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Abstract

Single-beam coherent anti-Stokes Raman scattering combining
polarization shaping with spectral focusing

R. Viljoen

Dissertation: PhD (Physics)
March 2021

Single-beam coherent anti-Stokes Raman scattering (SB-CARS is a compact approach 
to CARS which employs a single broadband laser source to probe molecular vibrations. A 
variety of light sources can be used, one of which is a photonic crystal �bre (PCF pumped 
by a femtosecond laser. The SB-CARS setup presented herein utilises a polarization main-
taining all-normal dispersion PCF (PM-ANDi-PCF pumped by a femtosecond oscillator. 
The oscillator produces 80 fs pulses with a low average power of 1W at a repetition rate 
of 80 MHz. When these pulses are used to pump the PM-ANDi-PCF, supercontinuum 
pulses are produced with a much broader bandwidth (150 nm at the same repetition 
rate. The supercontinuum pulses are pulse-to-pulse phase stable with high peak intensi-
ties, perfect for fast acquisition of spectra in applications of non-linear spectroscopy and 
microscopy.

As a result of using a broadband laser source, the produced CARS spectrum is also 
broad and dominated by a non-resonant background which is generated by a four-wave 
mixing non-linear process. The SB-CARS setup utilises an active shaping approach which 
allows for a multitude of approaches, that can reduce the non-resonant background, to 
be implemented within the same setup. A spatial light modulator in a 4-f shaper a�ords 
the ability to shape the supercontinuum pulses at will and also enables the integration of 
pulse characterisation techniques into the same SB-CARS setup.

Implementation of a phase-only temporal ptychography technique, i2PIE, in a SB-
CARS setup is reported on for the �rst time. Pulse characterisation is a vitally important 
component of this setup, as produced supercontinuum pulses are initially temporally 
broad, because of dispersion in the optical �bre, and need to be compressed for applica-
tions in spectroscopy. Comparison of i2PIE to another phase-only technique, multiphoton 
intrapulse interference phase scan (MIIPS, shows remarkable improvements in compres-
sion. Second harmonic spectra generated in a beta-barium borate crystal when the su-
percontinuum pulses are compressed using phase reconstructed with i2PIE and MIIPS, 
showed an increase of integrated spectral intensity by a factor of 4. When applied to SB-
CARS measurements, the integrated intensity of SB-CARS spectra increased by a factor 
6.5 when i2PIE was used. The improvement was not limited to spectral intensity yield, 
but also showed an improvement of signal-to-background in extracted CARS spectra by 
a factor of 4 when i2PIE was used.
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ABSTRACT iii

Di�erent SB-CARS strategies were implemented in the same setup and evaluated
through simulation and experimentation to illustrate the versatility of the SB-CARS
apparatus. A new spectral focusing SB-CARS approach that utilises the polarization
shaping and phase shaping capabilities of an SLM, is introduced and compared to other
SF techniques. Non-resonant background is reduced in this technique by using a narrow
probe decoupled from the pump and Stokes �elds. Spectral focusing is achieved with
phase shaping of the pump which focuses the bandwidth to mostly target a single Raman
resonance. Results from spectral measurements demonstrate that the new technique
(PP-QPSF) yields spectra with an overall increased S:B. This new technique is evaluated
spectroscopically and shows promise for an application in SB-CARS microscopy.



Uittreksel

Enkelstraal koherente anti-Stokes Raman verstrooiing met

polarisasie bundelvorming en spektrale fokus
R. Viljoen

Proefskrif: PhD (Fisika)
Maart 2021

Enkelstraal koherente anti-Stokes Raman verstrooiing (SB-CARS is 'n kompakte bena-
dering tot CARS wat 'n enkele breëband laserbron gebruik om molekulêre vibrasies te 
ondersoek. 'n Fotoniese-kristalvesel (PCF gepomp deur 'n femtosekonde ossilator is een 
van verskeie ligbronne wat so gebruik kan word as 'n breëband ligbron. Die SB-CARS 
opstelling wat in hierdie skrif beskryf word gebruik 'n ossilator wat 80 fs pulse met 'n lae 
drywing van 1 W teen 80 MHz produseer. Wanneer hierdie pulse gebruik word om die 
PCF te pomp, word die pulse se bandwydte vergroot tot 150 nm terwyl die herhalings 
tempo behoue bly. Hierdie pulse is ook puls-tot-puls fasestabiel met hoë piek intensiteits 
waardes, wat dit geskik maak vir vinnige meting van spektra in toepassings van nie-lineêre 
spektroskopie en mikroskopie.

As gevolg van die toepassing van 'n breëband ligbrong vir CARS, word 'n breë CARS 
spektrum wat oorheers is deur 'n nie-resonante bydra geproduseer. Die SB-CARS opstel-
ling maak gebruik van 'n aktiewe pulsvorming benadering wat toelaat vir 'n verskeidenheid 
van maniere om die nie-resonante bydra te verminder of uit die metings verwyder. 'n Lig-
modulator (SLM in 'n 4f-geometrie stel mens in staat om die verskillende pulsvormings 
benaderings toe te pas en laat 'n mense toe om puls karakteriserings tegnieke met dieselfde 
instrument uit te voer.

Die implementering van 'n spesiale karakteriserings tegniek, i2PIE, is vir die eerste keer 
in 'n SB-CARS toestel geïmplementeer en in hierdie skrif verslag gelewer. Vergelyking 
van metings van tweede harmoniek, opgewek met pulse gekarakteriseer deur i2PIE, met 
die van pulse gekarakteriseer deur 'n ander tegniek 'intrapulse interference phase scan' 
(MIIPS, wys 'n verbetering van die geïntegreerde spektrale intensiteite met 'n faktor 
van 4. Soortgelyke metings van die SB-CARS spektrum wys 'n 6.5 keer verhoging in 
intensiteitswaardes wanneer i2PIE gebruik is. Hierdie verbetering was nie beperk tot 
slegs spektrale intensiteit nie, maar het ook tot verbeterings in sein-tot-agtergrond in 
gemete CARS spektra gelei.

Verskillende SB-CARS benaderings is met die opstellnig uitgevoer en deur middel van 
simulasie en eksperimente ondersoek. 'n Nuwe spektrale fokus SB-CARS benadering wat 
polariserings pulsvorming gebruik is in hierdie skrif voorgestel, ondersoek, en vergelyk met 
ander bestaande tegnieke. Resultate geproduseer deur hierdie tegniek wys 'n verbetering 
in sein-tot-agtergrond in vergelyking met ander tegnieke.
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Chapter 1

Introduction

Coherent anti-Stokes Raman scattering (CARS) is a third-order non-linear optical pro-
cess where three electro-magnetic waves can together access vibrational excitations of
molecules. This process, originally reported on in 1965 [1], has been utilised as a powerful
tool for spectroscopy and microscopy applications. Spontaneous Raman scattering pho-
ton conversion e�ciency is typically lower than 0.00001 % [2], while CARS can produce
signals that are orders of magnitude larger than spontaneous Raman [3]. CARS spectra
are blue shifted with respect to its input frequencies, avoiding spectral overlap with �u-
orescence [4]. This makes CARS more attractive for applications where fast acquisition
of vibrational information is important. Typical CARS spectroscopy implementations
can roughly be organised into categories based on the pulse width of laser used in its
application: CARS that exclusively use picosecond lasers, CARS that exclusively use
femtosecond lasers, and the in-between region where picosecond and femtosecond lasers
are used together.

Traditional CARS utilise picosecond lasers which have small bandwidths capable of
resolving resonant Raman linewidths [5]. Picosecond lasers are capable of producing high
resolution Raman spectra with high peak intensities. Spectral measurements require the
synchronisation of pulses from multiple sources [6] in space and time to ensure the coherent
process takes place in the sample. Apart from adhering to complicated beam geometries,
a CARS spectrum is measured one frequency at a time, and requires the tuning of one of
the laser frequencies over some desired range of interest in order to acquire a spectrum.

In the in-between region, the combination of a picosecond (ps) and femtosecond (fs)
lasers allows for the circumvention of frequency tuning [3; 7], as the fs-laser (with a broad
bandwidth) simultaneously excites a broad region of vibrations while the narrow band-
width ps-laser induce narrow resonant peaks. This approach, called multiplex CARS, still
requires spatial and temporal synchronisation and has stringent laser alignment require-
ments.

Moving onto only broadband fs-lasers, a much simpler implementation becomes avail-
able in the form of single-beam CARS (SB-CARS) [8], also sometimes referred to as
single-pulse CARS. This approach employs a single fs-laser in a single beam line geome-
try that can excite and probe over a broad range of vibrational excitations. As a result
of the large available bandwidth for excitation as well as probing, a normal SB-CARS
spectrum is dominated by a large non-resonant background (NRB) contribution, as well
as a broad resonant response hidden by die NRB. Many strategies exist to deal with the
ambiguity of a SB-CARS spectrum, from which well resolved Raman-like spectra can be
retrieved.

Compact SB-CARS setups can utilise passive elements to shape the single beam exci-
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CHAPTER 1. INTRODUCTION 2

tation source [9�13] according to need. In one such approach, a resonant photonic crystal
slab (RPCS) can be used to remove a spectral notch from the excitation source [9], which
creates features in the spectral amplitude that can act as indicators of the relative reso-
nance positions in the SB-CARS spectrum. Acquisition with this approach is done with
a spectrometer to locate changes in the SB-CARS spectrum. Faster acquisition with de-
vices, such as photo-multiplier tubes (PMTs), can be achieved with an additional RPCS
on the detection side, a galvano modulator and lock in ampli�er [10]. Along the same line,
a �ber Bragg grating has also been shown to produce similar results, but still require a
spectrometer for measurements [12]. The passive approach can be relatively inexpensive
way to retro�t fs-systems for SB-CARS and multimodal microscopy applications. Fiber
optics approaches can possibly lead to extremely compact SB-CARS instruments, that
can be a valuable clinical tool. Speci�cally in neurosurgery, there is a need for compact
easy-to-use instruments that has a fast acquisition time with high accuracy material iden-
ti�cation capabilities [14]. With some further engineering, a highly compact SB-CARS
instrument can �nd its way into a clinical environment.

On the other hand, the majority of SB-CARS approaches make use of active shaping
via the use of spatial light modulators (SLMs). These approaches mostly use the phase
only [8; 15�22], polarization-and-phase [20; 23�27] or amplitude-and-phase shaping [28]
capabilities of an SLM, to not only manage the NRB but also tailor the SB-CARS re-
sponse. SB-CARS approaches o�er engineering solutions to restrictions that arise from
the broad bandwidth light source and often mimic other CARS approaches. As a work-
around for low resolving capabilities of broadband fs-lasers, fs-pulses can be chirped to
recover high resolution as seen in ps-CARS in a technique called spectral focusing [29].
With the versatile capabilities of an SLM, this approach was ported to a SB-CARS setup
[30]. Spectral focusing in a SB-CARS setup allows for selective excitation of resonant
Raman vibrations that can be used for label-free microscopy. In this con�guration, fur-
ther tailoring of the probe intensity leads to improved signal intensities as compared to
traditional spectral focusing.

SB-CARS spectroscopy applications have mostly been used in proof of principle stud-
ies on liquid solvents, showing the resolving and signal-to-noise reduction capabilities
of the particular approaches. However, a recent application of SB-CARS spectroscopy,
evaluated photoreduction of graphene oxide using spectrally focused surface plasmon po-
lariton pulses [31]. Using the CARS intensity in a spatial scanning con�guration, they
were able to reach a spatial resolution of ∼30 nm.

Femtosecond lasers, employed in SB-CARS, range in their transform limited temporal
pulse widths from ∼10 fs to ∼150 fs. The corresponding spectral bandwidth of these lasers
determine the vibrational excitation range the SB-CARS can probe. For fs-lasers that
produce ∼10 fs pulses, enough spectral content is available to probe the entire �ngerprint
region simultaneously. Lasers which produce longer pulses, have to be combined with
optics capable of increasing the pulse bandwidth to attain the desired probing range in
SB-CARS. One such approach is to incorporate a photonic crystal �bre (PCF) into the
setup. Initially, implemented in multiplex systems, PCFs provided a probing range up to
4000 cm−1 [32; 33], proving to be a remarkable tool to expand the capabilities of a fs-laser
oscillator.

For some SB-CARS approaches, short fs-pulses provide an added advantage over ps-
pulses in signi�cantly reducing the amount of energy deposited over time. A quick back-
of-the-envelope calculation of the peak power shows a laser with 500 mW average power
and a pulse repetition rate of 80 MHz, will have a peak power of 6.25× 103 W for a 1
picosecond pulse. A a similar 10 femtosecond pulse, will comparatively have a peak power
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of 6.25× 105 W. For a non-linear process, such as CARS, this means a relatively larger
intensity can be obtained under similar conditions, or that a fs-laser with lower average
power can be used to yield similar intensities.

For any SB-CARS implementation, however, it is vitally important that the pulses
delivered to the sample, before any shaping strategy is applied, have to be as close to
transform limited as possible. Pulses with unknown phase distortions can reduce the
e�ectiveness of the employed shaping strategy and lead to a reduced CARS intensity. This
means that SB-CARS has to be combined with pulse compression strategies irrespective
of which fs light source is used, as optical components leading up to the sample plane,
will temporally broaden the pulses.

A passive optical element approach can be taken to compress the broadband pulses,
by implementing prism pairs [10] or chirped mirrors [12; 13]. These approaches still
require a method of characterising the pulses in order to determine the e�ectiveness of the
compression. Employing chirped mirrors, is a compact way of removing dispersion from
pulses, but imprints an oscillatory phase function on the pulse [34], which is detrimental
when employed to compensate for large values of dispersion.

Active approaches in compressing the fs-pulses for SB-CARS has been done by ex-
panding the setup with an interferometer to characterise the pulse with frequency resolved
optical gating (FROG) [35], but this has limitations on the accuracy of the determined
pulse width at the sample. Further utilisation of the SLM already incorporated in the
SB-CARS setup, allows one to employ a phase only characterisation scheme [22; 26; 36],
MIIPS - which is an acronym for multiphoton intrapulse interference phase scan [37].
This technique is capable of characterising broadband pulses and also deliver compressed
pulses at the sample plane, but has limitations for pulses with a complex spectral phase
pro�le [38]. A new phase only characterisation technique, i2PIE [39], is capable of fully
reconstructing the phase and amplitude of broadband pulses at the sample plane. This
technique, which was recently developed in our laboratory, is not constrained in the same
way as MIIPS. i2PIE was practically implemented in a CARS setup for the �rst time in
this work, since it promised improved compression of broadband pulses and subsequently
increased signal response in SB-CARS measurements.

In a pulse compression scheme passive and active components can be combined, where
passive components compensate for the majority of pulse dispersion while active shaping
compensates for the remaining dispersion [28]. Combining passive and active in this
way constrains the choices of active and passive combinations. For instance, combining
chirped mirrors with MIIPS will not produce adequately compressed pulses as a result of
limitations of the MIIPS compression algorithm.

