift from pulse to pulse,

∆φ. This quantity can be measured (and ultimately controlled) by making use

of the optical metrology technique of frequency combs [62, 63, 64].

If the pulse train in figure 2.8 is converted from the time domain to the

frequency domain via a Fourier transform, the longitudinal modes of the pulse

become apparent as in figure 2.9. The frequency spectrum of a pulse train is

known as a frequency comb and the spacing of the modes is the repetition rate

of the laser, frep. If ∆φ was equal to zero, the comb lines would start at f = 0

and the nth line’s frequency would be given by fn = nfrep. However, having a

non-zero ∆φ leads to the introduction of another frequency that offsets the comb
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Figure 2.8: As the pulses exit the laser cavity, any difference between the group
and phase velocities causes the carrier-envelope phase to shift by ∆φ between
consecutive pulses.

lines and is called the carrier-envelope offset frequency, f0. Its relationship to the

repetition rate of the pulse train is represented by the following formula [64],

2πf0 = ∆φfrep . (2.3)

Now the frequency of the nth comb line is given by,

fn = nfrep + f0 . (2.4)

Using the frequency comb, optical metrologists have been able to make the most

precise measurements of atomic transitions by mixing the output from a mode-

locked laser with another laser that is locked to the transition and measuring the

resultant beat note with a power detector (frequency difference between nearest

comb line and the transition). There are several reviews that cover this research

and the evolution of the frequency comb in detail [65, 66]. This thesis is only

concerned with the application of frequency combs to provide a method for sta-

bilising the carrier-envelope phase of few-cycle pulses.

In order to stabilise the carrier-envelope phase of a mode-locked laser, the

frequency comb that is generated has to span at least one octave in frequency

space (i.e the bandwidth extends from f → 2f) to allow the carrier-envelope

offset frequency to be retrieved. The technique for doing this was developed by
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Figure 2.9: In frequency space, the output of the mode-locked laser consists of
a comb. When this is frequency doubled using an appropriate second harmonic
generation method, the overlapping fringes interfere. The interference can be
measured with either a fast photodiode or a spectrometer and the carrier-envelope
offset frequency can be determined and then locked.

Nobel laureates Hänsch and Hall and is called the f-to-2f interferometer [67, 68].

If the frequency comb is passed through a frequency doubling crystal (using the

χ(2) nonlinear phenomenon of second harmonic generation), the nth comb line

becomes

fn(SHG) = 2(nfrep + f0) . (2.5)

If this frequency doubled line was towards the red end of the spectrum, it can be

interfered with the non-doubled comb line at 2n to yield the difference,

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

= f0 . (2.6)

This can be measured by several ways which depend on the magnitude of f0. In

this work, as we will see in the next section, a fast photodiode is used to measure

f0 from the oscillator (frep ≈ 80 MHz) and a spectrometer is used after the am-

plifier (frep ≈ 1 kHz).

Early methods for locking the carrier-envelope offset frequency required the

repetition rate to also be stabilised and hence the length of the cavity. This

was accomplished by two piezoelectric devices being attached to an intra-cavity
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mirror placed after a dispersion compensating prism pair. Varying the trans-

lation and the tilt stabilises the repetition rate and the carrier-envelope offset

frequency respectively [68]. Recent methods for locking f0 differ slightly from the

original f-to-2f technique; the method employed by our oscillator interferes light

near 1400nm with one component produced by difference frequency generation

(DFG) and the other from SPM. Both components are generated in a single non-

linear crystal and the technique is known as monolithic carrier-envelope phase-

stabilisation [69]. Amplitude modulation of the pumping laser is then used to

vary f0 through nonlinearities in the crystal (Kerr phase shift, Raman frequency

shift) [70]. In our laser the carrier-envelope offset frequency is locked to a quarter

of the repetition rate of the oscillator. Doing this negates the need to stabilise

both f0 and frep individually and produces pulses such that every fourth pulse

has identical carrier-envelope phase. The Pockels cell in the amplifier is timed

to transmit pulses such that every amplified pulse has the same carrier-envelope

phase. To achieve this, the Pockels cell timing is derived by dividing the carrier-

envelope offset frequency by a whole number.

Once the carrier-envelope phase is locked between successive pulses, the phase

can be shifted by varying the insertion of a thin optical element such as a pair of

wedges. As the group velocity (the speed the pulse envelope travels at) is different

to the phase velocity (the speed of the carrier wave), the length of material that

a pulse passes through will determine the carrier-envelope phase at the output.

The shift in carrier-envelope phase is

∆φ(L) = 2πL
δn

δλ

∣∣∣∣
λ0

, (2.7)

where L is the length of material and λ0 is the central wavelength of the car-

rier. For fused silica, the ratio of ∆φ/L = 1.077 × 105 rad./m. With a pair of

wedges angled at 2.0◦, this translates to a wedge insertion of 1.67 mm to vary

the carrier-envelope phase by 2π. This wedge insertion is sufficiently large that,

when combined with a high-accuracy translation stage, allows for fine tuning of

the phase.
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2.4 Measuring the pulse duration

Historically, since the generation of sub-100 ps pulses, it was necessary to devise

a method to measure the pulse duration as direct observation with a photodiode

or other electronic device did not provide a suitably fast response time. Autocor-

relation techniques were developed that relied on a nonlinear optical element to

provide a, usually, second-order mixing process that has a sufficient bandwidth

to recreate the pulse envelope [71, 72, 73]. More recently interferometric auto-

correlation allowed for the accurate characterisation of few-cycle pulses as the

number of electric field oscillations within the pulse envelope is retrieved [74].

The optical layout of the interferometric autocorrelator used for determining the

pulse durations in this thesis is shown in figure 2.10.

Piezo Delay
Stage

50:50 Beamsplitter

Retrore�ector

SHG Crystal

Short-Pass
Filter

Photodiode

Focusing Mirror

Figure 2.10: The optics of the autocorrelator.

Essentially, the autocorrelator consists of a Michelson interferometer with a

beamsplitter that has one half coated on one side and the other half coated on

the other side. Using this beamsplitter ensures that each arm of the interferom-

eter passes through the same thickness of coating and substrate. The thickness

of this beamsplitter is 1 mm and this thickness generally has to be accounted

for as the measured pulse duration will include GDD from ∼ 1.44 mm (due to

the 45◦ angle of the beamsplitter) of fused silica. One arm of the interferometer

is fixed while the other contains a piezo-electrically driven translation stage to

introduce a small amount of delay. Once the two pulses are recombined into a

single beam, a mirror focuses the beam into a second-harmonic generation (SHG)

crystal. This crystal has to be very thin to avoid any pulse distortion from GDD

acquired within it. A short-pass filter then allows the frequency-doubled light to
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enter into a photodiode (or photomultiplier tube if the oscillator pulse is being

measured). A proprietary electronics box and software provided by Femtolasers

controls the signal sent to the piezo-stage as well as reads the returned signal from

the photodiode. The software then counts the number of fringes in the autocor-

relation trace and, together with a measurement of the spectrum, calculates the

pulse duration from the central wavelength. Thus both an autocorrelation trace

and a measurement of the spectrum are required to determine a pulse duration

with this setup and figure 2.11 depicts an example of this. The pulse duration,

central wavelength and spectral bandwidth in this figure is 5.6 fs, 800 nm, and

250 nm respectively.
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Figure 2.11: Autocorrelation trace and spectrum of a few-cycle pulse as it exits
the DCMs. The pulse duration is given as 5.6 fs from the central wavelength
of 800 nm and the spectral bandwidth is 250 nm. The time scale on x-axis of
the autocorrelation trace is unknown as the software package calculates the pulse
duration from the number of fringes (4.2 in this case).

The principle of operation of an interferometric autocorrelator is described

here briefly. After the incident pulse is split into two arms by the 50:50 beam-

splitter a variable delay is introduced to one arm. If this delay is zero, the pulses

will recombine in phase so all the power will be transmitted through the SHG

crystal, creating a large SHG signal in photodetection. As this delay increases to
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half the period of oscillation of the light, the pulses will recombine out of phase

by π, causing the amount of SHG from the crystal to be very nearly zero. When

the introduced delay is greater than the pulse duration, the two pulses will ar-

rive at the SHG crystal separately and some amount of light will make it to the

detector. This level is called the background and can be used to tell when the

autocorrelator is in good alignment as the ratio of the maximum at zero delay to

this background level should be 8 : 1 [74]. The carrier-envelope phase cannot be

measured from an interferometric autocorrelation trace.



Chapter 3

Self-focusing in air

3.1 Overview of phenomena

Self-focusing is a phenomenon that affects the propagation of high-intensity laser

beams, causing a collimated beam to focus by altering the refractive index of the

medium it is propagating through.. It was first proposed in a paper in 1962 [75]

and in 1965 the theory of self-focusing was developed [76, 77]. The first exper-

imental observations took place in 1964 [78] and were independently verified in

1965 [79]. It was this early work that fuelled numerous experimental and theo-

retical papers as well as several good review papers [8, 80, 81]. As of 2011 over

1000 papers have been published with ‘self-focusing’ in the title [82], suffice to

say the phenomenon has been well characterised. However, before our work [83],

there were no published investigations of self-focusing with few-cycle pulses.

3.1.1 Self-focusing

In the introduction chapter, the nonlinear terms of the induced atomic polarisa-

tion were presented (equation (1.2)) and it was introduced that from the third-

order term produced nonlinear Kerr effect (equation (1.3)). Presented here is

a more substantive derivation of this effect and also how this leads to the phe-

nomenon of self-focusing.

Consider a monochromatic electric-field that is linearly polarised

E(t) = E0cos(ωt) , (3.1)

27
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where E0 is equal to the electric-field amplitude. The third-order term of the

nonlinear polarisation is

P (3)(t) = ε0χ
(3)E3(t) . (3.2)

Substituting equation (3.1) into equation (3.2) and using a trigonometric identity

to simplify the cos3 term, gives the third-order nonlinear polarisation as

P (3)(t) =
1

4
ε0χ

(3)E3
0cos(3ωt) +

3

4
ε0χ

(3)E3
0cos(ωt) . (3.3)

The first term in this relationship describes third-order harmonic generation of 3ω

from the ω that was incident on the atomic sample. The second term, however,

relates to the nonlinear propagation of the field in the medium and is of interest in

this analysis. It can be shown that for a centrosymmetric medium (i.e. χ(2) = 0)

the total polarisation of the system is

P total(ω) = ε0χ
(1)E(ω) + 3ε0χ

(3)|E(ω)|2E(ω) + . . . (3.4)

≈ ε0χeffE(ω) . (3.5)

Here, the electric-field expression has been Fourier transformed from a function

of t to ω. Polarisability terms higher than the forth order can be ignored as they

are smaller by many orders of magnitude, so the effective nonlinear susceptibility

is

χeff = χ(1) + 3χ(3)|E(ω)|2 . (3.6)

Further simplification of this form allows for the refractive index of a medium

(including linear and nonlinear effects) can be written as

n = n0 + n2I , (3.7)

where n0 is the linear refractive index, n2 is termed the nonliear refractive index

and is related to the nonlinear susceptibility through n2 = (3χ(3))/(4n 2
0 ε0c), and

I is the intensity of the optical field. Equation (3.7) describes the Kerr effect,

one consequence of this effect is the self-focusing of intense light.

Suppose a beam with sufficiently high intensity is traversing a medium in

which the nonlinear refractive index, n2 is positive. If the intensity profile is not

uniform perpendicular to the direction of propagation and distributed such that
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Figure 3.1: A Gaussian beam with a radial intensity profile (blue curve) will alter
the local refractive index of the medium in which it is travelling (red area). If the
nonlinear refractive index term, n2, is positive, the medium will form a positive
or focusing lens. This causes a collimated beam to focus due to it’s own nonlinear
propagation and is known as self-focusing.

it is more intense in the centre. From the Kerr effect, the refractive index the

laser experiences will be larger in the centre of the beam and decrease to the

linear refractive index at a large distance from the centre. Figure 3.1 depicts a

beam with a radial Gaussian intensity profile and the resulting modification of

the refractive index. It is clear that the medium is now acting as a focusing lens

causing the laser to focus itself after some distance. Much work has been done

to establish a relationship for the self-focusing distance, zsf , which is the distance

that a laser focuses after entering a medium. Perhaps the most useful form allows

for an initially weakly focusing beam [84]:

zsf =
0.367ka2√(√

P
Pcr
− 0.852

)2

− 0.0219 + θ

. (3.8)

Here, k is the wavenumber of the laser, a is the initial 1/e2 beam radius, P is the

peak power of the laser, and Pcr is the critical power required for self-focusing

and is a property of the medium. The quantity θ = 0.367ka2/f , where f is focal

length of the optic used to start self-focusing. If the intensity of the laser is high

enough to ionise the medium, the free-electron density of the resultant plasma

also modifies the refractive index. The refractive index of a plasma, nplasma, is

[85]:

nplasma ≈ 1− 1

2

Ne2

mε0
.