In the context of our research environment, our group has made considerable contribu-
tions in the �elds of photonic crystal �bers [40�44] and pulse characterisation [39; 45�48].
Early research on all-normal dispersion photonic crystal �bers (ANDi-PCFs), yielded valu-
able results in terms of fabrication parameters to tailor the PCF dispersion pro�le [49]. In
pulse characterisation, our group pioneered the translation of ptychography as an image
reconstruction algorithm into a pulse characterisation scheme capable of reconstructing
spectral phase and amplitude at resolutions not limited by the spectrometer resolution
[47]. Combining these expertise for application in non-linear microscopy and spectroscopy,
motivates the expansion into SB-CARS.

In the context of South Africa there is, to our knowledge, a lack of CARS type instru-
ments for research purposes. For us to stay competitive in the global research community
we have to have access to instruments that allows us to perform current research. Bud-
getary constraints on higher education and research in South Africa limits the access to
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expensive instruments, motivating us to develop more a�ordable alternatives. With al-
ready available fs-lasers in the South African laser community, retro�tting these lasers
for SB-CARS is a cost e�ective alternative compared to sourcing commercially available
CARS instruments.

In view of this background, in this thesis the following three aims are addressed:

1. Implement MIIPS and i2PIE compression methods in the same single-beam setup,
which employs an ANDi-PCF with initial compression using chirped mirrors, and
compare the phase reconstruction capabilities experimentally. In so doing we show
improved pulse compression, using i2PIE, compared to an already existing, and
widely used, phase only compression algorithm, MIIPS.

2. Improvements in SB-CARS measurements when using i2PIE as opposed to MIIPS
are shown, by introducing and evaluating existing SB-CARS strategies via simula-
tion and experiments.

3. Introduce a new shaping strategy for SB-CARS with spectral focusing which quan-
titatively shows improvements in measurements by comparing signal-to-background
values, obtained experimentally, between existing methods and our newly introduced
method.

The thesis is structured to re�ect the three major aspects of the research project, for
the reader's convenience. Each chapter is set out with its theoretical background followed
by experimental results.

� Chapter 2 describes the supercontinuum light source which was constructed for this
work, and compares the two pulse characterisation techniques used to determine
the spectral phase of the supercontinuum.

� Chapter 3 introduces and discusses two pulse shaping techniques used in SB-CARS
with experimental results from implemented techniques and speci�cally the imple-
mentation of i2PIE in a SB-CARS setup for the �rst time.

� Chapter 4 introduces a new pulse shaping strategy incorporating spectral focusing
and an existing SB-CARS spectral focusing approach based on binary phase func-
tions. Both techniques are explored through simulation followed by experimental
results. A short discussion on future work is provided here.

� Chapter 5 concludes the thesis with a summary of what was achieved in this research
project.



Chapter 2

Generating and manipulating

ultrashort LASER pulses

Soon after the �rst working laser was demonstrated by Maiman in 1960 [50], interest
in laser research shot up and saw rapid adoption and expansion in the years following.
Ultrafast optics already emerged in the 1960's from studies on mode-locking in solid-
state and dye lasers [51], but it would take another 24 years before the �rst self-mode-
locked Ti:Sapphire laser is reported. A publication in 1991 demonstrated sub 100 fs laser
pulses in the near infra-red from a self-mode-locked Ti:Sapphire laser [52]. Adoption
of femtosecond lasers have been greatly bene�cial to not only fundamental research in
physics, chemistry, biology and also medicine. Ti:Sapphire femtosecond lasers are still
the workhorse in many research environments and have proven to be an especially useful
tool in our research environment.

In its early application, femtosecond lasers were widely applied in laser eye surgery
laser-assisted in situ keratomileusis - more commonly known as LASIK [53]. Femtosecond
lasers are notably still important in ophthalmology research as tools for di�erent medical
procedures such as corneal surgery or treatment of cataracts as noted by Sibbett et. al.
[51].

The importance of ultrashort lasers to the scienti�c community was recognised in the
1999 Nobel Prize in Chemistry when it was awarded to Ahmed Zewail "for his studies
of the transition states of chemical reactions using femtosecond spectroscopy" [54; 55].
This was again highlighted in 2018 with the partial awarding of the Nobel prize in physics
to Donna Strickland and Gèrard Mourou for their work on chirped pulse ampli�cation
[56; 57].

Ultrashort lasers are able to temporally resolve processes that are too fast for classic
electronic devices to measure and has been employed to study charge transfer dynamics
in optoelectronic devices [58] - an important area of research as we globally strive towards
viable green energy sources. Femtosecond lasers, ironically, are also useful for engraving
applications - probably one of the most popular answers a layperson would give to the
question of 'where are lasers applied'. A recent article reported on the application of
a femtosecond laser where mouse zygotes were engraved with alpha-numeric codes as a
non-invasive tagging method [59].

The �eld of microscopy has also bene�ted from the adoption of femtosecond lasers as
they can have relatively low average powers with extremely high peak intensities. Pulses
with high peak intensities drive optical processes in the non-linear regime and when
applied in microscopy yields a non-invasive imaging tool with high resolution [60].

For this research project, we employed a femtosecond laser system to perform single-
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beam coherent anti-Stokes Raman spectroscopy - a non-linear process that measures vi-
brational energy states of molecules. In order to ful�l the 'single-beam-ness' of the setup,
broadband (or white) light sources that are capable of exciting multiple vibrational en-
ergy states have to be considered. The light sources should also be capable of inducing a
third-order non-linear response in the samples under study.

Simple white light sources, such as incandescent or discharge lamps, are not suitable
for these applications due to the low coherence and low spectral intensity of the emitted
light. Most commercial Ti:Sapphire femtosecond lasers have a relatively small bandwidth
with which one can only excite a small rang of molecular vibrations. This range can,
however, be extended by integrating laser induced supercontinuum (SC) light generation.
Dudley, Genty and Coen provide an interesting history of supercontinuum generation and
de�nes it as the process of extreme spectral broadening of narrow-band pulses to produce
spectrally broad continuous pulses which can be observed in bulk media or optical �bers
[61]. For our spectroscopic purposes, we avoid bulk media as problems in bulk media
supercontinuum generation arise due to non-linear processes such as �lamentation and
self-focusing. These processes lead to irreproducible results [62], as a consequence of
pule-to-pulse variations. Optical �bers, on the other hand, can be tailored such that one
dominant process drives the supercontinuum generation. All-normal dispersion photonic
crystal �bers (ANDi-PCFs) are capable of generating reproducible supercontinuum pulses
with a smooth phase distribution. In such �bers self phase modulation is the dominating
generation process while other processes are suppressed [43], which allows for reproducible
results.

Following this we employ our commercial high-repetition-rate Ti:Sapphire laser oscil-
lator to pump a polarization maintaining ANDi-PCF to produce supercontinuum pulses
and hence data can be collected at 80 MHz. This combination of laser and PCF together
forms the foundation of our setup. Due to its importance to our planned application
for CARS, it is imperative to understand characteristics of our light source. The char-
acteristics of the PCF produced supercontinuum pulses are determined by the physical
properties of the �ber. To this end pulse characterisation techniques, which allow for the
optimisation of SC pulse to not only be spectrally broad but also temporally broad, were
investigated.

In this chapter, a brief description and background theory of ultrashort laser pulses,
the spectral broadening mechanism, and a more in-depth look at phase-only laser pulse
characterisation is provided.

2.1 Ultrashort laser pulses

2.1.1 Time and frequency dependence of ultrashort pulses

It su�ces to describe only the 'electric' part of electromagnetic radiation, considering that
materials under study in this research project are dielectric materials. Dielectric materials
have no magnetization and are electric insulators with no free charges or currents. It
follows that µ ≈ µ0, with µ representing the material permeability and µ0 the permeability
of free space. The relationship between the electric �eld and the magnetic �eld is trivial
and well established by Maxwell's equations - if the electric �eld is well characterised
then one can easily calculate the magnetic �eld if required. The focus is thus solely on
the electric �eld, of which the general expression of the temporal electric �eld pulse is
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expressed as [63]:

E(t) =
√
I(t)ei(ω0t−φ(t)) + c.c. (2.1)

The intensity, I(t), and temporal phase, φ(t), is assumed to vary slowly compared to
the carrier wave, e−iωot, which implies that eiωot can be ignored and only the evelope is
considered. This is referred to as the slowly varying envelope approximation and holds
when the temporal pulse length is longer than a few optical cycles. This approximation
and removal of the complex conjugate term lead equation 2.1 to reduce to:

E(t) =
√
I(t)e−iφ(t). (2.2)

This equation represents the envelope of the rapidly varying electric �eld [64].
Transforming between the temporal and frequency representation of the electric �eld

the complex inverse Fourier transform or complex Fourier transform is used [65].

E(ω) = F{E(t)} =

∫ ∞
−∞

E(t)e−iωtdt = |E(ω)|e−iϕ(ω) (2.3)

E(t) = F−1{E(ω)} =
1

2π

∫ ∞
−∞

E(ω)eiωtdω. (2.4)

The Fourier transform of equation 2.2,

E(ω) = |E(ω)|e−iϕ(ω) =
√
S(ω)e−iϕ(ω), (2.5)

is generally our preferred representation of the electric �eld. This form is intuitive in its
use as it essentially multiplies the spectrum, S(ω), with the spectral phase, ϕ(ω) - both
of which are quantities that can be measured.

It is convenient to express the spectral phase as a Taylor series:

ϕ(ω) = ϕ(ω0) + ϕ̇(ω0)(ω − ω0) +
ϕ̈(ω0)

2
(ω − ω0)2 + ... (2.6)

This helps us to untangle the di�erent e�ects that the spectral phase has on the pulse
shape. The �rst term, the absolute phase, is the relative phase between the carrier wave
and the carrier-envelope. This term is only important when the envelope width (pulse
width) is in the order of the period of oscillation of the carrier wave. The �rst-order
spectral phase, ϕ̇(ω0), corresponds to the pulse shifting in time. Most importantly the
second-order phase, ϕ̈(ω0), also called quadratic phase, causes the pulse to broaden in
time for non zero values. In the case where this term is positive, the blue frequencies
trail behind red frequencies having a longer �eld envelope as a result. This is also called
positive chirp. In the case where red frequencies trail behind blue frequencies, it is referred
to as negative chirp. Quadratic phase is also referred to as the group delay dispersion
(GDD) and has units of fs2.

2.1.2 Light-matter interaction

When an electric �eld interacts with a dielectric (non-magnetic) material, dipole moments
are induced within the material. This interaction is described using the polarization, P (t),
which is the induced dipole moment per unit volume. The polarization is related to the
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applied optical �eld, E(t), the permeability of free space, ε0, and the linear material
susceptibility, χ(1), and expressed as [66]:

P (t) = ε0χ
(1)E(t). (2.7)

This expression shows the linear relationship between the applied electric �eld and the
resulting polarization and holds true for when the interaction can still be considered
harmonic. Since the material response for high electric �eld amplitudes is no longer simply
harmonic, a more general expression is required to account for a non-linear response. For
the general case the material response is written as a power series:

P (t) = ε0[χ(1)E(t) + χ(2)E2(t) + χ(3)E3(t) + ...] (2.8)

The material susceptibilities are tensors denoted by χ(n) where n is the order. The re-
sponse to the electric �elds due to non-linear processes is thus determined by the properties
of the material and are accounted for by these tensors. Where electric �eld amplitudes are
su�ciently high, processes such as second harmonic generation (SHG), self-phase modu-
lation (SPM) and stimulated Raman scattering (SRS) can occur. The polarization scales
to the order of the appropriate non-linear process, for example, SHG (a second order
process) scales with the square of the Electric �eld. CARS, a special case of four wave
mixing which is a third order process, scales by the third-power of the electric �eld.

2.2 Supercontinuum generation in a photonic crystal

�bre

Photonic crystal �bers are versatile optical components capable of producing extremely
spectrally broadened (or more speci�cally supercontinuum) pulses. These �bers possess
a highly ordered microstructure that is purposefully tailored to a�ect the properties of
the produced supercontinuum. The relationship between the input pump wavelength
and the dispersion pro�le is an important component in tailoring the PCF characteristics
[49]. For the purposes of this project, a SC with a continuous and coherent spectral
pro�le which corresponds to a single femtosecond pulse in the time domain is needed.
All-normal dispersion PCFs are able to produce such SC pulses which, signi�cantly, are
also stable pulse to pulse. The dominating non-linear process responsible for the spectral
broadening of these �bers (in the regime that we will be working) is self-phase modulation.
Newly created frequency components thus have a deterministic phase relation with the
pump pulse, producing a SC that is phase stable and highly coherent [43]. This means
that the SC is not in�uenced by, for instance, spontaneous Raman noise, but is rather
dependant on the stability of the pump. A pulse-to-pulse phase stable pump will produce
a phase stable SC. This is important for pulse compression, as pulses are compressed
by compensating for a single determined phase function, which is determined from an
average over many pulses. For pulses where the spectral phase �uctuates greatly between
successive pulses, pulse compression will be ine�cient. In contrast, PCFs pumped in the
anomalous dispersion region produce broader SC pulses, but the generated SC spectrum
is dominated by soliton dynamics and soliton �ssion. The corresponding temporal pro�le
has a complex form which can not be compressed into a single pulse.

The microstructure of an ANDi-PCF is such that the �ber core consists of longitudinal
air holes speci�cally arranged in a hexagonal pattern - as can be seen in a cross-section
of an ANDi-PCF in �gure 2.1.A.
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Figure 2.1: Cross-section photographs of the PM-ANDi-PCF. In A. the hexagonal air hole
micro-structure with a core diameter of 2 µm is shown. In B. the larger 'macro' structure
is shown. One of the stress rods is outlined by a blue line and the core as shown in A. is
contained in the middle of the red circle.

The air-holes create a large index of refraction contrast which con�nes the pump pulse
in the core of the �ber. This structure is characterised by the pitch and hole diameter.
The dispersion pro�le of an ANDi-PCF is tailored to be entirely below zero by choosing
speci�c values for the aforementioned parameters [67]. The dispersion pro�le of the PCF
determines the broadening characteristics of the �ber. Keeping the dispersion pro�le
below zero ensures that �ber output is a single pulse that is `normally' dispersed. In
the `macro' structure of the �ber (�gure 2.1.B), stress rods (one of which is highlighted
by the blue outline in �gure 2.1.B) are added to tailor the birefringence of the �ber for
the purpose of reducing coupling between polarization states and maintaining the input
polarization.

The bandwidth of the produced supercontinuum depends on the energy and pulse
length of the pump pulse [68] - higher energy values lead to a broader supercontinuum
spectrum (or in other words a larger spectral bandwidth). This broadened SC spectrum
allows for the generation of pulse lengths far shorter than that of the pump pulse, due
to the inverse relationship of bandwidth and pulse duration. The produced supercon-
tinuum is however not only broadened in the spectral domain but also stretched in the
temporal domain. Temporally lengthened pulses are produced due to dispersion as the
SC propagates through the PCF which is manufactured out of silica.

2.3 Ultrashort pulse characterisation techniques for

single-beam geometries

Supercontinuum pulses produced by an ANDi-PCF are stretched in time (i.e. not transform-
limited). These temporally broadened pulses have reduced peak intensities compared to
their transform-limited analogue. Where ultrashort pulses are used to study or exploit
non-linear processes, optimally compressed pulses are important as the peak intensity
non-linearly determines the e�ciency. Temporally dispersed pulses can be compressed
by compensating for measured phase distortions . Compensation of phase distortions is
carried out by reducing the relative spectral phase of the spectral components contained
within the pulse to zero.
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Light measuring devices can not directly measure the pulse duration of femtosecond
pulses as they do not have the required time resolution. To address this challenge one
can use the properties of light and light-matter interaction to infer the pulse length.
Many techniques exist that use indirect means to measure the phase of ultrashort pulses.
The most well known, frequency resolved optical gating (FROG), measures the second
harmonic spectrum generated by two identical copies of the pulse which are overlapped
in a beta barium borate (BBO) crystal for di�erent time delays [35]. The amplitude and
phase is subsequently reconstructed. A drawback of FROG is the ambiguity in the phase
due to temporal symmetry [69]. Iterations on this technique such as a cross-correlation
FROG (or XFROG) [70] and interferometric FROG (also IFROG) [71] exist to address
the time ambiguity of the FROG reconstruction.

In the experimental implementation of these techniques, the laser beam is split in
two and a variable time delay is incorporated in one of the new beamlines. The two
beams are overlapped in the BBO crystal in various ways. This allows one to measure a
resultant signal as a function of delay time. This time-delayed beam is referred to as a
probe and for the XFROG is a fully characterised pulse which can be used to characterise
another unknown pulse. Our group, together with research collaborators, recently showed
improved reconstruction from XFROG measurements of supercontinuum pulses using a
temporal ptychographic algorithm [48]. The probe pulse required for this new technique
is much longer in time (compared to that of XFROG) and does not require as many time
delays, which together yields a reduced amount of measurements needed to reconstruct
complex pulse shapes. This temporal ptychography technique is able to resolve small
temporal features in the order of 10 fs with a probe pulse longer than 100 fs.

There exists no be-all and end-all pulse characterisation technique and one has to
choose the one that suits the experimental environment. One of the attractive aspects of
SB-CARS is a relatively simple experimental setup. An additional beamline for charac-
terisation will add further complexity to the system. For this reason a technique that can
characterise the SC pulses in the same beamline as where the CARS measurement will
be performed is preferred. Moreover, we require the technique to reconstruct the phase
of the pulse in the sample plane - so that optimally compressed pulses can be delivered
to samples under study.

Two techniques that have been developed to ful�l these criteria are discussed in the
following subsections, one of which was developed by our research group.

2.3.1 Phase reconstruction using MIIPS

Multiphoton intrapulse interference phase scan (MIIPS) was �rst introduced by Lozovoy
et al. [37] as part of a series of articles pertaining to Multiphoton Intrapulse Interference.
MIIPS is widely used by the scienti�c community to compress broadband laser pulses.
This technique, in broad terms, iteratively reconstructs the spectral phase by collecting
a set of spectra and processing the measurements based on the relationship between
spectral phase and the produced second harmonic intensity spectrum. From the processed
measurements a phase estimate is determined for each iteration and used in the following
iteration to determine an updated phase estimate.

Similar to other pulse characterisation techniques MIIPS uses second harmonic gener-
ation (SHG), a second-order non-linear optical process, to retrieve information about the
pulse to be characterised. The SHG spectrum generated by an electric �eld interacting
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with a BBO crystal can be expressed in the frequency domain as [72]:

S(2)(ω) = |
∫ ∞
−∞
|E(ω + Ω)||E(ω − Ω)| × exp(i[φ(ω + Ω) + φ(ω − Ω)])dΩ|

2

. (2.9)

The above expression relates the produced SHG intensity spectrum, S(2)(ω), to the
input electric �eld, E(ω), and its spectral phase, φ(ω). The produced spectrum will be
centered around 2ω0, where ω0 is the central frequency of the input pulse. This expression
shows that, making known changes to the input spectral phase will have a predictable
in�uence on the produced SHG spectrum.

Approximating equation 2.9 to only second-order phase is accomplished by substitut-
ing the expression for the spectral phase of the pulse (equation 2.6) into equation 2.9.

S(2)(ω) ≈ |e2iϕ(ω)

∫ ∞
−∞
|E(ω + Ω)||E(ω − Ω)| × exp

{
[iφ̈(ω)Ω2]

}
dΩ|

2

, (2.10)

Here the core principle of the MIIPS technique is shown. After cancellation of even terms
and neglecting higher-order phase terms, the resultant spectrum approximately depends
only on the second order phase (or GDD) which is maximised when the GDD = 0. The
MIIPS algorithm introduces a well de�ned phase function to the pulse of interest which
advantageously utilises the relationship between the SHG spectral intensity and spectral
phase. This phase function is chosen to be:

f(ω) = α cos (γ(ω − ω0)− δ), (2.11)

with tuning parameters α and γ and scanning parameter δ. This function can be altered
by changing the amplitude, α, broadened by changing the scaling factor, γ, and shifted
with respect to the frequency vector by changing δ. Adding this phase function to the
pulse will in e�ect cancel out phase distortions where values in equation 2.11 overlap with
its `negative' spectral phase values in the pulse spectrum. Mathematically, adding the
phase function to the pulse is a multiplication of the input pulse and the modulation
function in the frequency domain. The modulation function is de�ned as

M(ω) = ei·f(ω), (2.12)

and the resultant modulated input pulse is then

EM(ω) = E(ω)M(ω). (2.13)

It follows then that the measured SHG spectrum can be expressed as:

S(2)(ω) ≈ |e2iϕ(ω)

∫ ∞
−∞
|EM(ω + Ω)||EM(ω − Ω)| × exp

{
i[φ̈(ω)Ω2 + f(ω)]

}
dΩ|

2

. (2.14)

A maximum intensity will be observed in the SHG spectrum (equation 2.14), where
phase distortions have been cancelled out. Recording the resultant SHG spectra for
di�erent values of δ in the interval 0 to 4π produces a MIIPS trace which is then used to
retrieve an estimation of the spectral phase.

The phase is estimated from the MIIPS trace by identifying for each discrete value
of δ a frequency component that correlates with a maximum S(2) value. These values
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are combined into a δmax vector. With this information, the corresponding GDD values
which led to cancellation of phase distortions are calculated:

ϕ̈(ω) = −f̈(ω, δmax) = αγ2 cos [γ(ω − ω0)− δmax(ω)], (2.15)

where ϕ(ω) is the unshaped phase of the input pulse. Integrating equation 2.15 twice
gives us the �rst estimation of the spectral phase of the input pulse.

The process is repeated for N times until it can no longer improve the reconstruction
or in other words, the phase retrieval has reached convergence. The maximum GDD that
can be compensated for is dependant on the choice of α and γ [73].

Figure 2.2: Diagrammatic illustration of the MIIPS procedure.

A summary of this technique, with reference to �gure 2.2, follows:

1. A sinusoidal phase function with chosen amplitude, α, and frequency scaling factor,
γ is applied to the supercontinuum spectrum (red ∗)

2. A corresponding SHG spectrum is measured (blue ¤)

3. The sinusoidal phase function is shifted across the spectrum and steps 1 and 2 are
repeated over the interval [0, 4π]

4. For each phase function corresponding to a δ a SHG spectrum is measured and
concatenated into a spectrogram called a MIIPS trace (blue †)
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5. From the MIIPS trace, δ values corresponding to a maximum intensity value is
collected for each spectral component and inserted into equation 2.15 (green †)

6. This function is integrated twice to produce the residual phase extracted from this
iteration of MIIPS (ϕn)

7. The total phase is calculated by adding the residual phase from this iteration to the
residual phases of all the previous iterations (ϕ′n)

8. The negative of the total phase is added to the spectrum to compensate for the
phase distortions extracted from this iteration and the process is repeated with the
negative of the total phase present on the supercontinuum

2.3.2 Phase reconstruction using i2PIE

In our group, Spangenberg et al. [39], more recently introduced a phase reconstruction
algorithm for a collinear con�guration based on time-domain ptychography. Time-domain
ptychography is able to reconstruct the phase and amplitude of an electric �eld ('object')
from a collection of spectral measurements. This collection is produced by overlapping a
probe pulse in time with the object pulse and measuring the spectrum of the product for
di�erent time delays [46]. In order to reconstruct the object pulse, the probe pulse has to
be well characterised. It is furthermore chosen to be temporally broader than the object
pulse, with time delays chosen to ensure redundant (or repeated) information is shared by
subsequent measurements. Redundant information is required to facilitate convergence
during reconstructions. The new collinear technique, named i2PIE, however, does not
require prior knowledge of the probe or object.

For expository purposes, we divide i2PIE into two steps: (1) Measurement and (2)
Reconstruction based on parameters chosen for the measurement. This separation is in
contrast to the cyclic process followed by MIIPS (measure → reconstruct → update 7→
measure → reconstruct → update 7→ etc.).

The pulse characterisation technique, i2PIE, relies on sequentially applying a set of
known phase only transfer functions to the pulse under measurement. The �rst step there-
fore is to decide on a convenient phase-only transfer function family,[H0...Hn], which is to
be applied sequentially to the input pulse, Ein. In principle an arbitrary set of phase func-
tions can be chosen to be applied to the pulse. The ptychographic iterative engine(PIE)
algorithm should be able to reconstruct the amplitude and phase from the corresponding
set of second harmonic spectra (SSHS), as long as the chosen phase functions correspond-
ing to each second harmonic spectrum is known. Without prior knowledge of the exact
phase, it is expected that the SC spectral phase will be quadratic in nature. With this in
mind, it is sensible to choose a function that can match what one may expect to see in the
phase and in this case a set of quadratic phase functions is an obvious choice. This set of
transfer functions, chosen to characterise the SC, is parametrised by a maximum steep-
ness, qmax, determined by the input spectrum and an experimental scanning parameter,
sn, and has a generalised form:

Hn(Ω) = ei·qmaxsnΩ2

(2.16)

Here Ω is the relative frequency vector, Ω = ω−ω0. The experimental scanning parameter,
sn, is calculated for a total number of scanning steps N + 1:

sn = 2(
n

N
− 1

2
), (2.17)



CHAPTER 2. GENERATING AND MANIPULATING ULTRASHORT LASER PULSES 14

where n ∈ N is the step number starting at 0 and ending at N . The scanning parameter
will thus vary between −1 and 1. This ensures that the quadratic phase functions sequen-
tially applied to the input pulse, will be scaled by values over the interval from −qmax to
qmax.

The maximum steepness, qmax, is a parameter that needs to be determined per unique
input pulse. This value can be determined from considerations of the input pulse temporal
width. A general measure of the temporal width is the second order moment of the electric
�eld which is given by [65]:

σ2
t =

1

2π

∫ ∞
−∞

dΩ

[
∂A(Ω)

∂Ω

]2

+
1

2π

∫ ∞
−∞

dΩ

[
∂ψ(Ω)

∂Ω
A(Ω)

]2

, (2.18)

where A(Ω) is the spectral amplitude and ψ(Ω) is the spectral phase applied to the input
pulse which broadens the pulse in time. The notation is kept in line with that used in
[39], and the normalisation factor has been neglected for simpli�cation. The temporal
width, σt, can then simply be presented as a combination of the transform limited pulse
width, σ0, and a broadening part, σψ:

σ2
t = σ2

0 + σ2
ψ. (2.19)

Introducing quadratic phase to a transform limited pulse such that ψ = qmaxΩ
2, introduces

a temporal broadening by an amount that can be calculated by:

σ2
ψ =

1

2π

∫ ∞
−∞

dΩ

[
∂qmaxΩ

2

∂Ω
A(Ω)

]2

, (2.20)

which reduces to

σ2
Ψ = qmax

2

π

∫ ∞
−∞

Ω2I(Ω)dΩ, (2.21)

where I(Ω) is the normalised spectral intensity of the input pulse. Pulse characterisation
measurements are limited by the accessible experimental time windows as constrained by
the physical setup. These constraints can either result from the spectrometer resolution,
the accessible time window introduced by either physical delay or SLM, or some combi-
nation of these factors. Pulses with pulse widths that are larger than the time window,
cannot be fully and unambiguously reconstructed. A measure of the pulse width, typ-
ically, does not enclose the entire pulse. As such, the temporal pulse widths of input
pulses have to be smaller than the available time window, T , with the entire pulse pro�le
contained within the temporal window. The time window can be calculated, assuming
the limiting component is the spectrometer, from

T =
2π

∆ωspectr
, (2.22)

where the spectrometer resolution is given as ∆ωspectr. For pulse reconstruction, the
measurements thus are restricted to only pulses that can have a maximum pulse length
that is a fraction of the time window, γT , where γ ∈ (0, 1) scales T . It follows then, that
σψ is also restricted to mostly be:

σ2
ψ = γ2T 2 − σ2

0 (2.23)
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The value for qmax can be calculated by equating equations 2.21 and 2.23 and solving
for qmax. The resultant expression follows:

qmax =

√
σ2
ψ

2
π

∫
Ω2I(Ω)dΩ

. (2.24)

This means that qmax is directly related to the spectrometer time window, T , and
restricted (by γ) as such to not scan beyond the limitations of the spectrometer. These
parameters are experimental parameters, of which the values have to be determined for
each experimental implementation.

The parameters for the set of transfer functions can then be calculated using equations
2.17, 2.22, 2.23, and 2.24. The transfer functions, equation 2.16, are sequentially applied
to the input pulse in a similar fashion as was the case for MIIPS. Applying the set
of transfer functions to the input pulse is akin to sequentially chirping the pulse. The
modulated function, which express result of the input pulse multiplied by the transfer
function, has the form:

on(Ω) = Ein(Ω)Hn(Ω). (2.25)

The second harmonic spectrum can described by using the expression for the SHG FROG
intensity [74] for a zero time delay , τ = 0:

S
(2)
FROG(ω) =

∫ ∞
−∞

on(Ω)on(ω − Ω)eiΩτdΩ. (2.26)

The resultant spectrum is centered around 2ω0, similar to the expression from equation
2.9. This function, with τ = 0, is a convolution in the frequency space. This can be
calculated as a multiplication in the time domain, after which the result is transformed
back into the frequency domain:

S(2)(t) = F−1{on(Ω)} × F−1{on(Ω)} (2.27)

S(2)(Ω) = F{S(2)(t)} (2.28)

The SH spectrum, S(2)(Ω), is de�ned in the relative frequency space and centered around
0 for convenience of calculation. Equation 2.26 shows the relationship between the object
pulse and the resultant second harmonic spectrum. This is similar to equation 2.14 in
the MIIPS discussion, but no approximation has been made to simplify the relationship.
In the reconstruction algorithm for i2PIE, the full spectral phase in�uence on the second
harmonic response is taken into account.

For each of the transfer functions, Hn(Ω), a corresponding second harmonic generated

(SHG) signal, S
(2)
n (Ω), is measured and concatenated to produce a set of second harmonic

spectra (SSHS). Once the SSHS is generated it can be loaded into the i2PIE reconstruction
algorithm. The amount of spectral measurements required for an i2PIE reconstruction
is system dependant. The amount of measurements required for the setup reported on
in this thesis, is 101 SH spectra, compared to the 2560 SH spectra necessary to perform
MIIPS.