1

ω2
0

. (3.9)

where N is the electron number density, e is the charge and m is the mass of

an electron, ε0 is the permittivity of free space and ω0 is the frequency of the
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driving laser. The distribution of plasma is denser towards the centre of the laser

where the intensity is greater, therefore the refractive index is less in the centre

and greater towards the edges. The plasma formation alters the refractive index

of the medium to cause the beam to defocus, which is the exact opposite of the

Kerr effect. Plasma defocusing is small when few-cycle laser pulses are used as

there are not as many intense half-cycles for the medium to be ionised in. In

equation (3.8), zsf is the distance from the focusing element to the beam focus.

The most interesting result from this equation is that the self-focusing distance

relies on the power of the laser beam. We have investigated how the self-focusing

distance undergone by few-cycle laser pulse is affected by the CEP.

The critical power for self focusing is related to the nonlinear refractive index

of the medium, n2, through the following equation [8, 86, 87],

Pcr =
1.86cλ2

16π2n2

. (3.10)

It is important to note that when pulsed lasers are used for self-focusing, n2 is

sensitive to the pulse duration. For a sufficiently long pulse, the alignment of

the nuclei and electrons in the atoms or molecules of the medium will contribute

to the atomic polarisability. However as the pulse duration decreases, the nuclei

have insufficient time to move in the field due to their large mass, decreasing the

dipole of the sample [88]. Therefore if a pulse is shorter than the period of the

quickest molecular vibration, no nuclear motion will be induced and n2 will be

decreased. This effect has been observed in previous measurements as the critical

power for self-focusing in air increased from 5 GW to 10 GW when the dura-

tion of an infrared pulse decreased from 200 fs to 42 fs [89]. The response time

of electrons is much quicker, due to their smaller mass, thus they react almost

instantaneously to an infrared pulse. As this thesis investigates the effect of self-

focusing with few-cycle pulses, the critical power will need to be characterised for

our pulse duration.

3.1.2 Filamentation

An interesting consequence of high-powered lasers self-focusing is the effect of

filamentation. Once the laser has focused to a tight enough spot, the medium
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will be ionised by the high-intensity. The ionisation, or formation of plasma, in

the medium causes the free-electron density to increase which has the effect of

decreasing the refractive index. As more ionisation occurs towards the centre

of the beam, where the laser is more intense, the total refractive index of the

medium as seen by the laser forms a defocusing lens. Thus, once the laser has

ionised the medium self-defocusing occurs. Under certain conditions, the effects

of self-focusing and self-defocusing of the laser can result in an equilibrium such

that a plasma channel, whose length far exceeds the linear Rayleigh range of the

focus, is formed [90, 91, 92, 93]. Filaments in air are visible to the naked eye and

appear blue due to the ionisation of the main component, nitrogen.

Filamentation has many physical applications from laser pulse compression

to atmospheric science. It has been observed that forming a filament can induce

SPM to broaden the spectral bandwidth of pulses such that they can compressed

with DCMs while retaining the CEP stability of the pulse forming the filament

[93, 94, 95]. It has been demonstrated that a 43 fs, 0.84 mJ infrared pulse can

be shortened to 5.7 fs, 0.38 mJ by forming two sequential filaments in argon [96].

In this experiment, the length of the first filament was 10–15 cm and then 15–

20 cm in the second filament stage. Using filamentation for pulse compression

may allow for even higher-powered few-cycle laser pulses to be generated when

compared to using a hollow-core fiber, which can be damaged. Filamentation

is also used for sensing atmospheric conditions by forming a filament in the sky

and observing the propagation from the ground, the location and density of smog

layers, aerosols or biological contaminants can be determined [97, 98, 99]. The

effect can also be used to initiate an electrical discharge by creating a path of

lower resistance between two points and as such can be used to control lightning

[100].

3.2 Experimental layout

In order to investigate the effect of self-focusing using few-cycle laser pulse, the

position of the filament was monitored. Previous work, where the critical power

for self-focusing was measured for different pulse durations [89], used a camera

to measure the 1D line profile of the ionisation in the filament. From the line
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profile, a Gaussian distribution was fitted to it and the centre of the filament was

identified from the offset. The experiments performed in this thesis use a similar

methodology to locate the filament. Figure 3.2 depicts the layout of the appara-

tus used to form and measure a filament. This figure follows on from figure 2.7,

so the inteferometric autocorrelator is not pictured.

CCD
Camera

Perspex Box

Beam
Block

Filament

O�-Axis
Parabolic Mirror

From Laser
Pellicle Beamsplitters

Figure 3.2: The experimental layout of the optics used for the self-focusing exper-
iments. The pellicle beamsplitters are used to attenuate the power of the beam
for investigating the critical power.

The initial measurement of the critical power required the power of the few-

cycle laser pulse to be decreased from its maximum and a set of pellicle beam-

splitters were used for this purpose. Made from a 2 µm nitrocellulose membrane,

each pellicle is so thin that effectively no dispersion is added to the pulse there-

fore keeping the same pulse duration (as confirmed by autocorrelation measure-

ments). There were two varieties of pellicle used, one uncoated that provides

92% transmission (model: ThorLabs BP208) and a coated version providing 50%

transmission (model: ThorLabs BP245B2). Using these pellicles allowed for the

power of the few-cycle laser pulse to be decreased in discrete steps and each was

mounted onto a flip-mount such that they could be inserted and removed in dif-

ferent combinations.

An off-axis parabolic mirror with f = 750 mm was used to initiate the self-

focusing. The mirror had an off-axis distance (OAD) of 130 mm and is designed

such that geometric aberrations are minimised when the beam is incident on

it at an angle given by θ = arctan
(
OAD/f

)
. From the focusing mirror, the

beam passed through a narrow aperture in a sealed perspex box. The box was

used to reduce any turbulence in the airflow that arises from the laboratory’s
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air-conditioning as well as from personnel movements. Turbulence arising from

the convection currents from the plasma were unable to be removed, however any

effect should have averaged out to be relatively constant for all experiments over

the time of acquisition. Of the 750 mm focusing distance, approximately 300 mm

was located inside the box. The filament that was formed at approximately the

focus distance was imaged by a CCD camera (model: ThorLabs DCU223M). After

the filament, a beam block was used to terminate the propagation of the pulse.

The CCD camera and beam block were located inside the perspex box so that

there was only one narrow opening to allow the beam in. From the image ac-

quired by the CCD camera, a Matlab routine was used to sum the rows such that

a 1D line profile of the filament was obtained. Figure 3.3 depicts both an image

of the filament acquired by the CCD camera as well as the 1D intensity profile.

From the profile, the position of the onset of the filament was obtained by either

fitting a Gaussian or by using setting clip levels of the fluorescence. The spatial

direction has been calibrated by placing a ruler at the position of the filament

(without a filament present) and collecting an image. From the ruler markings,

the magnification of the image can be calculated and the size of each pixel gen-

erated. The entire horizontal axis of the camera consists of 1024 pixels and the

spatial extent it was found to occupy was ≈ 37 ± 1 mm (the exact calibration

changed slightly for each experiment). This means that a single pixel corresponds

to ≈ 36± 1 µm and will also be the resolution of this measurement.

0-15 -10 -5 15105-20
Distance from �lament centre (mm)

Figure 3.3: The image of the filament that is captured by the CCD camera is
then converted to an intensity profile. From the intensity profile, the position of
the filament can be determined.

As the autocorrelator is located a short distance away from the filament, the

procedure for optimising the pulse duration was as follows. A spectrometer was
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positioned beyond the filament such that the bandwidth could be measured. An

aperturing iris was then closed such that there was a small amount of spectral

broadening caused by the filament (through multi-photon ionisation and self-

phase modulation). By changing the insertion of a pair of fused silica wedges, the

pulse duration was optimised by maximising the spectral bandwidth beyond the

filament. A shorter, more intense pulse will result in more spectral broadening. If

significant broadening was observed, the iris was shut further and the procedure

repeated. Once the pulse duration at the focus was minimised by the is method,

a separate pair of wedges in front of the autocorrelator were positioned such that

the shortest pulse duration was measured. Using this methodology for producing

the shortest pulse is advantageous as the autocorrelator can be placed before the

pellicle beamsplitters, allowing the duration to be constantly monitored.

3.3 Critical power measurement

Prior to the experiments in this thesis, the shortest pulse duration that was used

to investigate self-focusing was 42 fs [89]. In this previous work, the critical power

for self-focusing in air was measured to be 10 GW. The methodology of this pa-

per was to observe the position of the filament as the power of the pulse was

increased. As long as the pulse energy and duration are measured, the power

can be calculated from equation (1.7) and the pulse shape is defined as Gaussian.

Plotting this data on a log-log graph then reveals the power at which the filament

begins to move towards the focusing element as self-focusing is initiated. This

thesis has recreated the previous experiment except the pulse duration has been

decreased to 6.3 fs.

Figure 3.4 depicts the measurements of the filament’s position as the power of

the laser pulse is varied. Each data point (blue errorbars) consists of 10 filament

images whose centre has been found. The 10 are then averaged together and the

errors from the fits are combined to give the statistical error in each point. The

green line is a horizontal fit to the first three data points and the red line is a

linear fit to the remainder of the log-log data. From the intersection, the critical

power for self-focusing is determined to be 18 ± 1 GW for 800 nm pulses with

a duration of 6.3 fs. The uncertainty in the critical power measurement arises
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Figure 3.4: Measurement of the critical power in air with few-cycle laser pulses
of 6.3 fs duration. The graph is log-log and the intersection of the two lines gives
Pcr = 18 ± 1 GW. The grey band represents the error bounds of the fit. The
y-axis hasn’t been converted to an absolute length as it is not required for this
measurement.

from the statistical error of the linear fits to the data and these bounds have

been represented on the figure. Below 13 GW, the signal-to-noise of the filament

measurement becomes so low that the position cannot be determined.

One of the difficulties in taking this measurement was making an estimate of

where the self-focusing effect began so that the two different line segments could

be fitted to the data. Before self-focusing takes effect, a horizontal fit to the

data should be used and after that a slope needs to be introduced. To make this

estimate, the slope of the last data points was investigated. When the last 5 data

points are used for a linear fit, the retrieved slope is −0.437± 0.024. If the data

point at 19 GW is removed from the fit, the slope changes to −0.485±0.026 which

is statistically equivalent to the slope when the point is included. Including an-

other data point at 17 GW into the fit alters the retrieved slope to −0.357±0.039

which is statistically different to the previous slopes. Therefore, the self-focusing

effect has to begin between 17 GW and 19 GW. The largest uncertainty in the

measurement arises from the linear fit to the first 3 data points.

This is the first measurement of the critical power for self-focusing in air to
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occur at such a short pulse duration. The value of 18± 1 GW is consistent with

the previous measurement of the critical power as 10 GW for a 42 fs duration

and 5 GW for 200 fs [89]. As the pulse duration decreases, the nuclear motion

of the medium does not have time to respond to the electric-field and, as such,

does not contribute to the polarisability of the atom. This decreases the non-

linear refractive index coefficient and, from equation (3.10), increases the critical

power. The role of the ionisation rate on the critical power measurement was not

considered in this work or the previous work [89]. However, any influence on the

focusing distance due to plasma formation should cause the critical power mea-

surement to be overestimated. Any overestimation of the critical power results in

an underestimation of the effect that the CEP of a few-cycle laser pulse has on the

self-focusing distance. As we shall see, this does not affect the investigation below.

3.4 CEP effects in self-focusing

Now that the critical power for few-cycle infrared laser pulses has been charac-

terised, the role of the carrier envelope phase in self-focusing can be investigated

fully. From chapter 1, the CEP of a few-cycle laser pulse determines the peak

instantaneous intensity generated by the pulse. For the 6.3 fs pulse that will

be used, the peak of the instantaneous power (i.e. the squared magnitude of

the electric-field) is decreased by 3.0% as the CEP is swept from 0 to π/2 (i.e.

δCEP = 3.0%). As the self-focusing distance is determined by the power of the

laser alone, does altering the CEP without adjusting any other parameter cause

a shift in the position of the filament? Below, a basic theoretical prediction to

the extent of the shift is made and then the experiment is performed.

3.4.1 Theoretical prediction

In order to make a prediction as to how much the filament should shift as the

peak of the instantaneous power of the pulse is varied through the CEP, a first-

order Taylor expansion of the self-focusing distance, equation (3.8), can be used.

This is represented as

∆zsf =
∂zsf

∂P
∆P , (3.11)
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where ∆P = δCEPPpeak and Ppeak is found from equation (3.10). Performing this

calculation gives the rather complicated expression

∆zsf

z 2
sf

≈
1.362(

√
P
Pcr
− 0.852)∆P

ka2

√
(
√

P
Pcr
− 0.852)2 − 0.0219

√
P
Pcr
Pcr

. (3.12)

Using this crude theory should produce an estimation for the shift in self-focusing

distance that will be observed as a shift in the position of the filament.

The parameters that are used for the experiment are τp = 6.3 fs, Ppeak =

30 GW, λ = 780 nm, a = 2.2 mm, f = 750 mm, and θ = 18.6. As the crit-

ical power measurement is required for the theory, a conservative estimate of

the 1σ upper bound is used. This is Pcr = 19 GW and is used as it will give

the smallest expected shift in the focus (i.e. the lower bound of ∆zsf). Using

these values in equation (3.12) gives ∆zsf = 790 µm. Therefore as the peak of

the instantaneous power is decreased by 3.0% through changing the CEP of the

pulse, the filament should move 790 µm further away from the focusing mirror.

The spatial resolution of the imaging system is ∼ 36 µm a factor of 20 better

than this, so any deviation of the filament should be accurately measured. The

uncertainty in Ppeak is ±0.34% and comes from observation of the pulse energy

on a photodiode throughout the experiment’s duration. The uncertainty in a is

±0.03%, and is found from curve fitting to the measured beam profile. These

correspond to an uncertainty in ∆zsf of ±88 µm and ±8 µm, respectively. Thus,

the largest contribution to uncertainty in the prediction of ∆zsf is from the peak

of the instantaneous power measurement, however the contribution is relatively

small and of the order of 10%.

3.4.2 Experimental observation

The experiment was performed using the apparatus and parameters described

above. To shift the CEP of the laser pulse, the software input of the slow f-to-2f

phase-lock software was used. Using this method of altering the CEP does not

have any noticeable effect on the pulse duration, whereas using wedges can (ex-

periments performed later in the laboratory have shown that small movements
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of the wedge insertion do not alter the pulse duration significantly [101]). For

each CEP, a 100 ms exposure was used for the CCD camera and 10 images in

total were recorded. The onset of the filament was determined by the centre of a

Gaussian fit to the line of the filament or by setting a clip level of the maximum

fluorescence. Both methods were found to give the same analysed result as the

shape of the filament did not change as the CEP was scanned.
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Figure 3.5: The position of the centre of the filament as the CEP of the few-cycle
laser pulse was altered over a 2π range. The phase axis is relative as there is
no way to absolutely measure the CEP. From a sinusoidal fit to this data (blue
errobars), the total deviation of the filament was 180 µm (upper bound of a 3σ
confidence interval), shown as the grey band in the figure. The total predicted
shift was 790 µm.

The centre of the filament as the CEP is shifted by 2π rad is shown in figure

3.5. To these data points, the following sinusoidal curve was fit,

y = 0.5a sin(2φCEP + b) . (3.13)

Here a and b are fitting parameters that define the peak-to-peak amplitude and

phase offset of the data, respectively. As the f-to-2f phase-lock only provides a

way to shift the CEP relative to an unknown absolute position, the phase offset

has to be included. Also, the periodicity of the fit should be π as the peak mag-

nitude of the instantaneous Poynting vector is identical after this shift. From the

fit, a = 52± 43 µm and b = −1.4± 3.1 rad. The a fit parameter gives the extent

of the observed shift of the filament’s position but is almost statistically zero and
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is more than 17σ away from the predicted shift of 790 µm. As this appears to be

a null result, an upper bound with a 3σ confidence interval should be compared

to the theoretical prediction. Therefore, the upper bound of the observed shift in

the position of the filament is 180 µm. This is still more than 4 times smaller than

the predicted shift and is represented on the figure as a grey band. As the pulse

propagates through the air on the way to the focus, there is a small discrepancy

between the group and phase velocities that causes the CEP to change. This

change in CEP could have an effect if it changes substantially over the distance

that self-focusing dominates the pulse propagation. In the experiment described

above, the nonlinear focal length is observed to be ∼ 14 mm shorter than the

linear focus. Therefore the distance over which self-focusing has a significant role

is 14 mm. Over this distance, the CEP of the pulse shifts by roughly 280 mrad

which is approximately the same as the uncertainty in the phase-lock of 300 mrad.

Therefore, the CEP variation is negligible over the self-focusing distance.

The reason for this large discrepancy is not entirely clear although several

aspects of the experiment could be improved upon before definitive conclusions

about the role of the CEP in self-focusing can be drawn. Firstly, the crude

experimentalist-theory of taking the first-order Taylor expansion could be im-

proved. Modelling the electric field propagating in two dimensions and including

other nonlinear effects (e.g. self-steepening [102, 103, 104]) would produce a the-

ory more closely resembling the reality of the experiment. A major assumption

that is made in producing our theoretical prediction is that equation (3.8) is valid

in the few-cycle pulse regime. This equation has not been tested in the region

and the possibility of generating few-cycle pulses was still a distant reality when

it was first reported in 1975. Secondly, turbulence in the air may have had a

larger than anticipated effect on the position of the filament. A 100 ms exposure

from the CCD camera captures the filament formed by roughly 100 pulses so if

the air was very turbulent, any effect could be lost and blurred together. In order

to reduce the exposure time further, a more sensitive CCD would need to be used.

Recent theoretical work by another group has raised some questions about

the methodology used in measuring the critical power for self-focusing. In their

paper, they postulate that the position of the filament is not a good indica-

tor for the occurrence of self-focusing due to the self-defocusing caused by the
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free electron density [105]. From their theoretical simulations, they show that

the power at which the focus begins shifting towards the focusing element is

less than the critical power for self-focusing. Only when multi-photon ionisation

(MPI) is minimised, does the “cross-over” power approach the critical power. As

our experiment is performed in the few-cycle regime the amount of MPI should be

smaller than that generated by a longer pulse. Therefore the measurement of the

critical power from a few-cycle pulse should be close to the actual critical power

of the medium. To avoid the problem of MPI ruining the measurement of the

critical power, future experiments could record the critical power with different

pulse durations. If a plateau is observed in the critical power as the pulse is made

shorter, one could conclude that this is the critical power for self-focusing in the

medium.

3.5 Summary of results

This section detailed the investigation of the critical power for self-focusing as

well as the role played by CEP when few-cycle light pulses are used in air. The

critical power was measured to be 18 ± 1 GW for a 6.3 fs infrared pulse, the

first such measurement in the few-cycle regime. Using this value, a prediction

was formed from a basic first-order theory that posited the self-focusing distance

should change by 790 µm as the CEP of the few-cycle pulse is shifted from 0 to

π/2 rad When the experiment was performed, measuring the position of the fila-

ment over a 2π rad range, we have determined that the filament could not have

shifted by more than 180 µm (the 3σ upper bound). The exact reason for the

large discrepancy between theory and experiment is not exactly known, although

there are several possibilities for improvements to be made before concrete con-

clusions are drawn. At this point, it appears that the CEP does not play any

role in determining the self-focusing distance although the exact reason remains

unknown.



Chapter 4

High-order harmonic generation

One of the ultimate goals of the Australian Attosecond Science Facility is to gen-

erate isolated attosecond pulses that have a duration approaching the electron

orbit time around the nucleus. The nonlinear process of high-order harmonic

generation from carrier-envelope phase locked few-cycle pulses has been demon-

strated as a reliable way for producing such pulses and have been successfully

utilised by other groups to probe electron dynamics at unprecedented temporal

resolution [106, 107]. In the first section of this chapter, the high-harmonic gen-

eration process will be discussed as well as the creation of attosecond pulses when

few-cycle pulses are utilised. The next few sections will detail the apparatus that

has been built for this purpose and the chapter will conclude with some prelim-

inary evidence produced by the system, demonstrating the creation of isolated

attosecond pulses to be utilised by future experiments.

4.1 High-order harmonic generation

First observed in 1988 [108], high-order harmonic generation is a nonlinear phe-

nomenon that results when a linearly polarised electric-field has sufficient inten-

sity to ionise an atomic or molecular medium. After ionisation, the electron can

be accelerated in the field and return to the parent ion. In the event that the

electron recombines with the parent ion a photon is produced. Depending on the

strength and wavelength of the field, photons with energies extending into the

keV region [109] can be produced. As the field is periodic, a burst of photons are

emitted at regular half-cycle intervals. A slowly varying pulse envelope introduces

symmetry between each field half-cycle resulting in identical photon emissions.

The train of photon bursts then interfere to give only odd harmonics. Applica-

tions of high-order harmonic generation include: probing dissociation dynamics

41
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of molecules [110], table-top X-ray sources for use in coherent diffractive imaging

[111], and the creation of sub-fs pulses for probing electronic structures in atoms

and molecules [112]. In this section, the semiclassical model for high-order har-

monic generation is presented as well as how this can lead to the generation of

attosecond pulses.

4.1.1 Semiclassical model

As discussed in the introduction, the intense electric-field generated by a few-cycle

laser pulse can cause an atom or molecule to be ionised. In the semiclassical

model the motion of an ionised electron is taken to be governed solely by the

laser electric field. This can be modelled in a semiclassical manner by making

two approximations [11, 113, 114]. First, that only a single electron is ionised

by the intense laser field and all other electrons only provide screening of the

nucleus. This is known as the single active electron (SAE) approximation and

requires that only the single ionised electron is taken into account. The second

approximation is that the Coloumb force felt by the ionised electron is small in

comparison to the external electric-field and, as such, can be neglected. This is

known as the strong-field approximation (SFA) and is valid when the electron is

quickly removed from the vicinity of the nucleus. Both of these approximations

can be justified to build a simple theory for noble gases in infrared laser fields.

Now, using SAE and SFA, the force acting on the free electron due to the field is

mẍ(t) = qE(t) , (4.1)

where m is the mass and q is the charge of an electron, ẍ(t) is the instantaneous

acceleration, and E(t) is the electric field as defined in equation (1.4). Integrating

this function allows the velocity of the electron to be found [14].

ẋ(t) =
q

m

∫ t

ti

E(t′)dt′ , (4.2)

where ti is the time when the electron is ionised from the atom. Further integra-

tion yields the position of the electron in time,

x(t) =
q

m

∫ t

ti

∫ t′′

ti

E(t′)dt′dt′′ . (4.3)
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For HHG to occur, the electron has to return to the nucleus of the parent ion such

that it can recombine. To determine if an electron returns, the above integral

is solved such that x(tr) = 0, i.e. at some recombination time (tr) the electron

returns to where it began as x(ti) = 0. These electron paths are given by solutions

to
q

m

∫ tr

ti

∫ t′′

ti

E(t′)dt′dt′′ = 0 . (4.4)

E(t)

x(t)

x(t)

t

Figure 4.1: The electric field (red) governs the trajectory of the electrons after
they have been ionised. Here one electron is freed and does not return to the
nucleus (blue), however the electron ionised just after the peak of the electric-field
(green) does. Any electrons that are ionised in the grey shaded area underneath
the peak of the pulse will return to the vicinity of the nucleus.

Figure 4.1 depicts the trajectories of two electrons as given by equation (4.4).

The trajectory in blue indicates that the electron does not return to the parent

ion after it has been ionised, however the trajectory in green, which begins just

after the peak of the electric-field, returns to where it started after half a cycle.

The electrons that return to the vicinity of the nucleus can undergo one of four

possible collision processes:

1. Elastic backscattering, where the electron effectively ‘bounces’ off of the

nucleus.

2. Non-sequential double ionisation (NDSI), resulting in the ionisation of an-

other outer-shell electron.
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3. Inelastic collision, where the electron excites other bound electrons into

higher energy states.

4. Interaction with the parent ion’s nucleus resulting in the emission of an

energetic photon.

It is process four, where an energetic photon is emitted, that ultimately results in

high-order harmonic generation. Figure 4.2 shows a typical spectrum generated

by high-order harmonic generation.

The ionisation events occur every half-cycle so photon bursts are produced at

that periodicity. A long pulse (i.e. the pulse duration is much longer than the

electric field period) has a slowly varying pulse envelope which, as discussed ear-

lier, results in the energy spectrum consisting of well defined odd-order harmonics

of the carrier-wave frequency. However in a few-cycle pulse the symmetric nature

of each half-cycle emission is disrupted and the harmonic orders become less well

defined with the peaks broadening or even becoming indistinguishable. If only a

single half-cycle of the electric-field were present to perform the ionisation, the

energy spectrum would be a continuum with no harmonic orders visible. The

highest photon energy emitted from a recombining electron can be found by find-

ing the maximum returning velocity of the ionised electron from equation (4.2).