The i2PIE algorithm is computationally performed on the measured SSHS which out-
puts a reconstructed phase and amplitude. From a macro view of this algorithm, it follows
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the logic of that of two nested loops. The inner loop runs through each nth spectrum, while
the outer loop repeats the process until the phase has been su�ciently reconstructed. For
the �rst iteration of the inner loop an initial guess for the input �eld, E

′
in(t), is made

in the �rst iteration. From this, a modulated function, on(Ω), is calculated with the
corresponding transfer function, Hn(Ω).

on(Ω) = E
′

in(ω)Hn(Ω) (2.29)

Transforming between the time and frequency domains for E
′
in and other �elds is done

by performing a Fourier transform as shown in equations 2.3 and 2.4. The modulated
function is the input �eld with a modi�ed phase. In the frequency domain we know that
multiplying our input �eld with the transfer function will simply add the phase to the
input �eld. In other words, the phase of the modulated function will be a superposition
of the transfer function phase and the input �eld.

The second harmonic of the modulated signal, gn, with perfect phase matching is
calculated, from equation 2.27, as

gn(t) = o2
n(t). (2.30)

The calculated SH signal is updated by replacing its spectral amplitude with that of
the measured spectral amplitude of the nth scan, while maintaining its spectral phase:

g
′

n(Ω) =
√
Sn(Ω) exp[i · arg(gn(Ω))] (2.31)

The updated �eld, g
′
n(Ω), is a combination of the measured spectral amplitude,

√
Sn(Ω),

and the spectral phase of the calculated SH of the modulated signal. The updated SH
�eld is used to update the modulated signal with the standard ptychographic method.

The ptychographic update function is de�ned as

Un(t) =
|on(t)|

max(|on(t)|)
o∗n(t)

|on(t)|2 + α
(2.32)

where α < 0 and ∗ denotes the complex conjugate. The update function is then applied
to the modulated signal:

o
′

n(t) = on(t) + βUn(t)[g
′

n(t)− gn(t)] (2.33)

where β is a weighting factor with β ∈ [0, 1]. This equation is equivalent to a steepest
descent optimisation algorithm [47], which ensures that the reconstruction converges. For
the �nal step in this algorithm loop, the input �eld is updated for the next iteration of
the loop (in other words the n+ 1 loop). This step is unique to the i2PIE algorithm and
the updated input �eld is calculated as follows:

E
′

in(Ω) = o
′

n(Ω)H∗n(Ω). (2.34)

After the algorithm has processed all N + 1 spectra, the process is repeated. The
input �eld for the next iteration of the reconstruction is chosen to be the �nal updated
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�eld from the previous loop in the reconstruction. This entire process repeats until the
�eld is su�ciently reconstructed.

Below this reconstruction method is summarized with reference to �gure 2.3. Each
item in the list below corresponds to a block in diagram from �gure 2.3, with each major
step (Measure and Reconstruct) starting with a purple block.

Figure 2.3: Diagrammatic representation of i2PIE reconstruction algorithm.

Measure:

1. The process starts with a pulse to be characterised together with a chosen transfer
function family

2. Using a spatial light modulator the �rst transfer function is added to the pulse
spectrum.

3. Focusing this newly shaped pulse onto a BBO generates the corresponding SHG
spectrum
� This process is repeated for the interval n = [0, N ]

4. Each SHG spectrum is collected and collated into a spectrogram and passed on for
reconstruction.

Reconstruct:

5. An initial guess is made of the shape of the pulse to be reconstructed
6. A new pulse is calculated by applying the appropriate transfer function
7. The SHG response of this new pulse is calculated in the time domain
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8. A Fourier transform is computed to represent the SHG signal in the frequency
domain

9. The measured amplitude corresponding with the result of applying the current trans-
fer function to the spectrum is combined with the estimated calculated phase from
the previous step

10. Ptychographic iterative engine is used to calculate an updated spectrum from com-
bination SHG signal in the previous step

11. Phase added with transfer function is removed from the updated spectrum and used
as a guess spectrum for the next cycle

� This process cycles for all transfer functions and is repeated for all transfer
functions until convergence.

12. After the reconstruction has converged, a pulse with amplitude and phase is deliv-
ered as an output

2.4 The pulse characterisation experimental setup

2.4.1 An overview of optical components

We constructed a setup which incorporates an ANDi-PCF, a pulse shaper, a microscope
objective pair and a portable spectrometer, which enables us to perform MIIPS and i2PIE
pulse characterisation measurements. This setup (�gure 2.4) can easily be modi�ed for
SB-CARS measurements with the addition of only two extra components. In this section
we report, for the �rst time, on the implementation of i2PIE in a setup with a complex
SC light source and compare its phase reconstruction capabilities with that of MIIPS
within the same setup. A simpli�ed representation of the setup is presented in �gure 2.4.
The setup can be broken up into three main sections: Supercontinuum generation, Pulse
shaping, and Pulse measurement. Photos of the physical implementation of the apparatus
are presented in appendix A.



CHAPTER 2. GENERATING AND MANIPULATING ULTRASHORT LASER PULSES 19

Figure 2.4: Schematic representation of experimental setup used to perform MIIPS and
i2PIE measurements. The most important components are shown.

Supercontinuum generation starts with the laser output from a femtosecond oscillator
- a Spectra Physics Tsunami laser. The spectral output of this laser is Gaussian-like with
a 12 nm bandwidth centered at 800 nm which corresponds to pulses with a duration of
80 fs, at a repetition rate of 80 MHz. The total average power output is 1 W, which can
be reduced with an attenuator (At.).

A Faraday isolator (F) is placed in the beam path to ensure no re�ected light can
propagate back into the oscillator and destabilise the laser's mode-locking. The laser
beam is coupled into a polarization maintaining ANDi-PCF (NKT photonics NL-1050-
PM-NEG) with the input polarization set by a half-wave plate (λ/2) preceding the PCF.
This allows us to couple into the fast axis of the PCF.

This particular polarization maintaining PCF was part of an experimental draw and
is, at the time of writing, not currently commercially available. We were able to acquire a
length of bare PCF from a collaborator. Since the non-linearities in this �bre is extremely
high, one would ideally use as short a piece of �bre as possible to limit the amount of
temporal broadening. However, there are physical limitation to inserting such a short �bre
into the setup in terms of mounting the �bre. The shortest �ber we were able to prepare
has a length of 10 cm. The �ber the ends have to be sealed to prevent small particles
from entering the air holes. If contaminants enter the air holes the coupling e�ciency can
drastically reduce. Preparation of the �ber includes splicing both �ber ends with standard
telecommunication �ber to collapse the air holes at the ends. The telecommunication �ber
is then cleaved from the PCF close to the collapsed air holes and ensures a smooth �at
surface on the PCF ends. From experience, we note that this cleaved surface leads to
an improved coupling e�ciency compared to that of a rough unsealed PCF. The sealed
PCF is glued into standard FC/PC ferule, making it compatible with standard �ber optic
mounts.
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The spectrally broadened output from the PCF is collimated by an o�-axis parabolic
mirror (PM) with the output polarization set by another half-wave plate. Temporal
broadening as a result of propagating through the PCF is mostly compensated for by
the use of a chirped mirror pair (CM) with 44 bounces, which compensates for a GDD
value of about 7700 fs2. The phase correction from the CMs over a broad spectrum is not
perfectly �at, but oscillates slightly over the spectrum. This oscillation will be imprinted
on the spectral phase and will need to be compensated for.

The pulse shaper integrates an SLM into a 4f-shaper setup and consists of two blazed
gratings (G1 and G2) ruled with 600 lines/mm, two identical plano-cylindrical lenses (L1
and L2) with a focal length of 25 cm and a Jenoptik 640d spatial light modulator (SLM).
These components are spaced evenly with the distance between each component being
the focal length of the plano-cylindrical lens.

A high numerical aperture microscope objective (60X Olympus Plan Fluorite Ob-
jective with Correction Collar) focuses the beam on a BBO crystal producing second
harmonic light which is captured, collimated and focussed by another microscope objec-
tive (40X Olympus Plan Fluorite Objective). The collimated collected beam passes a
polariser (P2) and band pass �lter (BP) before it is focused into a spectrometer (Avantes-
uls3648 con�gured with a 300 lines/mm grating and 25 µm slit resulting in a resolution
of 1.1 nm to 1.3 nm resolution) to measure the second harmonic spectrum. The polariser
(P2) is required for wavelength calibration of the SLM.

2.4.2 The PCF generated supercontinuum pulses

The Ti:Sapphire laser's average output power is 1 W, with a repetition rate of 80 MHz,
of which only 650 mW reach the PCF, due to the transmission e�ciency of the optical
components preceding the PCF. Typically the throughput e�ciency of the PCF is around
65 %, which yields a bandwidth of 150 nm as shown in �gure 2.5.A. Further losses in our
setup results in supercontinuum pulses of up to 0.69 nJ per pulse at the sample plane.

Figure 2.5: A. Full supercontinuum spectrum generated by a PM-ANDi-PCF pumped at
a power of 655 mW with a coupling e�ciency of 65.6%. B. Supercontinuum generated
under identical circumstances with spectral content blocked from 750 nm and lower in
the Fourier plane of the pulse shaper.

The bandwidth of the pulses produced by the PCF is determined by the input power.
As can be seen in the graph below (�gure 2.6): increased input power produces spectrally
broader supercontinuum pulses. It is important to optimise the throughput e�ciency for
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maximum power input to produce the broadest SC pulses. Spectrally broader pulses,
with higher average power, can be compressed to temporally shorter pulses with higher
peak intensities.

Figure 2.6: Measured spectral output from PCF as a function of input power. The x-axis
represents wavelength in nm, while the y-axis shows the input power to generate the
corresponding supercontinuum and the z-axis represents intensity in arbitrary units.

Typically the bandwidth will be given as the bandwidth at full-width half maximum
(FWHM) of the spectrum. This is di�cult to do when the spectral shape is not Gaussian-
like. The bandwidth of our supercontinuum is given as the di�erence between the wave-
lengths on the left and right of the intensity pro�le where the intensity is at 10% of the
maximum intensity.

In a single-beam geometry, as used here, non-linear emissions which result from the
interaction between the SC and samples are emitted co-linearly with the SC. For SH, this
does not present any draw backs as the generated spectrum does not overlap with the
SC continuum spectrum and can be isolated with a shortpass �lter. CARS, in contrast,
overlaps spectrally with the SC. For this reason, a portion of the SC is blocked from
taking part in the sample interaction to allow the detection of the CARS response. The
reported measurements that follow were taken with the SC cut o� at < 750 nm (�gure
2.5.B), to more accurately portray the gains in compression for the light source that will
be used in SB-CARS experiments.

2.4.3 The pulse shaper

A pulse shaper con�gured in a 4f-shaper geometry uses the property of a lens that performs
an optical Fourier transform of an object at the focal length. A collimated beam incident
on a blazed grating will disperse the beam into its frequency components giving each
frequency component a unique angle. Placing a lens a focal distance away collimates the
spread-out beam and maps frequencies to speci�c coordinates in the focal plane of the
lens. The addition of another lens and grating pair as illustrated in �gure 2.7 completes
the 4f-shaper and outputs a single beam with spectral components overlapped in time
and space. If no action is performed in the focal plane of the shaper, then the input pulse
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will be identical to the output pulse (if distortions due to travelling through air and beam
divergence is ignored).

A spatial light modulator is placed in the Fourier plane for phase, polarization or
amplitude shaping of the SC pulses. Wavelength calibration of the SLM is performed
by amplitude shaping the SC spectrum in such a way to only allow a thin slice of the
spectrum to propagate through the shaper (while blocking all other spectral components)
and measure its frequency. In this way, one is able to determine the spatial coordinates
of the frequency components in the Fourier plane. Scanning over the entire SLM maps
measured frequencies to speci�c SLM pixels. Once the calibration is complete, the phase
of the individual frequency components of the supercontinuum can be manipulated at
will. This results in complete control over the temporal shape of the supercontinuum.
Using the SLM in this way is the realisation of the inverse Fourier relationship between
the frequency and temporal domain for laser pulses and is critically important for our
experiments. The SLM is controlled with in-house developed Labview control software.

Figure 2.7: Schematic representation of a 4f-shaper illustrating the working principle of
the pulse shaper

2.5 Comparing MIIPS with i2PIE experimentally

One of the aims of this study is to validate the e�ectiveness of i2PIE as a pulse compression
technique in real world scenarios. A �rst step in this analysis is a direct comparison with
MIIPS, a well established pulse characterization and compression technique.

In order to compare results from MIIPS and i2PIE, system parameters have to be
identical for both and similar work �ows have to be followed. For our comparison, we
set out to measure the phase of the supercontinuum delivered to the sample plane. By
the time a pulse reaches the sample plane its phase will have been altered by a half-wave
plate, a polariser, a pair of chirp mirrors, the entire shaper setup and a collection of lenses.
In order to account for these alterations, the total e�ect needs to be compensated for. A
set of ten measurements were performed for each technique in succession which needs a
stable and consistent input pulse across measurements in order to be comparable.

Measurements were performed after the optical system reached a stable temperature.
We �nd that the femtosecond laser's spectrum changes with time after startup, and set-
tles to a stable setting (central wavelength at 800 nm with 12 nm FWHM bandwidth)
after an hour. The optical system alignment was optimised for maximum intensity and
bandwidth as measured by the spectrometer, with a throughput e�ciency of 65%. The
PCF throughput e�ciency and spectrum is recorded at the end of each alignment opti-
misation, which helps to establish repeatability of measurements. After �nal alignment
optimisation was completed, the SLM wavelength calibration was performed.
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MIIPS measurements were collected by measuring the SHG signal produced by pro-
gramming the SLM with a set of phase functions (equation 2.11) where α = 25 and γ = 15
and repeated for 5 iterations. The resultant spectrogram after 5 iterations can be seen
in �gure 2.8. Four line structures equally spaced and parallel are observed, with some
deviation at the ends of the lines - indicating that MIIPS has reconstructed the phase, to
the best of its abilities.

Figure 2.8: Measured MIIPS trace after 5 iterations with scanning parameters α = 25
and γ = 15.

For each iteration of the scan, the Labview software produces a reconstructed phase
from the MIIPS trace (called the residual phase) and a total phase - which is a summation
of all residual phase functions retrieved from MIIPS traces for this scan. The total phase
from the last scan is treated as the reconstructed phase.

The MIIPS trace in �gure 2.8 indicates that it has reached its limit in reconstructing
the phase, as the features are approximately straight parallel lines.

Using the measured supercontinuum spectrum with equation 2.24 and 2.16, a set of
phase functions was sequentially applied to the SLM and the corresponding SHG spectra
were measured to construct an i2PIE SSHS. For our measurements, we chose N = 101
which determines the scanning space, sn, as in equation 2.17. The resulting spectrogram
(shown in �gure 2.9), gives an indication of the phase distortions on the pulse.
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Figure 2.9: Measured SSHS for i2PIE technique with N = 101 steps. The grey dashed
line is superimposed to shows oscillations in the spectral phase.

From the SSHS in �gure 2.9 one can conclude that (1) the majority of the quadratic
phase has been eliminated prior to SLM assisted compression and (2) the spectral phase
has a complex oscillatory shape. The maximum observed SHG intensity is seen in the
trace close to the 51st step. From equation 2.17, this is where sn ≈ 0. In other words when
no phase function is added to the SLM a the maximum intensity is measured, implying
that a single quadratic phase function cannot correct for the distorted phase. The periodic
nature of the phase can be observed by observing the zig-zag pattern present on the trace
as highlighted in �gure 2.9.

Hereafter the phase extracted from these two measurements are presented. Figure
2.10.A shows the phase reconstructed using MIIPS overlaid with the measured SC spec-
trum, while �gure 2.10.B shows the phase reconstructed using i2PIE.

Figure 2.10: Average reconstructed phase (solid blue) with standard deviation (transpar-
ent blue) for A. MIIPS and B. i2PIE overlaid with the measured supercontinuum spectrum
(red).
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For both measurement sets, the phase is represented with the average of the 10 scans
as the solid blue line and the standard deviation is the shaded areas around this line.
Analysing the MIIPS reconstructed phase in isolation, little deviation between scans is
seen. MIIPS is thus able to consistently produce similar results between measurements.
For the majority of this spectrum, the phase function is smooth close to 0 radians, in other
words the phase is mostly �at for the majority of the spectrum. The phase measured here
should be the phase of the pulse at the sample plane after it has propagated through the
entire optical system (�gure 2.4), from the attenuator to the BBO. This is a good initial
result, as the pulse produced by the PCF is highly chirped, which indicates the amount of
bounces on the chirped mirrors are su�cient to compensate for the majority of the phase
distortions caused by the optical system up to the sample plane.

Now considering the phase reconstructed using i2PIE in isolation, the average phase
for the interval from 750 nm to 840 nm is close to zero and decreases sharply towards
higher wavelengths. Small deviations in the phase values over this interval are observed,
while a larger deviation on the edge (850 nm and higher) is present. The higher deviation
on the edge could be due to a few factors. Low phase matching on the edge of the spec-
trum produces low corresponding SHG intensities in the spectrogram. The reconstruction
algorithm assumes that there is no phase matching mismatch and that the entire spec-
trum contributes towards to the second harmonic signal. This would mean that where
the parts of the spectrum are not adequately phase-matched in the BBO, the algorithm
can't properly determine the phase.

Comparing the results from the two techniques shows a smoother phase function re-
trieved using MIIPS (�gure 2.10.A) compared to that from i2PIE (�gure 2.10.B), which
shows a phase shape with �ner structure. Knowing that the chirped mirrors impart an
oscillation spectral phase, at �rst glance it would appear that i2PIE is more capable to
determine the phase as no such features are seen in the MIIPS reconstructed phase. In
order to determine which one of these phase functions is more representative of the ac-
tual phase of the SC, we can apply the negative of the phase with the SLM to the SC
pulses and measure a non-linear e�ect that is phase sensitive. Two non-linear optical ef-
fects were used to test which of these phase reconstruction methods are closer to the real
phase: second harmonic generation and coherent anti-Stoke Raman scattering. The SHG
measurements are presented here while the CARS related measurements are presented in
the next chapter.

For both sets of ten retrieved phase functions, the negative of the phase was applied
to the SLM and the corresponding second harmonic generated spectra, generated after
focusing these compressed pulses into a BBO crystal, was measured. Each measurement
was taken with a spectrometer set to an integration time of 0.1 ms with an averaging of 5,
with no adjustments made to the alignment. The spectrometer provides measurements of
intensity values in discrete intensity counts with arbitrary units (a.u.). Converting these
values to SI units, however, is not necessary considering spectra are measured under
identical conditions. This allows for the direct comparison between measurements.

Figure 2.11 shows the processed results from ten measurements of the SHG spectrum
after compression using the phase reconstructed using MIIPS (left) and i2PIE (right).
The solid blue line again represents the average of the ten measurements with the shaded
blue around it the standard deviation.
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Figure 2.11: Average SHG intensity (solid blue) with its standard deviation (transparent
blue), generated by BBO after the supercontinuum was compressed using phase recon-
structed by A. MIIPS and B. i2PIE.

The smooth phase functions reconstructed using MIIPS were applied to the SLM and
the corresponding SHG spectra were measured. The results, as in �gure 2.11.A, show a
blue spectrum with a varying intensity pro�le consisting of about 4 peaks that vary in
intensity between di�erent measurements. The average maximum intensity from this set
of measurements is 9470 a.u. with a standard deviation of 775 a.u. and situated at 393
nm. Integrating over the average spectral intensities produces a value of 341600 a.u..

The phase functions containing �ner oscillations reconstructed using i2PIE were ap-
plied to the SLM and the corresponding SHG spectra was measured. In �gure 2.11.B a
more smooth and Gaussian-like result as compared to that of the MIIPS measurement is
noted. The average peak of this set of measurements is 12 657 a.u. with a standard devi-
ation of 480 a.u.. The maximum intensity is a factor of 1.33 more than that of the MIIPS
measurement. Integrating over the spectral intensities for the i2PIE results, a value of
600 530 a.u. is obtained - a factor of 1.91 more than MIIPS. The integrated intensity is
related to the average second-harmonic power produced.

A higher average power measured for the SHG signal implies that more red light was
converted to blue light, implying better phase reconstruction. A higher power for i2PIE
than that of the MIIPS measurements is observed. It can also be deduce from the shape
of the spectral intensities, that i2PIE is more successful than MIIPS in reconstructing the
phase.

The shortcomings for the MIIPS method can be explained by examining the core
approximation on which the reconstruction is based. MIIPS assumes that there are only
second-order phase distortions present on the pulse. MIIPS, however, does try to mitigate
this, by cycling through measurement and reconstruction, but still performs poorly when
constructing more complex phase functions. This conclusion is supported by literature.
The Trebino group has reported that supercontinuum pulses produced through methods
where self-phase modulation is the largest contributing process, has non-smooth phase
distortions. They show with simulation that MIIPS is unable to fully reconstruct the
phase [38]. Some research groups have suggested variations on the method in the form
of an amplitude gate [73] or computationally reconstructing the phase using one MIIPS
trace [72].
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Our phase reconstruction method, i2PIE, is more accurate than MIIPS in reconstruct-
ing the phase of a supercontinuum produced by an ANDi-PCF. This technique is also
faster in its implementation. For our system, only 101 spectral measurements were needed
which take about a minute to complete including computational time, whereas MIIPS re-
quires about 256 spectral measurements per iteration, which signi�cantly then adds up
to about 10 minutes for a typical scan.

The full SC spectrum was also characterised using i2PIE, of which the reconstructed
intensity and phase is shown in �gure 2.12. A sharp increase at 750 nm towards shorter
wavelengths is observed. A steep decrease is also observed at 850
sinm. Outside of these bounds the amount of SH that can be produced with the SC is too
small for the spectrometer to measure with a limited dynamic range, which is shown by
the almost zero reconstructed intensity values outside of the bounds. The steepness of the
phase, and resultant incomplete reconstruction of the amplitude, at the edges prevents
the full compression of the available SC bandwidth. This result would not have been as
easily derived from a similar MIIPS measurement.

Figure 2.12: Reconstructed spectral phase and intensity of the full supercontinuum spec-
trum using i2PIE measured in our setup.

The steepness of the phase at 750 nm, reinforces the choice to discard a portion of the
SC at 750 nm for the SC application in SB-CARS measurements.

In the next chapter, we further show the improvement to our single beam CARS
measurements which were obtained when switching form the currently "popular" MIIPS
compression technique, to the i2PIE technique implemented in a single beam CARS setup
for the �rst time.
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2.6 Summary

This chapter brie�y introduced a convenient electric �eld description and the mechanism
to generate a supercontinuum. During the supercontinuum generation, using a specialised
photonic crystal �ber, pulses are temporally stretched due to dispersion in the silica PCF.
In order to address this challenge we implemented a pulse shaping device which allows us
to compress the SC pulses.

Two collinear phase only pulse characterisation techniques, MIIPS and i2PIE, was
described and proposed as ways to compress the produced SC. The techniques were eval-
uated experimentally and it was shown that the SH power after compression using i2PIE
had an almost two-fold integrated intensity compared to that of the induced SHG us-
ing MIIPS. This clearly demonstrated the superiority of i2PIE for a setup we developed
which requires broadband TL femtosecond pulses. This result is con�rmed by our CARS
measurements, discussed in the next chapter. It is, therefore, our phase characteriza-
tion technique of choice and was used consistently in the measurements reported on in
following chapters.



Chapter 3

Broadband coherent anti-Stokes Raman

scattering

Femtosecond lasers has seen a wide espousal in the scienti�c community as a useful tool
that can be applied in a variety of research �elds. It has been particularly useful in
microscopy applications due to its ability to drive non-linear processes resulting from high
peak intensity pulses with low average power. This combination of high peak intensities
and low average power allows for non-linear microscopy that is minimally invasive [75; 76],
as long as the average power is tuned for its speci�c purpose [77]. Access to inducing two-
photon excitation in biological samples through femtosecond lasers allows the study of
living cells [78]. Further adoption of femtosecond lasers has led to its application in
coherent anti-Stokes Raman Scattering (CARS) measurements to study the temporal
dynamics of molecules [79] and femtosecond CARS microscopy [80].

Coherent anti-Stokes Raman Scattering is a third-order non-linear process which was
�rst introduced (but not named) by Maker and Terhune at the Ford Motor Company in
a series of experiments studying non-linear optical e�ects using pulsed Ruby lasers [81].
Interestingly, it was originally referred to as "coherent Raman anti-Stokes scattering" [82]
and only later referred to as CARS [83] which is now still widely used. Initial applications
were for obtaining Raman spectra of gases in electrical discharges, combusting materials,
and atmospheric chemistry [84]. In the years that followed CARS was implemented in a
scanning microscope setup which imaged onion-skin cells as proof of principle [85]. This
was made possible by the innate property of molecules to have a unique vibrational spec-
trum (a �ngerprint if you will), which is what CARS is capable of measuring. This makes
CARS an ideal process to employ for chemically speci�c tag-less imaging. Known com-
pounds can thus be isolated and imaged while being immersed in a mixed environment.

Since CARS is a four wave mixing process, its e�ciency is in�uenced by phase match-
ing. This can be done when the speci�c excitation and probing �elds concerned are
incident on the sample at speci�c and precise angles. Further advancements showed that
this phase matching condition is also ful�lled in high numerical aperture microscope objec-
tives [86; 87] which greatly simpli�es the physical implementation of a CARS apparatus.
It is this principle that makes a single-beam CARS (SB-CARS) geometry feasible.

CARS has also been applied to other interesting research �elds. A research group in
New Zealand recently determined the critical CARS parameters for performing underwa-
ter spectroscopy of plankton [88]. The eventual outcome of this research is to measure
plankton concentrations along the New Zealand coastline with CARS [89], which could
have a major impact on mussel farming in the area. What makes this application remark-
able is that the information will not be gathered by collecting samples along the coastline,

29
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but by scanning the area with a boat that is equipped with a specialised CARS apparatus
that will measure the signal with an optic �ber lowered into the water.

Due to the nature of CARS, being a third-order non-linear process, the physical setup
can be complex: it needs two (sometimes three) lasers with a precise beam layout to induce
a CARS signal from a sample. An alternative to the traditional multicolour CARS, that
is cost-e�ective and with reduced complexity is broadband SB-CARS. This technique
utilises one pulsed ultrashort light source, capable of inducing a CARS response. As
a consequence of using broadband pulses as an excitation source, the resulting CARS
response is dominated by a non-resonant background (NRB), which doesn't contain the
desired molecular vibrational information. Many solutions to this challenge exist, and
in this chapter, we will introduce and explore two pulse shaping strategies which allows
for the suppression of the overwhelming NRB present in SB-CARS measurements. In
addition, a mathematical framework is introduced with which to model the SB-CARS
process, which is useful to illustrate underlying principles of SB-CARS pulse shaping
strategies.

3.1 A qualitative look at probing molecular vibrations

using CARS

CARS is related to spontaneous Raman scattering where an incident �eld scatters inelas-
tically and spontaneously produces a red-shifted �eld, called Stokes Raman scattering,
or a blue-shifted �eld when interacting with an already excited vibrational state, called
anti-Stokes Raman scattering. Coherent Raman scattering can induce low-frequency vi-
brations in molecules with high-frequency �elds. This is done by ensuring the di�erence
between two closely spaced high frequency �elds matches the low frequencies of molecular
vibrations [90].

For CARS spectroscopy three �elds (a pump, ωp, a Stokes, ωs, and a probe, ωpr) are
required to generate a fourth (an anti-Stokes, ωas) �eld (�gure 3.1). In order to generate a
CARS spectrum, ωs is swept over a chosen range and together with ωp excites vibrational
transitions, Ω = ωp − ωs, in the target medium. Measuring the corresponding intensities
of ωas, as induced by ωpr, for di�erent values of Ω constitutes a CARS spectrum. In the
spectrum, as Ω approaches (or moves away from) vibrational resonances, ΩR, the intensity
of ωas changes. Processes that can contribute to the CARS spectrum are shown in �gure
3.1. In isolation where Ω = ΩR (�gure 3.1.A), a resonant CARS process takes places.
On the other hand when Ω 6= ΩR, a non-resonant CARS process takes places (�gure
3.1.B). From a spectroscopic point of view, we are interested in the contributions to the
spectrum from only the resonant CARS response as these give real information about
the molecule being probed. The non-resonant CARS is independent of the molecule's
vibrational levels and represents a background signal. It is possible that other competing
processes also take place, which can contribute to the measured background and obscure
the interpretation of the CARS spectrum. When ωp and ωpr have su�cient energy to
excite to the next electronic state (E1), a two-photon enhanced non-resonant process can
occur (�gure 3.1.C). This process is avoided by choosing ωp and ωpr to not have su�cient
energy to excite the molecule to E1, while still able to have Ω capable of matching ΩR.
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Figure 3.1: Energy level diagram showing A. Resonant, B. Non-resonant, and C. two-
photon enhanced non-resonant CARS processes. The �rst occurrence (left to right) of ω1

is the pump and the second ω1 is the probe, while ω2 represents the Stokes �eld.