The return energy is shown as a function of return time in figure 4.3. This en-

ergy is equal to the cut-off energy of the high-order harmonic spectrum (in the

long-pulse regime) and is given as

Emax ≈ Ip + 3.2Up , (4.5)

where Ip is the first ionisation energy of the atom and Up is the cycle-averaged

kinetic energy of an electron in an oscillating electric-field. This is known as the

ponderomotive energy

Up =
e2I

2cε0meω2

≈ 9.33× 10−20Iλ2 [eV] , (4.6)

where I is the intensity of the laser in W/cm2 and λ is the wavelength of the

carrier-wave in units of nm. These quantities are less well-defined in the few-

cycle pulse regime, however they are convenient in establishing the properties of
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the HHG process.
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Figure 4.2: A typical high-order harmonic generation spectrum.

High-order harmonic generation is not an exclusively perturbative process, as

for it to be perturbative the efficiency of sequentially higher-orders would be ex-

pected to decrease. The plateau region has harmonics with approximately equal

intensity. This means that the process is not governed by any particular χ(n)

term and it arises from the electric field strength being too large for the series

approximation of the atomic polarisability, equation (1.2), to rapidly converge.

For the efficient production of high-order harmonic radiation, phase-matching

of the driving laser and the XUV radiation has to be considered [115, 116, 117].

The emission time of the XUV is intrinsically linked to the electric field of the

driving laser, as this is what determines the electron trajectory. Therefore any

difference in the phase velocity between the XUV and driving laser as they co-

propagate will introduce a phase slip. The coherence length is defined as the

distance when the phase slippage of the XUV and driving laser reaches π rad.

In order to maximise the coherence length, several factors have to be consid-

ered. Perhaps the most obvious is the difference in refractive index of the ionised

generation medium for the driving laser and the XUV. The refractive index is

dependent on the pressure of the gas used and the intensity of the driving laser

due to the plasma density increasing. Another effect that determines the coher-

ence length is the Gouy phase shift of the driving laser. The Gouy phase, φGouy

is a geometric effect that describes the phase of a laser undergoing a π rad phase
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shift as it passes through a focus [118, 17].

φGouy(z) = −arctan(z/zR) , (4.7)

where z is the distance from the focus in the propagation direction and zR is the

Rayleigh range of the focus. To maximise the coherence length, the effect of the

refractive index of the generation medium can be balanced with the Gouy phase

by tailoring the Rayleigh range of the beam focus. If the efficient production of

high-order harmonic radiation is not required for an experiment, phase-matching

effects can be minimised by using a gas at low pressure with a short interaction

length when compared to the Rayleigh range of the driving laser. The HHG

experiments in this thesis operate under these conditions as the aims did not

include maximising the absolute flux of the produced XUV.

4.1.2 Attosecond pulse generation

For quantitative purposes, the semiclassical model has been mostly replaced with

quantum mechanical modelling [119, 120, 121, 122]. In the quantum model of

high-order harmonic generation, the unbound wavefunction of the returning elec-

tron interferes with the bound wavefunction to yield a rapidly oscillating atomic

dipole, however most of the features of this model correspond closely with the

semiclassical picture. One difference, however, is that photons with energy greater

than Ωmax can be generated with an exponentially decreasing efficiency. Within

this region of Ω > Ωmax, the temporal chirp in the emitted photons is minimised

but may still be considerable. Figure 4.3 shows the return energy of electrons

to the nucleus versus their return time as simulated by the semiclassical model

given previously. From this figure, for every possible photon energy, there are two

trajectories that the electron could travel and are known as the long and short

trajectories. Photons released near the cut-off region can only originate from a

single trajectory. Thus if the harmonics generated in this region are spectrally

filtered by using a bandpass filter centred around Ωmax, near bandwidth-limited

pulse durations (i.e. pulses containing minimal chirp) can be achieved. If suffi-

cient bandwidth is filtered out, pulse durations of sub-fs are possible. These are

known as attosecond pulses.

By utilising a few-cycle pulse, the maximum intensity can be confined to
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Figure 4.3: The return energy versus the return time of electrons that are ionised
in a cosine-shaped pulse. The maximum energy is found to be ≈ 3.2Up and
corresponds to the high-order harmonic cut-off.

only one or two half-cycles of the electric-field by using a cosine or sine pulse,

respectively. If a cosine pulse is used, only one attosecond pulse will be produced

in the cut-off region per laser pulse. This means that the harmonic structure

will not be visible and the cut-off region will appear to be smooth. A sine pulse

will yield two identical attosecond pulses one half-cycle apart from each other

per laser pulse. This allows the harmonic structure in the cut-off region to exist.

Therefore, if a carrier-envelope phase locked few-cycle pulse is used to generate

high-order harmonics, the modulation depth of the harmonics in the cut-off will

be at a maximum for phases of π/2 and 3π/2 and will be minimised for phases

of 0 and π. This was demonstrated experimentally for the first time in 2001

[123] with direct measurements of the attosecond pulse’s duration achieved using

attosecond streaking. Many similar experiments followed [124, 125, 126].

4.2 Optical layout

The setup for interacting the few-cycle laser pulses with an atomic species is

shown in figure 4.4. In this figure the laser comes from figure 2.7, so the wedges

and autocorrelator are not depicted but are still included in the beam path. The

optics used in this experiment are positioned to allow a tight focus to be posi-
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tioned on the gas jet. The positioning of the focus on the gas jet (the source

of the atoms to be interacted with) has to be accurate and reproducible from

day-to-day and, as such, micrometer actuators are used on any translation de-

vice (where possible). Using the layout described below, it is possible to focus

the beam down to a 1/e2 radius of 40 µm although the beam quality is slightly

reduced.

1mm Thin Viewport

Vacuum Chamber

O�-axis Parabolic
Mirror

Translation Stage

CCD Beam Pro�ler

λ/4

Pellicle
Beamsplitter

Iris 1

Iris 2

z
x

y

Figure 4.4: The layout of the optics used for transporting the few-cycle pulse into
the high-harmonic generation chamber. The two irises allow for the alignment
to be checked and the translation stage is used to move the position of the focus
relative to the interaction region.

A pair of irises are used to align the beam onto the off-axis parabolic mirror

(f = 750 mm). The irises are separated by an air path of 7 m which allows for

more accurate alignment and also to allow the weakly diverging beam to expand

onto the parabolic mirror to give the desired focused waist size and Rayleigh

range in the interaction region. The amount of divergence the beam has can be

increased or decreased by moving the collimating mirror closer or further away

from the hollow-core fiber, respectively (see figure 2.7).
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The off-axis parabolic mirror requires that the incoming and outgoing beams

be separated by 10◦ to give the least astigmatism to the ensuing focus. Further

minimisation of the focal astigmatism can be achieved by rotating the mirror

axially in its mount with approximately 60◦ of rotation giving < 1 mm of astig-

matism in this experiment. The off-axis angle has been achieved by deviating

the input beam which also makes it simpler to translate the focus longitudinally

(z-direction). A translation stage with two mirrors mounted on it ensures this as

long as the input and output beams and the stage’s movement are all parallel.

If any of these are not parallel, small deviations in the transverse position of the

focus will be observed as the stage is translated. The final mirror before the beam

enters the vacuum chamber has precise differential micrometers (25 µm per turn)

to control the position of the focus in both x and y directions.

A thin pellicle beam-splitter (2 µm nitrocellulose) is used to reflect 2% of

the beam power onto a charge-coupled device beam profiler (model: Thor Labs

BC106-Vis) which performs all of the measurements of the focus’ waist size and

Rayleigh range. An ultrabroadband achromatic quarter waveplate (model: Femto

Optics OA229) is used to introduce ellipticity into the linearly polarised beam.

When the beam is elliptically polarised, HHG does not occur permitting a sepa-

rate measurement of any background signal. The beam finally passes through a

1 mm thick fused silica vacuum viewport before coming to a focus in the inter-

action region.

4.3 Vacuum apparatus

The generation and subsequent detection of the high-harmonic radiation is per-

formed inside vacuum chambers to minimise absorption of the created radiation

by atmosphere. The vacuum apparatus can be broken up into two distinct sec-

tions: the generation and then the subsequent detection section; as shown in

figure 4.5.



50 CHAPTER 4. HIGH-ORDER HARMONIC GENERATION

G
en

er
at

io
n 

Se
ct

io
n

D
et

ec
tio

n 
Se

ct
io

n

1

10

7

96

4
5

8

5

3
2

14
13

12

9

8

11

6

Le
ge

nd
1 

 G
as

-je
t a

ss
em

bl
y

2 
  T

hi
n 

gl
as

s 
vi

ew
po

rt
3 

  6
-w

ay
 c

ro
ss

4 
  V

ac
uu

m
 p

re
ss

ur
e 

ga
ug

e
5 

  4
-w

ay
 c

ro
ss

6 
  T

ur
bo

 p
um

p
7 

  G
as

 h
an

dl
in

g 
sy

st
em

Va
cu

um
 ro

ug
hi

ng
 li

ne
Ro

ta
ry

-v
an

e 
pu

m
p

Fl
ex

ib
le

 b
el

lo
w

s
XU

V 
�l

te
r a

nd
 h

ol
de

r
Sp

ec
tr

om
et

er
 c

ha
m

be
r

Sp
ec

tr
om

et
er

 b
el

lo
w

s
XU

V 
CC

D
 c

am
er

a

8 9 10 11 12 13 14

F
ig

u
re

4.
5:

A
to

p
v
ie

w
sh

ow
in

g
th

e
ex

p
er

im
en

ta
l

se
tu

p
fo

r
ge

n
er

at
in

g
h
ig

h
-o

rd
er

h
ar

m
on

ic
s.

T
h
is

sc
h
em

at
ic

is
an

ov
er

v
ie

w
of

al
l

of
th

e
eq

u
ip

m
en

t
an

d
sh

ow
s

th
e

ge
n
er

at
io

n
an

d
d
et

ec
ti

on
se

ct
io

n
s.

M
or

e
d
et

ai
le

d
an

d
la

b
el

le
d

sc
h
em

at
ic

s
ar

e
gi

ve
n

la
te

r
in

th
is

se
ct

io
n
.

A
ll

va
cu

u
m

eq
u
ip

m
en

t
is

d
ep

ic
te

d
in

b
lu

e,
th

e
ga

s
je

t
an

d
it

s
as

so
ci

at
ed

ga
s

li
n
es

ar
e

in
re

d
,

th
e

fi
lt

er
h
ol

d
er

is
in

p
u
rp

le
an

d
th

e
co

m
p

on
en

ts
th

at
fo

rm
th

e
sp

ec
tr

om
et

er
ar

e
in

gr
ee

n
.



4.3. VACUUM APPARATUS 51

4.3.1 Generation section

The generation chamber is where the few-cycle pulse interacts with a gas species

resulting in the creation of high-harmonic radiation and a schematic is shown

in figure 4.6. A six-way cross with 6” ConFlat (CF) flanges forms the central

chamber and the gas jet assembly is mounted on one of the flanges. The few-

cycle laser enters through a 23
4
” viewport that is mounted on an adapter piece

to connect to a flange on the cross. Directly opposite this flange is where the

radiation enters the filter and spectrometer section. On the top of the six-way

cross, another viewport is mounted to allow for the alignment of the laser with

the gas jet, which is mounted from a single 6” flange. Across from the gas jet

mount is a four-way cross with two 6” and two 23
4
” CF flanges and it is from this

cross that the vacuum pump and measurement is attached.

Vacuum measurement is performed by a full-range pressure gauge (model:

Pfeiffer PBR-260 CompactGauge) that consists of a Pirani (103 – 10−2 Torr)

and a Bayard-Alpert ionisation gauge (10−2 – 10−9 Torr). The vacuum pump for

the generation chamber is mounted to the remaining 6” flange and is a turbo-

molecular type provides a pumping speed of 350 L/s in N2 (model: Varian

TV-551 Navigator) at a rotation speed of 700 Hz. This pump provides a back-

ground chamber pressure in the order of 10−8 Torr however, when the gas jet

is operational, the chamber pressure climbs as high as 10−2 Torr which requires

the rotational speed of the pump to be lowered to 330 Hz so the turbo does not

overheat. The backing of the turbo pump is provided by a 450 L/min rotary-vane

pump (model: Pfeiffer DUO-20-M). Pressure in the backing stage is measured

by a Pirani gauge (model: Pfeiffer TPR-280) with typical pressures of 10−3 Torr

and 1 Torr when the gas jet is off and on, respectively. A valve between the rotary-

vane and turbo pump is used to regulate the speed that the apparatus is initially

roughed at to avoid damage to the thin metal filter located in the filter section

further down the beam path.