The CARS spectrum can be similar to a spontaneous Raman spectrum, but will di�er
as a result of the non-linear nature of the CARS process, generating a non-resonant
background which can interfere with the resonant response. The band shape and spectral
positions of a CARS spectrum will be di�erent to that of a spontaneous Raman spectrum,
which can be understood at the hand of the non-linear susceptibility of CARS. The non-
linear susceptibility for CARS is a sum of a frequency dependant resonant part, which

is separated into a real (χ
′(3)
r ) and imaginary (χ

′′(3)
r ) part, and an almost frequency-

independent non-resonant (χ
(3)
nr ) part. The CARS susceptibility can thus be written as

[84]:

χ(3) = χ(3)
nr + χ

′(3)
r + iχ

′′(3)
r (3.1)

This quantity is related to the e�ciency in converting the incident electric �eld into CARS
�elds, while |χ(3)|2 is a measure of the CARS signal. Expanding the expression for the
modulus squared of the susceptibility,

|χ(3)|2 = (χ(3)
nr )2 + (χ

′(3)
r )2 + (χ

′′(3)
r )2 + 2χ

′(3)
r χ(3)

nr , (3.2)

shows how the CARS spectrum is di�erent from the spontaneous Raman spectrum.
The imaginary part of the resonant susceptibility relates to the normal Raman spectrum,
while the real part relates to the non-linear refractive index. Thus, when there are no
non-resonant contributions to the spectrum, the CARS line shape will be Lorentzian and
centered at the resonance frequency (similar to spontaneous Raman). However, when the
non-resonant susceptibility does play a role, the band shape becomes asymmetric and

the peak position slightly shifts as a result of the mixing term, 2χ
′(3)
r χ

(3)
nr . The spectrum

can also be di�erent when closely spaced resonances are present. Interference between
these neighbouring resonances adds an additional frequency-dependent background to the
susceptibility. Although there is this di�erence between spontaneous Raman and CARS,
the di�erences can be di�cult to observe in an intensity spectrum.
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3.2 Multi to single-beam CARS

Most traditional CARS experiments require at least two (and often three) tunable and
synchronized picosecond lasers. These systems are expensive and have a complex setup
geometry. A signi�cant advantage can be gained by obtaining all the required �elds from a
single source. Moving towards a SB-CARS con�guration one has to ful�l speci�c criteria:

1. One light source has to deliver broad spectral content that can act as pump, Stokes
and probe �elds with adequate intensity to induce a CARS process

2. Since the di�erent spectral components need to interfere with one another, a �at
spectral phase is the optimal starting condition for implementing SB-CARS phase
shaping strategies. Thus, the light source has to be coherent and compressible with
a well de�ned spectral phase.

3. The light source incident on a sample has to ful�l phase-matching conditions for
CARS

As discussed in chapter 2, a photonic crystal �bre is capable of generating a supercon-
tinuum that is coherent and we have shown that it is compressible. The broad spectral
content contained within the supercontinuum can act as a pump, Stokes and probe �eld
simultaneously, and is well suited for broadband CARS [91]. Using the supercontinuum
in this way introduces the biggest challenge for SB-CARS spectroscopy to overcome: As
the pump bandwidth increases, so does the fraction of the non-resonant contribution to
the total CARS spectrum [92], drowning out the resonant contribution.

Not only does CARS require coherent �elds to stimulate the emission of anti-Stokes
photons, but suppressing the contribution from the non-resonant background also re-
quires the light source to contain Fourier limited pulses. Any dispersion in the pulse
must be corrected for. This implies that anomalous dispersion PCFs won't work as the
output from these �bres cannot be compressed to the Fourier limit. Soliton �ssion in
anomalous dispersion PCFs generate spectral components in the pulse structure with the
same frequency but at di�erent times, making it impossible to compress. The coherence
requirement and compressibility is ful�lled by the properties of the all-normal photonic
crystal �bre produced supercontinuum.

Active shaping of the supercontinuum allows us to extract the Raman spectrum from
a SB-CARS measurement [93], sidestepping the overwhelming non-resonant background.
This will be discussed in section 3.4.1 and onwards.

The intensity of the CARS signal, depends strongly on the phase matching of the
incident light �elds. In order to describe phase matching conditions, consider the spatial
dependence of a monochromatic electric �eld:

E(r) = E0e
ik·r (3.3)

The wave vector, k, gives the direction in which the electric �eld is propagating and its
magnitude is de�ned by:

|ki| =
niωi
c

(3.4)

This accounts for the direction of the wave through a medium as it is related to the index
of refraction, ni, and angular frequency, ωi.
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For a four-wave mixing process such as CARS [66] the intensity of the CARS signal
generated by plane waves in a non-absorbing medium can be expressed as[87]:

ICARS ∝ (
N

V
)2(

∂σ

∂Ω
)2IpIsIprsinc(∆k ·

d

2
). (3.5)

This expression relates intensity to the particle number density, N
V
, the Raman scattering

cross-section, ∂σ
∂Ω
, the intensities of pump, Ip, Stokes, Is, and probe, Ipr, �elds and very

importantly is scaled by the wavevector (or momentum) mismatch, ∆k.
For CARS the wavevector mismatch is de�ned as:

∆k = kas − kp − kpr + ks. (3.6)

Adhering to momentum conservation ∆k has be 0 - i.e. perfect phase matching. For
a simple collinear geometry, this will not be the case. In order to ful�l phase matching,
the supercontinuum is focused onto the sample by a high numerical aperture microscope
objective.

Quantitatively, one can think of the microscope objective forming a cone of light
thereby having �elds travelling at di�erent angles (wavevectors) in the sample. Somewhere
within this conic volume three waves with the appropriate energies have an optimised
phase mismatch and stimulate the system to produce an anti-Stokes �eld. An added
bene�t of using an objective is an increased localised intensity of the pump, Stokes and
probe �elds in the focus, which results in an increased intensity of the induced anti-Stokes
�eld.

In order to model the SB-CARS response, a supercontinuum spectrum with a Gaussian
spectral pro�le is considered while perfect phase matching is assumed, as shown in �gure
3.2.

Figure 3.2: A simulated SC spectrum with a Gaussian pro�le with a spectral bandwidth
of 80 nm at FWHM.

This simpli�es calculations and reduces possible artefacts in the calculated SB-CARS
response that can arise from amplitude variations that can be found in representative
supercontinuum spectra. In our formulation we use the electric �eld in the frequency
domain, but for certain illustrations we convert it to the wavelength space and use the
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shorthand E(λ). Using wavelength instead of frequency where appropriate indicates what
to expect in a real laboratory environment where spectral measurements are performed
in wavelength units.

With the ability to to shape the phase, polarization and/or amplitude of the SC, we
are able to investigate a variety of techniques that allow for extraction of Raman-like
spectra from measured SB-CARS signals.

3.3 Modelling the SB-CARS response

In order to understand the di�erent phase shaping techniques, a mathematical model is
introduced to calculate the theoretical SB-CARS response for each of the implemented
techniques, which can then be compared to experimental measurements.

The model which is introduced here is derived from third order time dependent per-
turbation theory, which is able to describe the third order polarization driving the CARS
process in the time domain. A concise discussion on this can be found in [16]. For the
purposes of our investigation we present the third order polarization driving the CARS
process in the frequency space in a general and convenient form that will allow us to
simulate a multitude of SB-CARS measurement approaches. There is an abundance of
literature which utilises this mathematical modelling, each with their own variation which
mostly account for only a single Raman resonance [9; 11; 18; 23; 90; 94]. Below an ex-
panded model is introduced that can reliably predict a SB-CARS response that takes
into account multiple Raman resonance levels as well as di�erent polarizations of the
excitation source.

Multi-resonance SB-CARS model

The third-order non-linear susceptibility for CARS is introduced, as is customary in lit-
erature [90], as:

χ(3)(−ωas, ω1,−ω2, ω1) = χ(3)
nr + χ(3)

r

= χ(3)
nr −

∑
R

αR
(ω1 − ω2)− ΩR + iΓR

(3.7)

where all non-resonant processes are grouped together under χ
(3)
nr and the vibrationally

resonant term (χ
(3)
r ) on the right sums over all Raman resonant states, with the Raman

resonant frequency, ΩR, e�ective amplitude, αR, and width ΓR. The susceptibility in this
form allows us to expand the SB-CARS model to account for multiple resonances, as
compared to that typically found in literature [9; 15; 23; 94; 95].

The resonant susceptibility can be broken up in real and imaginary parts,

χ(3)
r = Re(χ(3)

r ) + i Im(χ(3)
r ), (3.8)

whereas the non-resonant susceptibility is a real quantity. It is chosen to have the form:

χ(3)
nr =

C

Ω
, (3.9)

where Ω = ω1 − ω2 and C is a constant which represents the summation over dipole
moments [16].
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The third-order polarization in the frequency domain of the total CARS response can
be described as[16; 23; 94]:

P
(3)
j (ω) =

∫ ∞
0

χ
(3)
jklm(Ω)Ek(ω − Ω)Alm(Ω)dΩ, (3.10)

where subscripts jklm indicates the electric �eld polarizations of the induced, pump,
Stokes, probe �elds respectively. The vibrational excitation probability amplitude (or
population amplitude),

Alm(Ω) =

∫ ∞
0

E∗l (ω)Em(Ω + ω′)dω′, (3.11)

is the positive half of the cross correlation between El and Em, which quanti�es the number
of di�erent combinations of unique pump and Stokes photon pairs which can excite a
speci�c energy level Ω. For broadband/ SB-CARS one supercontinuum simultaneously
acts as both the pump, El, and Stokes, Em, �elds implying l = m.

Calculating the population amplitude for the theoretical SC spectrum (of a Gaussian
pulse as shown in �gure 3.2) shows lower energy levels are far more likely to be excited
than higher energy levels, as illustrated in �gure 3.3. This is an important limiting factor
in determining the energy range accessible in experiments.

Figure 3.3: Population amplitude calculated for the spectrum represented in �gure 3.2
using equation 3.11.

From equation 3.7, the polarization spectrum (equation 3.10) can be broken up into
two parts - a resonant and a non-resonant contribution - such that

P
(3)
j = P

(3)
j (ω)nr + P

(3)
j (ω)r. (3.12)

The non-linear polarization driving the resonant CARS process is given by

P
(3)
j (ω)r = −

∑
R

αRj

∫ ∞
0

Ek(ω − Ω)

Ω− ΩR + iΓR
Al(Ω)dΩ, (3.13)
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while the non-resonant CARS is given by

P
(3)
j (ω)nr = Cj

∫ ∞
0

1

Ω
Ek(ω − Ω)Al(Ω)dΩ. (3.14)

The 1
Ω
term is a scaling term which accounts for the pulse duration of the input pulse,

only generating a non-resonant response while interacting with the molecular electron
cloud [16]. One can also think of the non-resonant response as a third-order correlation
function - a non-resonant response will be generated for the duration that the excitation
pulse is present in the sample.

The measured CARS signal is proportional to the sum of the resonant and non-
resonant electric �elds and can be expressed as

ICARS ∝
∣∣Pj(ω)(3)

∣∣2 =
∣∣Pj(ω)(3)

nr + Pj(ω)(3)
r

∣∣2. (3.15)

The SB-CARS signal is calculated for the Gaussian spectrum using the above formu-
lation and presented in �gure 3.4.

Figure 3.4: SB-CARS spectrum (blue) calculated and shown with SC spectrum, |E(λ)|2,
in the wavelength space (red). The SB-CARS spectrum is not depicted to scale but is
merely shown to illustrate where the spectrum is located with respect to the SC.

Figure 3.4 shows that the majority of the SB-CARS signal (blue area) overlaps with
the excitation pulse (or SC spectrum). This, in practice, is not a drawback for traditional
CARS. In traditional CARS, excitation and probing beams are incident on samples at
angles chosen to ful�l phase-matching conditions. This leads to CARS photons being
emitted at a di�erent angle than the incident beams and are as a result spatially separated
from the excitation beams at the point of measurement.

SB-CARS conversely is a collinear technique - the pump, Stokes and probes beams
collinearly propagate with the CARS response and is measured together. There are a
number of di�erent approaches to deal with the mixing, one of which is discussed in the
experimental section of this chapter. For now, we simply state that a portion of the SC
spectrum (everything below 750 nm) is removed from taking part in the CARS process.
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3.4 Strategies for measurement of full spectra using

SB-CARS

In this section two well established SB-CARS shaping strategies capable of reproducing
CARS spectra are explored: one inferring a Raman spectrum from measurements [22] and
another measuring the spectrum more directly [23]. These techniques are investigated in
order to gain an understanding of underlying principles and evaluate their utility for
further use in spectroscopy and microscopy applications. These techniques are also later
implemented experimentally in order to evaluate our setup.

3.4.1 Strategy 1: pixel �ipping

The �rst technique investigated is based on work conducted by Liu et al [22], who in-
troduced a �ber SC shaping method for broadband vibrational spectroscopy, where they
were able to show that Raman spectra can be retrieved from a SB-CARS measurement
with relative peak heights matching that of corresponding spontaneous Raman spectra.
For ease of discussion we refer to this technique as 'pixel �ipping'. This method is easily
applied in a SB-CARS setup, by simply shaping a spectral slice of the SC continuum
which induce changes in the resultant SB-CARS spectrum and in turn signal locations of
Raman peaks relative to the spectral slice location.

The phase shaping approach

The spectral slice in this instance acts as the probe and is shaped to have a relative π
2
or

−π
2
phase shift. The phase of the probe interacting with the pump and Stokes �elds, give

rise to a peak or a dip in the SB-CARS spectrum. A dip/peak is found ΩR away from the
probe frequency on the SB-CARS measurement for the two phase values. Measurements
of the CARS spectra resulting from both phase modi�cations are used to recover the
Raman spectrum of the sample being studied, by normalising and subtracting the spectra
from each other.

Figure 3.5: Di�erent aspects of simulating the pixel �ipping SB-CARS technique. A.
shows the SC spectrum (red line), with part of the spectrum blocked (red area) and the
±π

2
phase probes (dotted purple line). B. shows the calculated SB-CARS for the two

phase probes (yellow and blue lines) next to the SC, |E(λ)|2, (red area) containing the
phase probe (dashed black line on solid red area).
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Dips and peaks in the CARS spectrum represent interactions of the shaped probe
�elds with the resonant vibrational levels. More speci�cally the 'spectral distance' be-
tween these features and the central frequency of the probe is equal to Raman vibrational
energies (�gure 3.5.B). This means that the central wavelength of the probe is used to
shift the CARS measurement to the position in frequency corresponding to the spon-
taneous Raman spectrum, similar to using the probe laser wavelength for shifting in
traditional Raman measurements. The SC spectral slice is thus chosen to be on the low
wavelength (high frequency) end of the SC spectrum so that peaks and dips appear in
the measured SB-CARS spectrum. This is illustrated in �gure 3.5.A. Also note that in
this �gure, the �lled-in area of the spectrum represents the part of the spectrum that
has been 'blocked'/removed. Knowing that the probe position determines the position of
the features in the CARS spectrum, informs us that the probe position must be chosen
at a wavelength which ensures the Raman resonances are present in the portion of the
SB-CARS spectrum not does not overlap with the SC spectrum.

The mechanism which induces the changes in the SB-CARS spectrum is a change in
the resonant polarization caused by the phase shift on the spectral slice. The phase shift
has no e�ect on the non-resonant contribution. This can be seen when using equations
3.13 and 3.14 to calculate the electric �eld response as illustrated in �gure 3.6.A. The
interference between the two �elds (see equation 3.15) is measured for both the probe
with a π

2
and a −π

2
phase shift. Despite the fact that the non-resonant electric �eld is

much larger than the resonant electric �eld, the interference of the two �elds has a large
enough e�ect to measure a signi�cant di�erence.

Figure 3.6: The induced resonant (blue line) and non-resonant (red line) polarization is
shown in A. The extracted unscaled (red line) and scaled (blue line) Raman spectrum for
the simulation is shown in B.

In order to remove the non-resonant background and extract the Raman spectrum with
relative peak heights corresponding to the spontaneous Raman spectrum, two consecutive
calculations are performed. Following the notation used in [22] these CARS measurements
are represented as S+(ω) and S−(ω) respectively.