The ultimate goal is to minimise the total amount of background gas in the

experiment to avoid absorption of HHG radiation and hence it is a requirement to

keep the pressure as low as possible in every part of the apparatus. The minimi-

sation of gas flow from the generation region to the other parts of the apparatus is

through the use of an oversized copper gasket with a 1 mm conductance aperture
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Figure 4.6: Top view of the generation section of the high-harmonic generation
experiment. The few-cycle pulse enters through the thin viewport from the left
and interacts with the gas jet in the centre of the chamber. We also show the
vacuum equipment used for maintaining and measuring the pressure in this sec-
tion. The rotary vane pump is placed on the floor beneath the turbo, rather than
in the plane of the experiment as depicted.

between the sections limiting the flow of gas. The aperture also helps with the

initial alignment of the laser to the experiment. Since some power is lost when

the beam passes through the aperture, we can ensure the beam path is properly

aligned by maximising the power transmitted through the aperture..
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4.3.2 Detector section

After the HHG radiation passes the conductance aperture, it enters the filter and

spectrometer chambers where the XUV is filtered and analysed. An overview of

this section is depicted in figure 4.7. The filter chamber consists of a four-way

cross with two 6”, a 23
4
”, and a 41

2
” CF flanges and is supported by the connec-

tion of the 41
2
” flange to the spectrometer. This allows for the entire section to

be positioned by micrometer actuators mounted to the base of the spectrometer

chamber, with the independence from the generation section being achieved by

the inclusion of a hydraulically-formed bellows. The specifics of the spectrometer

are discussed in more detail later.

The vacuum in this section is provided by a single 250 L/s turbomolecular

pump (model: Varian V-250) and is mounted to a 6” flange on the filter cham-

ber. This turbo is backed by a rotary-vane pump (model: Edwards E2M2) with a

pumping speed of 40 L/min. The background and operational pressures of the fil-

ter and spectrometer section are not monitored as there is a risk that by-products

from a pressure gauge could damage the delicate grating. The operating power of

the turbo pump can be monitored to ensure there are no leaks in the system with

a background power of 10 W and an operating power of < 30 W being typical.

4.4 Gas jet

Located in the centre of the generation chamber is the gas jet that provides the

gas to the interaction region. As mentioned previously, this assembly is mounted

on a 6” CF flange directly opposite the turbo pump which allows for the gas

exiting the needle to be quickly removed from the chamber, lowering the pressure

in the subsequent section. The gas jet assembly is shown in figure 4.8 where the

jet is formed by a stainless steel hypodermic syringe with an inner diameter of

200 µm. The syringe’s needle has to be cut to remove an unwanted plastic end

and this is done by scanning it through the focused output of the Femtolasers

amplifier. This piece is then glued into a larger hypodermic needle with an outer

diameter of 1.2 mm with Torr Seal as the larger needle is more convenient to

hold in place and allows for different needle geometries to be used if desired. The

ferrule is designed to hold the gas jet in a position that is repeatable should the
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Figure 4.7: A top view of the detection section. This section consists of a filter
chamber containing a thin metal filter (usually 200 nm of Al) to remove the
infrared so that the high-harmonic radiation can be spectrally resolved in the
spectrometer. The XUV camera then detects the spectrally dispersed extreme
ultraviolet light.

jet need replacing. The o-rings seal the inside of the ferrule and gas jet from

the rest of the chamber. Having the gas jet sealed in this manner reduces the

background pressure in the chamber when the gas jet is operating which, in turn,

lowers the load on the turbo pump.

As the inner diameter of the gas jet is only 200 µm and the laser focus is

positioned within ∼ 100 µm of the tip of it, the length of gas that interacts with

the few-cycle pulse is estimated to be < 300 µm. The decision to use such a

short interaction length was made to minimise the complexity of phase-matching

effects within the jet as the Rayleigh range of the laser focus is > 6 mm in these

experiments.

The gas-handling equipment for the gas jet is schematically represented in

figure 4.9. A gas feed-through located in the CF flange connects external 1
8
”

stainless-steel tubing with the internal 1
8
” teflon tubing which provides the gas

to the jet assembly. A capacitance manometer type pressure gauge (model: MKS
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Figure 4.8: Side view of the gas jet assembly. It consists of a small needle Torr-
sealed into a larger needle that is held by the ferrule, shown in red. The o-rings
are used to seal the gas from the vacuum chamber and the whole assembly is held
together with a Swagelok nut. The base, shown in blue, attaches centrally to the
mounting flange and a teflon tube (not shown) delivers the gas to the jet.

Baratron 122AA) with a 100 Torr full-range is used to measure the backing pres-

sure in the gas jet and a metal leak valve (model: Granville-Phillips 203) is

used for adjusting the pressure within this range. A valve located after the leak

valve can be used to evacuate the gas jet and to cut the supply of the gas without

adjusting the leak valve when an experiment is being performed. This allows for

a reproducible pressure that can be switched on and off as long as there is a short

waiting period for the pressure to equalise (roughly 30 s). The gas cylinder and

its regulator are connected to the other side of the metal leak valve with more

stainless-steel tubing and all connections are made with Swagelok fittings.
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Figure 4.9: An overview of the gas handling system for the gas jet. The gas is
supplied to the jet from a cylinder and the pressure is regulated by using a metal
leak-valve. A capacitance manometer pressure gauge measures the backing pres-
sure and a valve allows the entire gas line to be evacuated through a connection
to the generation section’s roughing pump. The gas enters the vacuum chamber
via a stainless-steel tube and a gas feed-through in the CF flange. Flexible teflon
tubing is used to join the feedthrough to the gas jet assembly.

4.5 Detection system

4.5.1 Infrared filter

The fundamental infrared from the few-cycle laser pulse and the high-harmonic

radiation co-propagate but to avoid damaging the spectrometer or CCD camera,

the high-powered infrared light has to be filtered away. This is achieved by plac-

ing a thin metal filter after the generation stage which appears opaque to the

infrared but transparent to the high-harmonic radiation that is to be spectrally

resolved. A 200 nm thick aluminium filter (model: Lebow 0.1Al-0.1Al-M-L1.0)

is used for the experiments detailed in this thesis as it has > 60% transmission

from 20-72.6 eV (figure 4.10). The Al filter is composed of two layers of 100 nm

thick Al foil to counteract small pinholes, formed in the deposition of such a thin

foil, from leaking the fundamental driving laser into the detection section. The

filter is mounted on a 10 mm ring and supported by a nickel mesh with a pitch

of 360 µm. Due to the fragility of the filter, the ring is carefully mounted into

a larger holder which is then mounted in the centre of the filter chamber (figure
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4.7). Behind the filter mount there is a large beam block with a 10 mm aperture

to remove scattered infrared light from the detector path.
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Figure 4.10: The transmission profile of a 200 nm thick aluminium filter. The
transmission is greater than 60% between 20 eV and 72.6 eV. Retrieved from
[127].

4.5.2 Extreme ultraviolet spectrograph

To spectrally resolve the high-harmonic radiation, a commercially available (al-

beit customised for the photon energies involved in this experiment) flat-field

grazing incidence spectrograph (model: Hettrick ES-EUV-K) is used. The in-

strument consists of a curved mirror and a variable line spacing grating that is

schematically shown in figure 4.11. The concave focusing mirror is designed to

image the interaction region of the high-harmonic generation and give the best

energy resolution as a result. This mirror is only curved in the plane of diffraction

allowing for the divergence of the high-harmonic radiation to be characterised,

along the other axis of the camera. The variable line spacing design of the grating

has two advantages over a concave type grating; the imaged spectral field is flat

on the detection plane and the energy resolution is independent of the exact angle

of incidence. Two gratings were supplied (line density 600 mm−1 and 200 mm−1)

enabling us to observe two different spectral regions (25-90 eV and 10-30 eV) by

replacing the grating. The spectrograph chamber is mounted to a baseplate that
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has three micrometers mounted to adjust the position (two on the front and one

at the back). These micrometers allow for the spectrograph to be aligned relative

to the rest of the apparatus.

Connected to the exit flange of the spectrograph is a section of edge-welded

bellows which then joins to a back-illuminated charge-coupled device camera

(model: PI Pixis-2048B) that acquires the HHG image. The camera has 2048×
512 pixels with a pitch of 13.5 µm and operates at 198 K to minimise the dark

current. The spectrograph is designed such that the entire spectral field occupies

∼ 100 mm which is much larger than the camera’s active area. This is overcome

by translating the camera on the bellows vertically with four positions needed

to collect the entire spectrum. A stepper-motor has been incorporated into the

translation mount in order to automate the acquisition process.

Curved Mirror

Di�raction Grating

Figure 4.11: An side view to the spectrograph showing the curved mirror and the
grating as well as depicting the direction that the camera is translated in. The
camera’s translation stage is not shown here but it attaches to the camera’s 6”
CF flange.

4.5.3 Calibrating the spectrograph

The way in which the spectrograph disperses the spectrum is governed by the

grating equation. The angle of diffraction from a grazing incidence spectrograph

is

γ = arcsin(mλ/d+ sinα), (4.8)

where γ is the angle of diffraction, m is the diffraction order, λ is the wavelength

of the light being diffracted and d is the line spacing of the grating. In order to

calibrate the spectrograph, the angle of incidence onto the grating, α, needs to be
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found. In our experiment this is done by utilising the position of the diffracted

zero-order, y0 and the position that a known energy is diffracted to, yλ to give two

simultaneous equations to solve. The methodology for the calibration is detailed

below.

Figure 4.12 depicts the angles that will be expressed mathematically below.

As the mirror and grating are fixed in the spectrometer chamber, the difference

between the angle of incidence on the mirror and the angle of incidence on the

grating is known and will remain constant. This difference is

ξ = β − α , (4.9)

where ξ = 5◦ in our spectrometer. A relationship between θ and γ can be

established assuming that the incoming beam is normal to the detection plane.

This is accomplished by initially aligning the laser parallel to the optical table

and fixing the detector normal to the optical table. Using this condition gives

θ = 2β−α−γ or using the constant quantity ξ, θ = 2ξ+α−γ. For the zero-order,

m = 0, the angle of diffraction is just the angle of incidence on the grating. This

gives the position of the zero-order ray on the detector as

y0 = xdettan(2ξ). (4.10)

Although it seems that this position is constant, it is measured from an arbitrary

point formed at the base of a right-angled triangle. For a known wavelength, the

position on the detector is given as

yλ = xdettan(2ξ + α− γ). (4.11)

It is easy to measure the difference in these positions by observing the number

of pixels between them and then converting this to a distance, so ∆y = y0 − yλ.
This can then be combined with the above equations to give a function where α

is the only unknown (as ξ is a known constant).

∆y = xdet

(
tan(2ξ)− tan

(
2ξ + α− arcsin(mλ/d+ sinα)

))
(4.12)

Equation (4.12) cannot be easily solved for α so a lookup table has been gen-

erated instead. In Matlab, ∆y has been broken up into whole number of pixels,



60 CHAPTER 4. HIGH-ORDER HARMONIC GENERATION

α θγ

ββ

xdet

y

Figure 4.12: To calibrate the spectrometer, the angle of incidence α has to be
found. This is achieved by using the positions of the zero-order and of a known
energy. In this diagram xdet is the distance from the grating to the detector, y
is the vertical offset of the diffracted position on the detector, γ is the diffracted
angle and θ and β are used for the calibration procedure.

i.e. the resolution for ∆y is 13.5 µm. The known wavelength is given by the

sharp cut-off of the 200 nm Al filter at 72.6 eV, where the transmittance drops

from > 60% to < 3%. So, the distance between the zero order and Al filter

edge is measured and the corresponding length found in the lookup table which

then gives the angle of incidence. Only one of our gratings, with a line density

of 600 mm−1, is able to view the Al filter edge. If a different filter or grating

were to be used, the lookup table would need to be recomputed and a Matlab

routine exists for this. Once α is known, it is a relatively straight-forward task

to compute the energies that each pixel on the detector corresponds to. Figure

4.13 shows a spectrum that has been used to calibrate α and it gives α = 77.07◦

which is close to the standard value of 77◦ given in the spectrograph’s manual.

4.6 Attosecond pulse generation

In this section we present the first evidence that our high-order harmonic genera-

tion apparatus is able to produce isolated attosecond pulses. Figure 4.14 displays

the signature of an isolated attosecond pulse being produced in panel (b) from

argon gas at a backing pressure of 100 Torr. In this figure, the carrier-envelope

phase is shifted by π/2 between panels (a) and (b), thus it can be inferred that

the pulse shape in (a) is sine-shaped and (b) is cosine-shaped. If the cut-off re-

gion of this spectrum could be filtered and the generated radiation was transform

limited by the time-bandwidth product, a 250 as pulse would be expected.
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Figure 4.13: A spectrum used for calibrating the spectrograph. The zero-order is
present at ∼ 100 px and the 72.6 eV edge occurs at 1950 px to give α = 77.07◦.