The background is �rst eliminated by subtracting the two measured spectra from each
other, resulting in the background free (bf) spectrum:

Sbf (ω) =
S−(ω)− S+(ω)√
S−(ω) + S+(ω)

. (3.16)
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The �nal scaling process,

S(Ω) =
Sbf (Ω)

A(Ω)
, (3.17)

scales the recovered background free spectrum according to the the vibrational excitation
amplitude. Part of the scaling process is a transformation of the calculated background-
free spectrum from the ω to the Ω axis such that the population amplitude values align
correctly with the resonant Raman peaks1. The resultant spectra of the simulated pixel
�ipping technique is shown in �gure 3.6.B. For this particular simulated result shown in
�gure 3.6.B, the relative amplitudes were set to 1 and 2 for the 300 cm−1 and 800 cm−1 lines
respectively. The scaling process given in equations 3.16 and 3.17, relates the measured

spectra to approximately the imaginary part of the resonant susceptibility, Im
{
χ

(3)
r

}
.

This quantity, as mentioned before, relates to the spontaneous Raman spectrum. This
means the processed reconstructed spectrum should match that of the Raman spectrum
in peak positions and relative heights, as the simulated result in �gure 3.6.B shows.

The in�uence of the probe spectrum on the resultant resonant line width

In order to gain some insight into this technique, the SB-CARS model is utilised to test the
in�uence of the probe bandwidth on the measured spectrum. Calculations are performed
with values for the probe bandwidth that would match values achievable by the physical
implementation. The spectral bandwidth of an SLM pixel close to 750 nm is around 0.63
nm, which is taken as a constant pixel bandwidth. The in�uence of 2, 4, 6 and 8 pixels
on the simulated 800 cm−1 peak is shown in �gure 3.7.

Figure 3.7: Simulation of the in�uence of the probe bandwidth on the resultant resonant
peak bandwidth. Four measurements are simulated with di�erent probe bandwidths
corresponding to lab conditions starting with 2 pixels (blue) until 8 pixels (purple).

It is immediately clear that a broader probe results in a broader 'measured' Raman
peak when comparing the resultant peak using 2 pixels (blue) to the broader 8 pixels
probe result (purple).

1In order to map the spectra measured in wavelengths, λ, to the relative frequency space, Ω, the
wavelength values (in nanometres) have to be converted to frequency and shifted relative to the probe
wavelength (λpr): Ω = 1/λ× 10−7 − 1/λpr × 10−7. The resultant vector will be in inverse centimetres.
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Pixels Probe bandwidth (cm−1) Line bandwidth (cm−1)

2px 23 25
4px 45 46
6px 67 68
8px 89 91

Table 3.1: Summary of probe bandwidths and resulting line bandwidths of simulated
pixel �ipping SB-CARS measurements.

The estimated peak bandwidths (at FWHM) in table 3.1 show a close match between
the probe bandwidth and the simulated measured Raman bandwidth. For a 2 pixel probe
(on the high frequency side of the SC used) employed in an experiment, a resolution close
to 25 cm−1 is expected. From this we can conclude, as one would expect, that for an
experimental implementation �ner resolved measurements will be obtained when using
narrower probes. This will ultimately be limited by the width of the resonant band.

The in�uence of the probe spectrum on the resultant resonant line shape

Employing a 2 pixel probe for the simulation of the pixel �ipping method, produced a peak
with a Lorentzian pro�le. Note that, as illustrated in �gure 3.7, as the probe bandwidth
is increased the resulting peak becomes more top-hat like. Computationally decreasing
the probe bandwidth to values smaller than obtainable by the system, results in resolved
Raman bands with Lorentzian pro�les.

3.4.2 Strategy 2: polarization probing

The pixel �ipping method implements a small phase change in the excitation source to
induce small changes in the measured broad SB-CARS response as a relative indicator of
line positions from which a Raman spectrum can be extracted. An alternative approach is
to suppress the overwhelming NRB present in a SB-CARS measurement, ideally yielding
only the resonant spectrum. A direct measurement in this regard can be advantageous
for microscopy application where short acquisition times are desirable.

We highlight a SB-CARS measurement strategy from Oron et al. [23] which uses
the phase-and-polarization control of the excitation source to drastically reduce the non-
resonant background. This technique generates a narrow spectral probe to utilise the
relationship between the probe spectrum and the resultant SB-CARS spectrum (equations
3.13 and 3.14). The phase-and-polarization principles of this technique is an important
aspect of this study, as its principles are used in a new spectral focusing SB-CARS strategy,
which is discussed in the following chapter.

The phase and polarization shaping approach

The supercontinuum is divided into two parts, a probe and a pump-and-Stokes part (which
is collectively referred to as the pump). The pump still functions as before, generating
multiple excitations within the sample volume simultaneously (equation 3.11). The probe
is chosen to be a thin spectral slice on the high frequency part of the spectrum. This choice
is realised by using the polarization shaping capabilities of the SLM. The polarization of
the spectral components of the SC assigned to the probe can be rotated by 90 degrees
relative to the remaining SC spectrum. This e�ectively decouples the probe from the
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pump. In a measurement this will be realised by only measuring along the polarization of
the probe using a polariser which only transmits the chosen polarization. The division of
the spectrum is illustrated in �gure 3.8.A, where an exaggerated portion of the SC (red
area of graph) on the low wavelength (high frequency) has been rotated to an orthogonal
polarization. The negative intensity here represents the y-polarization and the positive
intensity represents the x-polarization.

Figure 3.8: The pulse shaping scheme of the polarization probing technique is presented
with the resulting pulses. A. The spectra of the pump, Stokes, and probe �elds (solid
red area) with phase shaping of the probe pulse (dashed line). B. The resultant temporal
representations of each �eld after shaping, showing the broad temporal nature of the
probe pulse (dashed line) and the very narrow pump/Stokes pulse (red line). The probe
pulse intensity has been greatly exaggerated for illustrative purposes.

Using the equations 3.13, 3.14 and 3.15, the SB-CARS spectrum that results from
only applying this polarization shaping strategy can be calculated. Measurements along
the y-polarization (the probe polarization) results in a SB-CARS measurement that is
predominantly dependant on the probability amplitude, Axx, which results from the pump
and Stokes �elds in the x-polarization. There are also other contributions from Axy as
well as Ayy. The contribution from Ayy is a narrowband response from only the probe
and will correspond to only a few wavenumbers, resulting in a very small and narrow
contribution to the total signal which can be ignored.

When the probe instead acts as a pump together with the Stokes �eld, Axy, the
vibrational population as a result is larger than that from Ayy but still smaller than
Axx, which when probed dominates the resonant signal as a result. The non-resonant
signal from Axy is, however, indistinguishable from Axx. The non-resonant susceptibility
corresponding to the two processes are equal as a result of Kleinmann symmetry (χnryyxx =
χnryxxy) [23]. The simulation of this technique thus only takes into account the population
amplitude Axx and ignores other contributions. In �gure 3.9.B a simulated SB-CARS
spectrum is shown (blue line) where this approximation has been applied for a narrow
spectral probe in the y-polarization. Measured spectra are shifted along the Ω axis with
the knowledge that Ω = ωas − ωpr. The value for ωpr is set as the centre frequency of
the probe spectral slice. This process correctly shifts the spectrum to show the resonant
transitions at their appropriate frequencies.
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Figure 3.9: The simulated SB-CARS measurement with polarization probing in the wave-
length (measurement) space and the frequency space. In A. the spectrum is presented
in wavelength to mimic a real measurement and in B. the resultant spectrum is shown
in wavenumbers for a simulated measurement with a π phase shaped probe (in red) and
without a shaped probe (blue).

On the left of the 300 cm−1 peak (�gure 3.9.B) a sizeable portion of the non-resonant
background is still present, but overall we are able to discern which peaks are present in
our simulated sample.

The suppression of the non-resonant background can be further improved upon by
introducing a phase shaping strategy combined with the polarization shaping. This entails
dividing the probe spectrum further and introducing a phase jump of pi radians at the
center of the probe spectrum. This is illustrated in �gure 3.8.A by the black dashed line
which indicates the introduced phase of the probe. According to [23] this generates two
temporally broader probe pulses with opposite phase, the amplitude of which is shown
in �gure 3.8.B by the dashed black line. The simulated SB-CARS spectrum as a result
of this choice in phase shaping shows signi�cant further reduction of the non-resonant
background contribution, as can be seen in �gure 3.9.B represented by the red line.

Interaction of the two opposite phase probes with the excited sample generate their
own non-resonant responses which inherited their phase properties. This leads the non-
resonant response from the two probes to interfere destructively. The resonant contri-
bution, on the other hand, is enhanced by the pi step [95] as the opposite phase is
compensated for by the sign inversion of the susceptibility (seen in the denominator in
equation 3.13).

Choosing the probe spectrum on the high frequency part, allows one to probe the
�ngerprint region (low wavenumbers) of the vibrational spectrum. The in�uence of the
bandwidth of the probe can be understood by considering the expressions of the resonant-
and non-resonant polarization. These expressions are similar to convolution functions. For
the non-resonant contribution (equation 3.14) this means that a narrow probe convoluted
with a broad spectral response (equation 3.11), will be broad, but still narrower compared
to that of the convolution with a broader probe. The resonant contribution will conversely
result in a narrower response as it is akin to a convolution between two relatively narrow
�elds.
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The in�uence of the probe spectrum on the resultant resonant line width

Further insights on the technique was obtained by simulating di�erent measurement sce-
narios where the probe bandwidth increases between simulations.

Figure 3.10: Simulated SB-CARS with polarization probing measurements with increasing
probe bandwidth, focusing only on the 800 cm−1 peak. The blue line corresponds to 2
SLM pixels used for probing and is increased up to 8 pixels and plotted in purple with 4
and 6 pixels shown in between.

In �gure 3.10 the results of these simulations are presented. For these calculations
probe bandwidths were chosen to be similar to that accessible in our experimental setup.
Implementing a phase jum requires at a minimum 2 SLM pixels and an increase of probe
bandwidth is done with an even number of pixels so that the phase jump can be as close
to the center of the probe as the physical constraints allow. Results were calculated for
probe bandwidths associated with 2, 4, 6 and 8 pixels and the e�ect of the increase in
bandwidth for the simulated 800 cm−1 line is shown in �gure 3.10. What is immediately
clear is that the bandwidth of the peak increases as the probe bandwidth is increased, as
one would expect.

Pixels Probe bandwidth (cm−1) Line bandwidth (cm−1)

2px 23 19
4px 45 27
6px 68 31
8px 90 33

Table 3.2: Summary of probe bandwidths and resulting line bandwidths of simulated
SB-CARS measurements.

A summary of the probe and simulated SB-CARS bandwidths are presented in table
3.2. The values for the bandwidth represent the FWHM of the respective �elds. Consid-
ering the line shape from the 8 pixel probe, this is not a good indication of the resolving
power at those bandwidths, but we note that the probe bandwidths are broader than the
resolved lines. This results from the phase jump e�ectively creating two narrower probes.
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A broad probe producing a narrower response in this way can be bene�cial in producing
a larger intensity as a broader probe will contribute more energy to the process.

The in�uence of the probe spectrum on the resultant resonant line shape

In �gure 3.10, the probe in the exaggerated case of 8 pixels, results in an unusual line
shape. The asymmetry matches that of the chosen probe (shown in �gure 3.8) both
displaying uneven 'shoulders'. This illustrated line shape results from the convolution
of the probe (amplitude and phase) with the simulated line shapes. This conclusion is
con�rmed with an additional simulation where the probe amplitude is Gaussian.

Figure 3.11: Simulated CARS measurements with increasing probe bandwidth for a probe
with a Gaussian spectral pro�le. The blue plot corresponds to 2 SLM pixels used for
probing and is increased up to 8 pixels and plotted in purple with 4 and 6 pixels in
between.

The resultant line shapes from this simulation, as shown in �gure 3.11, are devoid of
the 'shoulder'-pro�le, but still follow an unusual pro�le. This pro�le is dependant on, not
only the amplitude of the probe but also the phase. This technique is capable of producing
Raman-like vibrational spectra, with a single direct measurement which measures a broad
range of vibrational levels simultaneously.

3.5 Evaluating SB-CARS strategies experimentally

The pixel �ipping and polarization probing techniques discussed above were implemented
in a modi�ed version of the setup described in section 2.4.1. The implemented pixel-
�ipping technique was employed to illustrate the improvement in signal-to-background
gained as a result of implementing i2PIE in our SB-CARS setup as compared to results
obtained using MIIPS. The two SB-CARS techniques were further experimentally investi-
gated to determine the best possible resolution obtainable in the current implementation.

3.5.1 The SB-CARS experimental setup

The experimental setup is similar to that of the pulse characterisation setup but with the
addition of two components. A beam block (�gure 3.12 BB) was added in the Fourier
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plane of the pulse shaper on the high frequency side of the spectrum. All spectral content
up to 750 nm was blocked this way. This means that only the portion of the SC from
750 nm to 900 nm reached the samples. A short pass �lter with cut-o� wavelength at
750 nm (�gure 3.12 SP) was added after the collection objective (OB2), which blocks the
remaining SC spectrum from being detected. Combining these two spectral �lters in this
way allows us to isolate the generated SB-CARS signal for measurement.

Figure 3.12: Schematic representation of experimental setup. The setup is exactly the
same as that of Figure 1.4, with the addition of the beam block (BB) and the short pass
�lter (SP).

The supercontinuum pulses delivered to the sample at a rate of 80 MHz, have a pulse
energy of 0.69 nJ per pulse. A detailed description of the setup was presented in Chapter
2.4.1. Custom developed Labview software was used to control the SLM and spectrometer.
This software executed SB-CARS pulse shaping strategies with the SLM and collected
the resultant SB-CARS spectra with inputs from the spectrometer.

3.5.2 Liquid samples used for experimental evaluation

In the pursuit of evaluating the single beam CARS techniques experimentally two molecules
were identi�ed that can act as our test samples, para-xylene and carbon disul�de. Based
on our available spectrum, these samples have vibrational peaks in the �ngerprint region,
that coincide with the spectral region we have access to when using a high frequency
probe. The Raman spectrum of the chosen molecules was measured on a conventional
Raman spectrometer, which allows for comparison of the measured SB-CARS spectra to
that of the spectra obtained through traditional Raman measurements. The recorded
Raman spectra were calibrated against a reference Raman spectrum of Toluene which is
a well studied molecule and typically used for calibration. Liquid solvents were pipetted
into rectangular borosilicate tubing (cuvettes), with a height of 0.2 mm. The illuminated
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volume in one of these cuvettes, when in the sample plane of the SB-CARS setup, was
calculated to be less than 1 pL.

Para-xylene

Figure 3.13: A. Skeletal structure of organic molecule para-xylene. B. Measured sponta-
neous Raman spectrum of para-xylene with spectrometer integration time set to 1 s.

Para-xylene is a simple organic solvent with a few Raman peaks in the �ngerprint
region. Highlighted in the �gure: 461 cm−1, 641 cm−1, 826 cm−1 and 1206 cm−1.

Carbon disul�de

Figure 3.14: A. Skeletal structure of carbon disul�de. B. Measured spontaneous Raman
spectrum of Carbon disul�de with spectrometer integration time set to 0.1 s.