The evidence of the creation of isolated attosecond pulses is a good step

towards being able to perform attosecond pump-probe experiments and, at the

time of writing, a new apparatus is being commissioned to do just that. The next

chapter details a new type of interferometer that can be utilised for producing

pairs of attosecond pulses with a very accurate timing delay between them.
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Figure 4.14: This is the first evidence of attosecond pulse production in the high-
order harmonic generation apparatus. Between panels (a) and (b) the carrier-
envelope phase is shifted by π/2. In the cut-off region of panel (a) the harmonic
modulation is evident, implying that this is a sine pulse producing two isolated
attosecond pulses whereas in (b) the cut-off is smooth. Panel (b) is evidence of
the creation of a single isolated attosecond pulse per laser pulse.



Chapter 5

The Gouy phase interferometer

5.1 Temporal interferometry with high-harmonic

radiation

There has been some previous experimentation to investigate the HHG radiation

produced from two gas jets with a variable separation distance along the propa-

gation direction of the driving laser [128]. The experimental results demonstrated

that by splitting a single gas jet into two, each with half of the thickness of the

original, at a certain separation the radiation yield could be increased. The rea-

son for the increase in yield was due to a coherent superposition between the

HHG emissions created in each gas jet causing the electric fields to be added con-

structively. However, the mechanism responsible for coherent superposition was

unable to be accounted for. The authors concluded that it is some combination

of beam propagation and diffraction that resulted in the emissions being in phase

at certain gas jet separations.

Other work has looked at the coherence time of radiation emitted via the HHG

process by using a single gas jet but with two driving laser pulses separated spa-

tially within the jet [129]. Having two driving pulses separated spatially caused

the HHG radiation to interfere in the far-field. A temporal delay was introduced

between the two driving pulses and from the visibility of the far-field interference,

the coherence time of the emissions could be measured. It was found that short-

trajectories had a longer coherence time than the long trajectories. The results

were consistent with the group’s theoretical predictions.

As discussed previously, the electric field of the driving laser determines the

ionisation and return times in the trajectory that the electron takes. The HHG

63
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photon emission time is then given by the return time of the electron. The Gouy

phase shift (given in equation (4.7)) determines the phase of the electric field of

the driving laser at any position within the focus. The electron recombination

time at a position away from the focus, tr(z) is modified by the Gouy phase,

tr(z) ≈ tr(z = 0) +
φGouy(z)

ω
, (5.1)

where ω is the angular frequency of the driving laser. Therefore it should be

possible to introduce a delay in the electron recombination time, and hence the

photon emission time, when two generation sources (we will use gas jets) are

placed within a single laser focus. Any delay in the photon emission time should

manifest itself as a phase shift that could be measured. The phase shift in the

XUV is

∆Φ ≈ q
(
φGouy(z1)− φGouy(z2)

)
+ C . (5.2)

In the equation z1 and z2 are the positions of the two gas jets and C includes

all other effects that could introduce a position dependent phase shift and is

investigated in detail later in this chapter. If the above equation is true, then it

will be possible to use multiple generation sources within a single laser focus as

an interferometer by relying on the Gouy phase shift of the driving laser. The

rest of this chapter explores the notion of building and demonstrating a Gouy

phase interferometer.

5.2 The dual gas jet apparatus

In this section, we describe a dual gas jet apparatus and its application to inves-

tigate the mechanism behind the coherent superposition observed in high-order

harmonic generation. Possible future applications of such an apparatus to the

field of experimental attosecond science are also discussed.

The implementation of dual gas jets into the high-order harmonic generation

apparatus of chapter 4 was achieved by altering the position of the static gas

jet and including another jet that is able to be translated. Figure 5.1 depicts

the configuration of the dual gas jet apparatus where jet 1 is translatable and

jet 2 is static. The gas needles are positioned such that the resulting jets of gas

are formed perpendicular to one another. This orientation was preferred after
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trialling many other arrangements since cross-talk between the pressure gauges

is removed. Both of the jets utilise the design in figure 4.8 to seal and hold

them with flexible teflon tubing providing the gas flow. In the dual gas jet con-

figuration, the static gas jet is mounted onto a heavy stainless steel base that

sits on the bottom of the generation chamber. The base is sized such that its

diameter is approximately 5 mm smaller than that of the inner diameter of the

chamber flange in which it sits, facilitating the gas jet to be positioned into the

centre of the chamber and aligned to the focus even if it is slightly angled or

bent in the manufacturing process. The horizontal alignment of the static gas

jet to the laser focus is performed when the apparatus is at atmospheric pres-

sure by positioning the gas jet such that the filament formed by the laser focus

is directly over the jet’s opening. Vertically, the gas jet can be pushed into or

pulled out of the mount as the o-rings holding it into place do not completely

restrict its movement. The fine alignment is then performed under experimental

conditions (vacuum) by small adjustments to the position of the focus to max-

imise the harmonic yield. After this fine alignment procedure, the spectrometer

is calibrated in case the position of the gas jet has moved a considerable dis-

tance. So far the calibration of the spectrometer has remained unchanged after

installing a new static gas jet, indicating that this alignment procedure is reliable.
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Figure 5.1: Modifications made to the high-order harmonic generation apparatus
(from figure 4.6) to demonstrate the Gouy phase interferometer were the inclusion
of a wobble-stick and x-y-z manipulator (shown in red) and the addition of a fixed
second gas jet (shown in blue). Here, the second gas jet is pointing up out of the
page (y-axis) and is mounted on a sturdy stainless-steel base within the vacuum
chamber.
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The other gas jet, unlike the static one, can be translated in all three axes

when the apparatus is under vacuum. Vacuum translation is accomplished by

using a “wobble-stick” consisting of a piece of edge-welded vacuum bellows with

≈ 1” of stroke with a 23
4
” conflat flange on one side and sealed on the other. In

the centre of the sealed end extends a rigid pole on either side connecting to a

x-y-z translation stage (model: Thor Labs PT3) on the outside and the gas jet

mount within the vacuum chamber. The wobble-stick’s motion is restricted to

≈ 10 mm in the y and z directions of figure 5.1 as the bellows are being sheared

and beyond this range of motion the gas jet becomes twisted. The interface piece

between the wobble-stick and the gas jet offsets the centre of jet 1 such it can

be scanned ≈ 9 mm to the left of jet 2 (i.e. further from the spectrometer),

using almost the entire range of motion. If larger separations are ever required,

the wobble-stick would need to be replaced with a larger one. The alignment

procedure for jet 1 is to observe the harmonic yield and translate the gas jet such

that the yield is maximised without the laser focus touching the jet. It is quite

apparent when the focus just comes into contact with the stainless steel tube that

forms the gas jet as light is scattered from the surface. Observing the jet as it is

translated avoids laser-induced damage.

The gas handling system, as depicted previously in figure 4.9, has been repli-

cated for the second gas jet and the only difference is the model of pressure

gauge used. The pressure gauge on the second gas jet is, likewise, a capaci-

tance manometer but with a larger full-range of 1000 Torr (model: MKS Baratron

722A). Both gas jets are individually supplied by their own gas cylinder (both

argon for the experiments in this thesis), which alleviates any pressure drift that

results from one jet being turned off while the other remains active. Also, due

to the gas jets being perpendicular to one another, there is no cross-talk between

the two pressure gauges. An earlier design of the dual gas jet system had the jets

pointed at one another and if only one was on, the pressure gauge of the other

would register a reading as the gas was flowing from the active one back into the

other. One problem with this gas jet geometry is that the two jets cannot be

exactly overlapped as the interaction of the two gas jets deflects the gas slightly.

It is estimated that the gas jets can be placed to within 200 µm of being perfectly

overlapped from the geometry of the needles used as the gas jets and this value

agrees with the data collected.
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5.3 Beam propagation effects

As shown in the previous chapter, the electric field of the laser pulse governs

every aspect of the high-order harmonic radiation by controlling the motion of

the ionised electron. However as the laser propagates through a focus, the am-

plitude and phase of the electric field both change in a predictable manner. The

amplitude of the electric field is inversely proportional to the area that the beam

is occupying. Therefore the intensity of a Gaussian beam decreases away from

the centre of the focus according to the relationship,

I(z) =
I0

1 + (z/zR)2
. (5.3)

Where I0 is the peak intensity at the focus centre (located at z = 0), and zR is the

Rayleigh range, a measured property of the beam’s propagation. The intensity is

related to the electric field through

E0(z) =

√
2I(z)

cε0
, (5.4)

where c is the speed of light and ε0 is the permittivity of free-space.

The phase of the electric field inside the focus follows the Gouy phase, as was

defined earlier in equation (4.7). The Gouy phase has been experimentally ver-

ified for few-cycle laser pulses by measuring above-threshold ionisation of xenon

with stereo electron detectors by Lindner et al [130]. There are, however, some

possible spatiotemporal effects arising from the large spectral bandwidth of a

pulse and can modify equation (4.7) [131]. The observation of the Gouy phase

shift from a few-cycle laser pulse by Lindner et al did not need to include any

additional spatiotemporal effects to observe good theoretical agreement.

The electric field equation can be re-written to include the two beam propa-

gation effects just mentioned.

E(z, t) = E0(z)e−2ln2(t/τp)2e−i(ωt−φCEP−φGouy(z)) , (5.5)
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where φCEP is the carrier-envelope phase at the centre of the focus (i.e. at z = 0).

As the HHG radiation is emitted at a time determined relative to the carrier of

the electric-field, the details of the electric field propagation need to be known.

This is achieved by measuring the beam waist at different positions from the laser

focus and using the mathematical relations for a propagating Gaussian beam.

5.3.1 Experimental beam profiling

In order to determine the extent of the Gouy phase shift through the laser focus,

the Rayleigh range of the focus had to be characterised. This characterisation

was performed by making measurements of the 1/e2 beam radius at different

distances from the focus by using the CCD beam profiler depicted in figure 4.4.

The beam profiler consists of a 2-D array of CCD pixels that measure the intensity

of the beam in a plane and is then fed into an accompanying piece of software.

From the software, the 1/e2 radius in the x and y directions are computed and

output for the user. These data points are collected for various positions of the

translation stage, then averaging the x and y data points and plotting them

against their corresponding position. Curve fitting the following equation then

gives the Rayleigh range as one of the fit parameters [17],

w(z) = w0

√
1 +

(
z − z0

zR

)2

. (5.6)

In this equation w(z) is the 1/e2 beam radius at distance z from the focus, w0 is

the beam waist radius at the focus, and z0 is an offset to align the focus relative

to the translation stage that is used to collect the beam profiles. Fitting param-

eters for this equation are w0, z0, and zR. Figure 5.2 depicts the data for two

distinct Rayleigh ranges that will be used in the experiments later in this chapter.

The different Rayleigh ranges are produced by aperturing the beam before the

focusing mirror. A larger aperture opening results in a shorter Rayleigh range

and smaller focus. The aperture has been calibrated such that the size of the

opening can be read from a scale around the circumference.

In table (5.1) , the curve fitting parameters w0 and zR are given for the

data depicted in figure 5.2 as well as a measure of the beam quality, M2. For
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Figure 5.2: The beam waist measurements performed to determine the Rayleigh
range of the focus for a given aperture opening. Here, the green data is for an
aperture of 12 mm and the red data for 8 mm. The errorbars of the beam radius
measurements originate from a Gaussian fit to the beam intensity profile.

a diffraction-limited Gaussian beam M2 = 1 which denotes a very high quality

beam and it is impossible for this value to be smaller than 1. To find the value

of M2 this equation is used

M2 =
πw 2

0

λzR

, (5.7)

where λ is the central wavelength of the laser pulse, 800±20 nm for these experi-

ments. These results show that the beam quality is near diffraction limited when

the aperture is opened to 8 mm, and then only decreases slightly as the aperture

is opened to 12 mm. Due to the smaller beam waist when the aperture is set to

12 mm, the maximum achievable intensity is larger than the smaller opening of

8 mm.

Table 5.1: Table of beam profiling data.
Aperture (mm) w0 µm zR (mm) M2

8 55.3± 1.8 11.84± 0.82 1.0± 0.2
12 45.0± 1.6 6.00± 0.29 1.3± 0.2



70 CHAPTER 5. THE GOUY PHASE INTERFEROMETER

5.4 Experimental observations

In this section, the observations and results obtained from the dual gas jet appa-

ratus will be presented and discussed.

5.4.1 Initial temporal coherence observations

Using the dual gas jet apparatus allows for the coherence of the generated high-

order harmonic radiation to be observed directly. This initial experiment has been

performed with the harmonics shown in figure 5.3 as generated from argon gas

at a backing pressure of 100 Torr in both gas jets. In order to reduce background

noise on the detector caused by scatter from the infrared laser pulse, an aperture

on the exit side of the spectrograph was positioned such that only up to the 27th

harmonic was visible. In the figure, the apparent behaviour indicates that the

cut-off region occurs after H27 but this is an effect due to the aperture block

of the spectrometer. Harmonics below H23 were not investigated simultaneously

as the time for the camera to move to capture two additional harmonics almost

triples the total experiment time and increases the chances of the laser becoming

unstable. Two Rayleigh ranges of the driving laser were used and table (5.2)

shows the experimental parameters for each. In this table τp is the pulse dura-

tion, λ is the central wavelength and ∆λ is the spectral FWHM all given by the

autocorrelator and spectrometer, and Ipeak is the calculated peak intensity.

Table 5.2: The experimental parameters used in observing the temporal coherence
for the two Rayleigh ranges.

zR (mm) τp (fs) λ (nm) ∆λ (nm) IPeak (×1014 W/cm2)
11.84± 0.82 5.6± 0.1 790± 20 140± 20 2.3± 0.2
6.00± 0.29 5.5± 0.1 800± 20 150± 20 2.6± 0.3

The procedure for acquiring the data was to position the focus at gas jet 2 by

maximising the yield of the harmonics and then to set the gas jet separation as

close to overlapping as possible. Jet 1 was then moved until the separation was

at its maximum for the measurement scan. At each separation a measurement of

the background and three spectra are collected, two with either gas jet on and one

with both gas jets on. The gas jets were turned on and off quickly by opening the

valve that evacuates the gas line to the jet, which allowed for the metal leak-valves

to be kept constant to give a reproducible pressure. All these measurements were
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Figure 5.3: The entire spectrum that was captured by the XUV-CCD for the
coherence measurements consisted of these three harmonics. This spectrum was
captured with zR = 11.84± 0.82 mm.

collected so that the intensity of the two jets could be normalised to account for

the decrease in intensity from jet 1 as it is moved away from the more intense

region at the focus. Typically, the experiment required approximately 1 hour

to collect the spectra over the entire needle separation range, which consisted of

some 14 positions. The exposure time of the XUV-CCD camera was 30 seconds

and an additional 30 seconds were required to allow for the backing pressure of

the gas jets to settle after being switched on. Switching off the gas jet occurred

(effectively) instantaneously.

Once all of the data had been collected, it was analysed by subtracting the

background (which consists mostly of scattered infrared) from each spectrum and

then determining the intensity of each harmonic. This intensity determination

was performed by fitting a Gaussian function to the area around the peak of the

harmonic,

I = I0e
−((E−E0)/β)2 . (5.8)

Where I0 is the intensity of the harmonic, and E0 and β are used as fit parame-

ters. As the width of the Gaussian fit is not observed to change for a harmonic,

either the integral under the Gaussian or the peak intensity can be used for the

harmonic yield. This thesis uses the peak intensity as it requires less computa-

tion when analysing the results. Figure 5.4 depicts the Gaussian fits to H23 for

a single needle separation. In the figure, the green curve is slightly blue-shifted
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in energy when compared to the other curves. Small fluctuations like these were

common and originate from the central wavelength of the laser pulse shifting due

to instabilities in the beam pointing into the hollow-core fiber compression stage.

Once the intensities of the harmonics had been extracted, the yield with both

gas jets on was normalised to the coherent sum of the intensities from either jet

being on as

Inorm =
I1,2

I1 + I2 + 2
√
I1I2

. (5.9)

Here I1,2 is the harmonic intensity with gas jets 1 and 2 on, and I1 and I2 are

the harmonic intensities with either gas jet 1 or 2 on respectively. The expression

for the coherent sum of the intensities arises from the fact that the electric fields

add (assuming no phase shift between the two) and the intensity is proportional

to the square of the electric field.
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Figure 5.4: Three examples of the Gaussian fits used to provide the peak intensity
of H23 for the coherence measurements.

The results for the two Rayleigh ranges are shown in figure 5.5 and figure

5.6 with only one harmonic (H23) being sufficiently visible for the short Rayleigh

range data. This is due to there being more background that washes out the other

harmonics when the beam is configured to obtain a short Rayleigh range. This

data was acquired with an unlocked CEP, causing the CEP to be randomised for

each measurement. The errorbars in the normalised data are found by combin-

ing the error in the fit of each harmonic’s intensity and represent one standard

deviation. Each data set has been fit with a decaying cosine wave to highlight
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the periodicity and to act as a guide to the eye. The form of the fit is

Inorm = α(1 + e−βzcos(γz)) , (5.10)

where α, β, and γ are all fit parameters.
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Figure 5.5: The observed coherence of three harmonics for zR = 11.84±0.82 mm.
At a needle separation of zero, the high-order harmonic radiation generated from
each gas jet is in phase. As the needle separation increases, the Gouy phase causes
the radiation to shift in and out of phase which alters the observed intensity to
give an interference pattern.
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Figure 5.6: The observed coherence of H23 for zR = 6.00 ± 0.29 mm. H25 and
H27 do not maintain a good visibility over the range of gas jet separations due
to increased noise on the detector when the focus is in this configuration.

The experimental data reveals that each harmonic oscillates between con-

structive interference (initially when the gas jets are overlapped) to destructive

interference and then returning to constructive at a larger separation. The fringe

periodicity is altered by the harmonic number and the focusing geometry. Increas-

ing the harmonic number decreases the periodicity and decreasing the Rayleigh

range also decreases the periodicity. Because the interferometer phase results

directly from the Gouy phase evolution of the driving laser beam, we refer to the

this kind of temporal interferometer as the Gouy phase interferometer. These ini-

tial observations have also shown that the apparatus resolves the coherent nature

of HHG radiation with a high quality.

5.4.2 Spatial coherence observations

One concern from the dual gas jet apparatus is that the emission from jet 1 has

different spatial qualities to that from jet 2. If the divergence angle was suffi-

ciently altered between the two emissions, a diffraction ring pattern would be

observed in the far-field. Due to the nature of the XUV spectrograph, the di-

vergence in one direction can be measured as the imaging mirror only works for

the energy axis while the other axis is left to diverge freely. Figure 5.7 shows

the spatial extent of H23 for the long Rayleigh range setup described above. The

gas jet separation for this measurement is 6 mm, placing the gas jets at the first

coherent revival position. The irregularities of the data are caused by blocking of
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the XUV light by the nickel-mesh supporting the thin Al infrared filter. As this

mesh is not orientated in any particular direction, a regular grid pattern does not

form and the HHG radiation is masked in some unknown manner. This figure

shows the beam profile of the HHG for two configurations: both gas jets on (red)

and only one gas jet on (blue); as well as a Gaussian fit. As no diffraction is ob-

served between the red and blue curves, the conclusion is that the two emissions

are spatially equivalent.
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Figure 5.7: Observing the spatial profile of H25 in the far-field shows there is no
diffraction observed in the output of two jets (red curve) when compared with
the output from one jet (blue curve). The dotted curve is a Gaussian fit to the
two jet data that is used to estimate the 1/e2 radius of the XUV on the detector.

The 1/e2 radius of H23 is found from figure 5.7 to be 1.2 ± 0.2 mm at a

distance of ≈ 1 m away from the interaction region. Equation (5.11) gives the

equation for calculating the Rayleigh range from the far-field spatial profile. This

is found to give zR ≈ 7.1± 2.0 mm for H25.

zR ≈
λL2

πw(L)2
(5.11)

The Rayleigh range of the XUV plays no role in this experiment as all observa-

tions are made in the far-field. Any Gouy phase shift that the XUV undergoes will

have completely evolved when the pulses interfere on the detector. Considering

the role of the XUV Gouy phase may be important in performing amplification

experiments, whereby photons created in the first jet stimulate the emission of
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identical photons in the second jet. Some preliminary work has been performed by

another group using a single jet to observe x-ray parametric amplification (XPA)

[132], although more recent work has brought these observations into question

[133, 134].

5.4.3 Temporal coherence observation of many harmonics

We proceeded to investigate the dependence of the interference pattern on har-

monic order. The harmonics 21 to 33 as produced in 100 Torr of argon have

been observed as the separation between gas jet 1 and gas jet 2 is increased from

0 to 5.8 mm. Optimisation of the beam focusing geometry to enable maximum

visibility of the harmonics of interest required the removal of the aperture and

adjustment of the beam size on the focusing mirror. This was achieved by al-

tering the position of the collimating mirror after the hollow-core fiber to alter

the beam divergence. The final Rayleigh range was 10.9± 0.5 mm, a 1/e2 beam

radius of 58.0± 2.0 µm. The pulse duration was measured to be 5.9± 0.1 fs and

the peak intensity was calculated to be 3.6± 0.3× 1014 W/cm2.

Figure 5.8 shows the obtained results for H21-H29. In this figure, H31 and

H33 have been omitted as they are not very visible. In the data it is clear that

increasing the harmonic number decreases the fringe periodicity. H21 experiences

the first coherent revival after 5 mm of separation while for H29 it falls just after

3 mm. One feature of this data when compared to the initial experiments is that

the normalised intensities at the first coherent revival did not reach the previous

levels observed. In figure 5.5 and figure 5.6, the normalised intensity at the first

coherent revival approached the value that was obtained when the gas jets were

overlapped. The normalised magnitude of the first coherent revival only reaches

a little more than 0.5 in this data set compared to it reaching 0.8-0.9 in the

previous data. The reason for this reduction remains unknown as all previously

established procedures were followed, however this artefact does not alter our

conclusions to the investigation.
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Figure 5.8: Observing the temporal coherence H21-H29. These harmonics are
the most visible and H31 and H33 have been omitted from the figure. (a) shows
the harmonic spectrum when only gas jet 2 is on. (b) depicts the normalised
intensity of the harmonics as the gas jet separation is scanned from 0 to 5.8 mm.
(c) is the observed interference of H25.

5.5 First-order semi-classical modelling

In order to understand the mechanism behind the coherence oscillations observed

in the previous section, semi-classical modelling of a free electron in the electric-

field provided by the few-cycle laser was performed. As shown at the beginning

of this chapter, the propagation effects of the laser beam as it passes through the

focus will affect the emission time of the HHG radiation. Therefore in order to

simulate the HHG ‘signal’, the relative phase shift between the emissions from

the first and second jets has to be investigated. The phase of any photon emitted

through HHG is given by [135, 136, 137]

Φ = qωtr −
1

~
S(pst, ti, tr) , (5.12)

where q is the harmonic number, ω is the angular frequency of the driving laser,

ti and tr are the electron ionisation and recombination times, and S is the clas-

sical action and is a function of pst which is termed the canonical or stationary

momentum as well as the ionisation and return times of the electron. The first

term of this equation relates to the time the photon is emitted which is the same
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as the electron recombination time. The second term refers to the phase of the

recombining electron wavepacket as modelled semi-classically. In order to sim-

plify the modelling when considering the carrier-envelope phase, all times are

measured relative to the peak of the envelope of the driving laser pulse. As the

group velocity of the pulse remains unchanged through the focus, while the phase

velocity changes as defined by the Gouy phase. Equation (5.1) above gives the

equation that describes how the electron recombination time is shifted with the

Gouy Phase. The equation is an approximation only valid near the centre of the

focus where the intensity is approximately constant. A substantial change in the

intensity will alter the electron trajectory required to give a specific harmonic.

The action term in equation (5.12) is approximately proportional to the product

of the intensity and the travel time of the electron (τe = tr − ti) in the electric-

field, i.e. S ∝ I × τe. Equation (5.12) can be rewritten to give the phase shift of

the qth harmonic generated at two positions within the laser focus z1 and z2,

∆Φ ≈ q
(
φGouy(z1)− φGouy(z2)

)
+ qω

(
τe(z1)− τe(z2)

)
− 1

~
(
S1 − S2

)
. (5.13)

In the equation, S1 and S2 are the semi-classical action terms at positions z1 and

z2 respectively. The first term of this expression is simply the difference in the

Gouy phases, the second term is the difference between the electron travel times,

and the third term is the difference in the semi-classical actions at each generation

position within the focus. The second and third terms are what make up C in

equation (5.2) above. Near the centre of the focus where the intensity changes

slowly, the second and third terms will be approximately zero. Finally, to find an

approximate form for the phase difference as a function of position difference, a

first-order Taylor expansion of equation (5.13) is performed. This gives

∆Φ ≈ q
dφGouy

dz
∆z − dφτ,S

dz
∆z , (5.14)

where the difference in travel times and the action term have been combined into

φτ,S to simplify the expression. This expression will reduce to only the first term

in the limit of slowly varying intensity that can be found near the centre of the

driving laser focus. The first term represents a delay in the electron recombina-

tion time between the two generating media due to the change in Gouy phase.

This expression shows that a small Gouy phase shift in the driving laser at the

generating media leads to a phase difference between two HHG emissions that
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is q times larger. This is consistent with the results previously observed, but a

more rigorous test can be performed.

φ
Gouy

Jet 1

z < 0

Jet 2

z = 0

Figure 5.9: In this schematic representation of the dual gas jet apparatus, the
origin of the relative phase shift between radiation emitted from the first and
second gas jets is depicted. The Gouy phase shifts the electric-field between the
two jets, effectively shifting the emission time of the HHG radiation. The electron
trajectory is also different due to the change in electric-field strength and this too
has an effect on the emission time. Ultimately, in this figure, the two emissions
are out of phase and would result in destructive interference of the radiation.

The gas jet separation when the first coherent revival occurs, zc, can be used to

test the hypothesis that the interference in the harmonics is due to the Gouy phase

delaying the photon emission time. Rearranging equation (5.14) with ∆Φ = 2π

and ∆z = zc (this second substitution is valid as gas jet 2 is located at the focus,

z2 = 0), gives

zc = 2π

[
q
dφGouy

dz
+
dφτ,S
dz

]−1

. (5.15)

This expression can be used to evaluate the data of figure 5.8. Plotting the in-

verse of the coherent revival distance, z−1
c , versus the harmonic number, q, the

two derivative terms can be found from a linear fit. The Gouy phase derivative

will be the gradient and the other term will be the y-intercept.

The data in figure 5.8 was evaluated to find the position of the first coherent

revival for the harmonics H21 to H33. This was performed by fitting a Gaussian

function to find the position of the revival. The fits were good for the lower har-
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monics, as they had the most visibility. The high energy harmonics suffered from

decreased visibility due to them being less intense and the IR background being

larger at these positions on the detector. Figure 5.10 shows the plot of the inverse

revival distance versus the harmonic number. The red-dashed line is the theoret-

ical prediction if only the Gouy phase term in equation (5.15) is considered. The

green-solid line is a fit to the data using dφGouy/dz and dφτ,S/dz as fit parameters.
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Figure 5.10: Plotting the inverse of the first coherent revival position against the
harmonic number. This data was from figure 5.8 and the blue errorbars are this
processed data. The red-dashed line represents the theoretical prediction of the
inverse revival distance if only the Gouy phase is considered. The green-solid line
is a curve fit to the data using equation (5.15) with the derivative of the Gouy
and action phases as fitting parameters.

From the fit to the data, the Rayleigh range of the driving laser can be cal-

culated (and using the approximation that tan(θ) ≈ θ when θ << 1). From the

fit, the retrieved Rayleigh range is zR = 12.4 ± 2.3 mm. This compares well,

within error, with the measured value of 10.9 ± 0.5 mm and shows that there is

agreement between the experiment data and the simple first-order theory. The

action derivative term was found to be 78 ± 62 rad/m, which is also consistent

with the theory predicting this value should be close to zero near the centre of the

focus. These fit terms reveal that the underlying mechanism of the Gouy phase

interferometer is predominantly due to the Gouy phase shifting the emission time

of the HHG radiation. The relationship between the separation of the generation

media and the imparted time delay can be approximately calculated by using the

equation for the Gouy phase shift.
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5.6 Timing resolution

So far, the Gouy phase interferometer has been shown to produce HHG photons

in each gas jet, the separation of which determines the temporal delay between

the emissions. The ability to resolve these timing events comes down to the abil-

ity to resolve the intensity of HHG being received at the detector. By measuring

the fluctuations of this intensity, an estimate into the timing resolution of the

interferometer can be obtained. The procedure for monitoring the timing reso-

lution of the Gouy phase interferometer is as follows. The intensity with both

gas jets on I1,2 is monitored continuously and converted to a normalised inten-

sity by measuring I1 and I2 once at the start of the measurement. The fringes

observed in the normalised intensity are caused by the Gouy phase as shown by

the first-order theory of the previous section. This gives

IN ≈ 0.5 cos(qφGouy) + 0.5 . (5.16)

Using this expression, the normalised intensity data can be converted to Gouy

phase shifts. The phase shifts can then be converted to times through

∆tr =
φGouy

ω
, (5.17)

where ω is the angular frequency of the driving laser. Essentially this procedure

of converting from HHG intensity to time, means that any variation in the dual-

gas jet intensity is caused by a variation in the electron recombination time. This

could be due to fluctuations in the focusing geometry of the laser or mechanical

vibrations of the gas jets. To get the most sensitive data, a normalised intensity

of 0.5 is used as this point shows the greatest time variation for any intensity

variation.

There are a few different methods that could be used to determine the tim-

ing resolution of the interferometer from the generated time series, but the most

popular one used in our laboratory is an Allan deviation calculation. This calcu-

lation will not only compute the standard deviation of the time series, but will do

so for varying amounts of measuring time [138]. From this, the optimal amount

of experimental acquisition time can be found that gives the smallest standard
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deviation in the result. The equation for calculating the Allan deviation is

σAllan(τ) =

(
1

2(N − 2)

N−2∑
i=1

(yi+1 − yi)2

)1/2

, (5.18)

where τ is the measurement time, N is the number of samples and yi is the ith

sample of the time series. Figure 5.11 shows the computed Allan deviation of

the computed time series for H23. The original intensity series was acquired at

130 ms exposures from the XUV-CCD camera for a period of 1 hour. From the

figure, the best timing resolution is better than 100 zeptoseconds (1 zs = 10−21 s)

for measurement times between 8 and 30 seconds.
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Figure 5.11: The Allan deviation measurement gives the ultimate timing reso-
lution of the Gouy phase interferometer as better than 10−19 s for measurement
times between 7 s and 50 s. The errorbars for this graph are not shown as they
are smaller than the points used to depict the data.

This result shows that the timing resolution of the Gouy phase interferometer

far exceeds any comparable interferometer apparatus and all from an entirely pas-

sive apparatus (i.e. no active stabilisation is involved). The best stability recorded

in the literature is for an actively stabilised interferometer, used to impart delays

for attosecond science, is 20 as [139]. In our apparatus, the measurement time

for which the superior resolution is obtained is quite convenient in that it is tens

of seconds. Typical acquisition times for this experiment were 5 s, however now

that the Allan deviation has been calculated, it is obvious that the CCD exposure

time should be slightly increased to take advantage of the added stability. An

overlapping variation of the Allan deviation was used and, consequently, the error
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of each point is negligible.

The timing resolution of the Gouy phase interferometer can be understood

by utilising the basic theory developed above. Using the Gouy phase term of

equation (5.14), the timing resolution can be expressed as

∆t ≈ ∆zvibration

ωzR

. (5.19)

In this equation ∆t is the timing resolution, ∆zvibration is the amplitude of any

vibration present on the gas jets in the laser propagation direction, ω is the

angular frequency of the driving laser and zR is the Rayleigh range. This equation

shows that the timing resolution is determined by the stability of the distance

between the gas jets, and the angular frequency and Rayleigh range of the driving

laser. Attributing all of the instability of the apparatus to a vibration in the gas

jets and using our observed timing resolution of 100 zs in equation (5.19), the

amplitude of the vibration in the gas jets is approximately 3 µm (as averaged over

a measurement time of between 7 s and 50 s). This value can be put into context

by considering a more familiar Michelson interferometer where the stability is

determined by fluctuations in the path length of each arm. A 3 µm fluctuation

corresponds to almost 5 wavelengths of a HeNe laser and would make it very

difficult for the interferometer to observe a sub-wavelength phase shift. The

timing resolution of the Gouy phase interferometer could be further improved by

utilising some of the active vibration dampening techniques that were developed

for traditional interferometers.



Chapter 6

Conclusions

6.1 Review of research

In this thesis, two highly nonlinear optical phenomenon have been investigated

using state-of-the-art few-cycle infrared light pulses for which the carrier-envelope

phase can be locked. The first investigation explored the role of the CEP when

few-cycle light pulses undergo self-focusing. The second investigation was centred

around high-order harmonic generation, specifically in a dual gas jet apparatus.

Both of these experiments were compared with straightforward theoretical models

that enable physical interpretations to be made and are the first such measure-

ments to do so.

This research was based around the CEP stabilised, few-cycle infrared laser.

Capable of producing sub-6 fs pulses centred around 800 nm with up to 30 GW of

peak power at a repetition rate of 1 kHz, the laser system is state-of-the-art and

incurred a steep learning curve to be able to generate these pulses reliably. Beam

characterisation was also important such that the pulse energy, pulse duration,

spectral bandwidth, and the beam waist (either before focusing or at the focus)

and Rayleigh range could be measured. These measurements were then used in

theoretical predictions of the behaviour of the nonlinear phenomenon being in-

vestigated.

Self-focusing plays an important role in few-cycle pulse generation, with Kerr-

lens mode-locking being a popular method employed by few-cycle laser oscillators

(as in our laser system). The phenomenon was investigated with air acting as the

nonlinear medium. The first measurement of the critical power for self-focusing

in air at a few-cycle pulse duration of 6.3 fs was 18 ± 1 GW. The self-focusing

85
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distance depends on the optical power of the laser undergoing the effect. It

was postulated that by shifting the CEP from 0 to π/2 rad, the peak instanta-

neous power of the pulse would be reduced by 3.0% and a shift in the filament

formed at the focus may be observed. A theoretical prediction was made by

taking the first-order Taylor expansion of a well known self-focusing equation,

predicting the self-focusing distance should shift by 790 µm. The experiment

was performed, whereby the position of the filament was monitored as the CEP

was shifted through a total range of 2π. A total deviation of only 180 µm (the

3σ upper bound to a sinusoidal fit) of the filament was measured. The large

discrepancy between theory and experiment was unable to be resolved, although

recent work suggests that the methodology for measuring the critical power may

be inadequate [105].

High-order harmonic generation is another nonlinear process whereby an in-

tense pulse generates photons of much higher energy in a coherent manner. Per-

forming HHG with a few-cycle phase locked laser has been shown previously to

produce single XUV pulses with durations less than 100 as. This is a future goal

for our group to be able to generate these attosecond pulses so a HHG apparatus

was designed, constructed, tested and calibrated such that the energy spectrum

of the HHG radiation could be obtained.

The HHG apparatus was modified to include a second gas jet to produce ra-

diation and it could be translated independently of the first. It was observed

experimentally that as the separation of the gas jets was increased, the inten-

sity of the harmonics would oscillate. A phase delay between the HHG radiation

emitted in the first and second gas jets was imparted and the exact delay was

dependent on the separation. The intensity of the harmonics were normalised to

the coherent sum of the intensity from each gas jet individually such that the

oscillation of the coherence could be plotted as a function of gas jet separation.

A first-order semi-classical model was built and used to discover the origin of

the imparted phase shifts. From the modelling, the Gouy phase shift was found

to be the predominant effect that caused the electron recombination time to be

delayed. This delay then flowed on to the emission of the HHG photon, thus two

emissions with a small time delay were being created. The apparatus was named

the Gouy phase interferometer. Good agreement between theory and experiment
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were observed. This was the first such experiment to provide an explanation that

is backed by theory for the observation of the coherence oscillations.

As a final test of the Gouy phase interferometer, the temporal stability was

investigated by logging the intensity of a harmonic and performing an Allan de-

viation measurement. The temporal stability of the passive HHG interferometer

was better than 100 zeptoseconds, making this one of the first experiments to

have a stability on the order of zeptoseconds.

6.2 Future directions

In order to expand on the result from the self-focusing experiment, a more de-

tailed theory of the phenomenon that is valid for the few-cycle regime needs to be

developed. Indeed, other groups more suited to this task have shown an interest

in examining the theoretical nature of self-focusing although their attempts may

not be valid in the few-cycle regime [105]. As the direction of our laboratory

has become more apparent in recent years, it is unlikely that this work will be

revisited unless leaps and bounds are made in the theoretical development of the

phenomenon.

As for the HHG apparatus, the future directions involve many interesting

facets. For one, the Gouy phase interferometer has been shown to produce pairs

of XUV pulses with a variable delay (governed by the gas jet separation). This

may have potential future uses in XUV pump - XUV probe experiments in the

emerging field of attosecond science. One experiment that has been proposed is

to use a different atomic species in each gas jet. In this way, any shift in the

separation when destructive and constructive interference occurs would be at-

tributable to the delay between the electron recombining and the HHG photon

being emitted. Further theoretical modelling of the experiment is also a future

direction as the first-order semi-classical theory proposed in this thesis could be

improved upon to remove the requirement that both gas jets remain near the

centre of the laser focus. This requirement limits the total time delay that can

be imparted on the HHG emissions.
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