Carbon disul�de is an organic solvent with only two vibrational states both in the
�ngerprint region: 656 cm−1 and 795 cm−1.

Carbon disul�de has a larger Raman response (Raman cross-section) compared to
para-xylene and will produce a larger SB-CARS response under the same conditions. For
this reason Carbon disul�de was used as an initial sample for testing in our setup in cases
where we expected small signals since the technique discarded large portions of the SC
spectrum during the process. Para-xylene, on the other hand, has a Raman spectrum
with multiple resonances in the �ngerprint region with varying peak heights.
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3.5.3 Phase reconstruction of supercontinuum pulses using

i2PIE

Before SB-CARS measurements can be performed, the phase distortions from the SC
pulses have to be measured and compensated for. The phase of the supercontinuum pulses
is determined by performing an i2PIE and a MIIPS measurement. Phase distortions are
compensated for by applying the negative of the measured phase to the SLM, which
results in compressed pulses.

Figure 3.15: Measured SC spectrum produced from pumping PM-ANDi-PCF which was
used to generate SH and SB-CARS spectra after compression using MIIPS and i2PIE.
In A. the measured SC spectrum with solid red area, indicating the section blocked in
the shaper focal plane is shown. B. presents the measured SHG spectrum after phase
compensation with MIIPS (dark blue) and i2PIE (light blue). Measurements presented
in C. are SB-CARS spectra produced with the SC after pulse compression with MIIPS
(dark blue) and i2PIE (light blue).

In �gure 3.15 the measured SHG spectrum after compensating for phase distortions
measured is shown for i2PIE (light blue) and MIIPS (dark blue) measurements. The
measured second harmonic generated spectra correspond to that of the entire available
supercontinuum, with the integration time of the spectrometer set to 0.01 ms for both
measurements which ensures that the measurements can be compared directly. The mea-
sured SHG spectra (�gure 3.15.B) corresponding to the phase correction from MIIPS,
show a modulated intensity pro�le with lower intensities compared to the Gaussian-like
SHG intensity pro�le of the corresponding i2PIE phase. The integrated spectral intensi-
ties of the SHG signal produced as a result of compression with the MIIPS compared to
compression with phase reconstructed using i2PIE shows a 4 times increase. As expected
from chapter 2, the resulting SHG spectra shows that i2PIE outperforms MIIPS in re-
constructing the phase and does so better than reported in the previous chapter. The
reconstructed phase and amplitude (�gure 3.16), shows that it was able to determine the
phase between 730 nm and 900 nm, which is broader than the previous range between 750
nm and 840 nm. The increase in e�ectiveness of i2PIE can be due to the changes in the
physical parameters between the two sets of measurements. Before these measurements,
we integrated a new PCF (with identical speci�cations), which led to a realignment of the
chirped mirrors, 4-f shaper, and the light coupling into the spectrometer. The realignment
compounded into an improved result compared to that of our statistical measurements in
the previous chapter.
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Figure 3.16: Reconstructed SC spectral phase (orange line) and intensity (blue line) using
i2PIE reconstruction algorithm.

Further evidence towards our claim that i2PIE outperforms MIIPS is from the mea-
sured SB-CARS response. The measured SB-CARS response from para-xylene (�gure
3.15.C) similarly shows higher intensities where the phase was reconstructed using i2PIE
as compared to when MIIPS was used. To measure the SB-CARS spectrum a beam block
is used to prevent spectral content below 750 nm from propagating through the system
(illustrated in �gure 3.15.A by solid red area). The integrated intensities of the measured
SB-CARS spectra produced with a SC compressed using MIIPS compared to compression
with i2PIE increases by factor of 6.5 from MIIPS to i2PIE. This is an important result for
our SB-CARS implementation as the possible spectral region that we are able to probe
(with a high frequency probe) when using MIIPS is only between 100 cm−1 and 900 cm−1,
while the region accessible when using i2PIE is between 100 cm−1 and 1500 cm−1.

3.5.4 Pixel �ipping measurements

After pulse compression, by subtracting the determined SC spectral phase using the SLM,
pixel �ipping can easily be carried out by adding a ±π

2
phase step to a select number of

adjacent SLM pixels and measuring the resultant SB-CARS spectrum. The position
of the probe depends on the vibrational frequency range one is interested in. For our
measurements we focus on the �ngerprint region (up to 1500 cm−1). Probe positions are
thus chosen close to the spectral cut-o� of 750 nm.

In�uence of experimental parameters on extracted spectra

Considering that our mathematical model of the SB-CARS process cannot fully simulate
the SB-CARS process in the laboratory environment, the in�uence of shot average of the
spectrometer on the extracted spectra as well as the probe position in the SC was tested.

Measuring the spectrum for di�erent spectrometer averages while keeping the probe
position constant follows an expected trend. The CARS spectra were obtained by using
supercontinuum pulses compressed using the phase obtained from i2PIE.
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Figure 3.17: Shot averaged spectra of para-xylene measured with the pixel �ipping tech-
nique with a probe wavelength at 755 nm.

In �gure 3.17 measurements corresponding to more averages, have a smoother spec-
trum with reduced noise. In the measurement taken with 90 averages that a peak at 300
cm−1 and 641 cm−1 becomes visible. These are in all likelihood the 300 cm−1 and 641
cm−1 peaks visible in the spontaneous Raman measurement shown in �gure 3.13. All the
other peaks in the spectrum are easily identi�able. The 1390 cm−1 peak of para-xylene is
not visible as a result of the probe position in combination with the low intensities at the
edge of the SB-CARS spectrum. For para-xylene it is clear that 50 averages results in a
well-resolved spectrum while using the pixel �ipping technique applied with our setup to
extract the Raman spectrum from SB-CARS.

In order to test whether the probe position has any notable e�ect on the extracted
spectrum, the probe position around a prominent peak in the high-frequency side of
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the supercontinuum was varied. Measurements were taken with the spectrometer set to
average 60 measurements. Probe positions were varied by shaping di�erent SLM pixel.
Probe wavelengths were varied between 759 nm and 768 nm.

Figure 3.18: Raman spectra of para-xylene extracted from pixel-�ipping technique for
di�erent probe positions (as indicated on y-axes).

Figure 3.18 shows that varying the probe position on the high frequency side of the
SC, has little e�ect on the extracted spectrum, as they are almost identical with very
similar peak heights, widths and positions. Larger changes to the probe position will, of
course, change the probing region as discussed previously.

In�uence of pulse compression on extracted spectra

In section 3.5.3 �gure 3.15.C the enhancement gained from using i2PIE as a pulse com-
pression method, is already quite stark but the improvement for the resultant Raman
spectra is not immediately obvious. Using pixel �ipping to extract the Raman spectrum
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of para-xylene, the importance of a properly compressed light source for SB-CARS mea-
surements is illustrated. In order to show this, the SC was characterised and compressed
using MIIPS and i2PIE and a Raman spectrum of para-xylene corresponding to the two
compressed states was measured. The phase probe for the measurements were assigned
two SLM pixels centered at 752 nm which correspond to a probe bandwidth of 22.4 cm−1.
Measurements were taken with a spectrometer integration time of 0.3 ms averaging 10
spectra. A baseline subtraction was performed on both measurements using the Origin
software package and is shown below in �gure 3.19.

Figure 3.19: Processed pixel �ipping measurements of para-xylene where the SC was
compressed using A. MIIPS and B. i2PIE.

A visual comparison of the results show a noisier extracted spectrum when the SC is
compressed using MIIPS (�gure 3.19.A) as compared to that which results when com-
pressing the SC with i2PIE (�gure 3.19.B). The probing range when compressing the SC
using i2PIE is larger compared to when using MIIPS, and is clearly illustrated with the
presence of the 1200 cm−1 in the i2PIE corresponding measurement while it is completely
missing from the MIIPS corresponding measurement. It could already be expected when
considering the measured SB-CARS spectrum without the phase probe as illustrated in
�gure 3.15.C. The SB-CARS spectrum resulting from SC compression using MIIPS tapers
o� at about 710 nm while the SB-CARS spectrum resulting from SC compression using
i2PIE tapers o� at about 670 nm. As discussed earlier, this limits the probing range in
this instance to between 100 cm−1 and 900 cm−1 when MIIPS is used to compress the
SC. This is re�ected in the measurement where the spectrum becomes more noisy for
frequencies larger than 900 cm−1.

The observed improvement can be quanti�ed by calculating a signal-to-background
(S:B) quantity for each measurement. The standard deviation of a selection of the back-
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ground was calculated which was chosen to represent the background quantity. From this
the S:B of the 826 cm−1 peak for both measurements was calculated. This yielded a value
of 17 for the measurement corresponding to pulse compression using MIIPS and 65 for
the measurement corresponding to pulse compression using i2PIE. The increase in S:B
from pulse compression using MIIPS to i2PIE is an almost four-fold increase. Here the
results of implementing i2PIE as a pulse compression method employed for a SB-CARS
setup is reported [96].

The SB-CARS resolution using pixel �ipping

For our discussions on the measured SB-CARS resonant linewidths and shapes, we focus
on the 826 cm−1 line by extracting a section of the extracted spectrum containing this
line and �t it with a Voigt function. A Voigt function is a convolution between a Gaussian
and a Lorentz distribution and gives insight on the measured line shape.

y = y0 + A
2 ln 2

π3/2

wL
w2
G

∫ ∞
−∞

e−t
2(√

ln 2wL

wG

)2

+
(√

4 ln 2x−xc
wG
− t
)2dt (3.18)

The Voigt pro�le is parametrised by the Gaussian and Lorentzian widths, wG and wL
respectively, as well as the area under the peak, A, a vertical shift, y0, and the central
frequency, in this case x0. The integral is evaluated with the integration constant t. Fitting
this pro�le to the measured spectra means that the input frequencies are represented by
x which yield intensity values of y.

The section surrounding the 826 cm−1 peak from �gure 3.19 was selected, and a �tting
routine with Origin was performed. The result is shown in �gure 3.20.

Figure 3.20: Selection of para-xylene measured spectrum, obtained with pixel �ipping
method, containing the 826 cm−1 peak as a blue scatter plot, with a black line plot which
represents the determined �t using a Voigt function.

The Voigt function was �tted successfully with an adjusted R2 value of 0.98 and
yielded a FWHM value of 27.8 cm−1. The determined width of the contributing Gaussian
pro�le is almost exactly 27.8 cm−1 with a negligibly small contributed width from the
Lorentzian pro�le. Without making conclusions on the molecular in�uence on the CARS
band shapes, we conclude that a Gaussian pro�le is su�cient to �t the pixel �ipping
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measured peaks in order to determine the resolution at FWHM. This extracted line shape
is dependent on the SC spectral phase, as can be seen in �gure 3.19.A. The peaks shown
in the measurement when the SC is not optimally compressed are irregular, as compared
to measurements resulting from an optimally compressed SC. This conclusion can be
made, as experimental parameters between measurements,apart from the di�erent phase
functions used to compress the pulse, are almost identical.

The two pixels chosen for the phase shaped probe, for the above measurement, pro-
duced a probe with a corresponding bandwidth of 22.4 cm−1 and was capable of resolving
the 826 cm−1 line with a FWHM of 27.8 cm−1. It is noted that this is in good agreement
with the simulated results for a 2 pixel probe. The obtained FWHM value is almost
double the reported value of 13 cm−1 [22] obtained with a probe bandwidth of 10 cm−1.
The e�ective resolution of the spectrometer at this frequency is between ∼22 cm−1 and
∼26 cm−1 (as calculated from manufacturer's speci�cations), limiting the resolving ability
of the setup. This limitation can be con�rmed by reducing the probe bandwidth to 11
cm−1 with a single pixel. Measurements obtained with the smaller probe show no im-
provement in resolution. It does, however, reduce the contrast between the dips/peaks
and the una�ected spectral amplitude of the SB-CARS spectrum. This leads to the need
for more spectral shot averaging to extract a smooth spectrum.

3.5.5 Polarization probing measurements

Measurements with the polarization probing technique were performed in an identical
setup as that used for the pixel �ipping technique. The only change in the physical
setup is the rotation of the polariser positioned before the spectrometer (�gure 3.12 P2).
This only allows transmission of light in the y-polarization relative to the x-polarised SC.
Before spectral measurements were the SC was compressed using the i2PIE compression
method, which has already been established to be capable of producing more optimally
compressed SC pulses in our SB-CARS setup.

In�uence of phase shaped probe on measured spectra

As a result of measuring along the polarization of the narrow probe, the measured SB-
CARS intensity is much smaller than the intensity of the SB-CARS spectrum measured
with the pixel �ipping technique. Initial measurements were thus performed with carbon
disul�de as a test sample, as it has a larger Raman cross section than para-xylene. The
polarization probing technique was employed to measure the carbon disul�de spectrum
and tested the in�uence of the addition of the π phase step on the probe spectral phase.

In �gure 3.21 the resultant measured spectra (obtained with spectrometer set to in-
tegrate over 1 ms with 10 averages) after it has been shifted along the Ω-axis was shown
- one measurement without a phase shaped probe (blue curve) and one with the phase
shaped probe (green curve). In both the strong 656 cm−1 peak is present in the spec-
trum, but not the weaker 795 cm−1 peak. These results con�rm our simulation in that the
CARS spectrum can be measured with a nearly zero background, but that the intensity
of the resonant CARS signals is greatly reduced and only strong bands can be measured.
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Figure 3.21: Measured SB-CARS spectrum of carbon disul�de using the polarization
probing technique with a π phase probe (green line) and without (blue line).

The presence of non-resonant background in measured spectra

Comparing the blue curve to the green shows that the π phase step reduced the non-
resonant background as reported in [23]. From simulations this background is expected
to be near zero, but see that this is not the case. I propose three possible reasons: 1) Weak
birefringence of the microscope objective allows for a small fraction of the background
to couple into an orthogonal polarization (the same polarization as the probe) which is
not accounted for in the simulation, 2) the extinction ratio of the polarizer (�gure 3.12
P2) is not su�cient to block out the entire background generated along the relative x-
polarization, and 3) the spectrum is linearly spread over the SLM in wavelengths, where
the probe needs to be halved in the frequency space. This means that the probe pulse
spectrum which is halved in the wavelength space, by assigning equal amount of pixels
to both probes, will not have an equal split in the frequency space and can reduce the
background suppressing e�ect.

Figure 3.22: Simulated SB-CARS measurement with a single Raman line at 656 cm−1

where A. the probe spectrum has been divided equally in the frequency space and B. the
probe spectrum has been divided unequally in the frequency space.

A simulation of the third proposed background contribution, presented in �gure 3.22,
illustrates that an unequal and exaggerated division in the probe spectrum results in
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reduced background suppression (�gure 3.22.B) when compared to a probe with an equal
split in the spectrum frequency (�gure 3.22.A).

Furthermore, a calculation of the probe bandwidth of a 4 SLM pixel probe that has
been halved, shows a bandwidth of 22.22 cm−1 for the one half and 22.28 cm−1 for the
other. This small di�erence in bandwidth between the probes leads us to believe the ma-
jority of background is not as a result of the slight di�erence in probe bandwidths. This
means it is either option 1 or 2 or a combination of the two. The extinction ratio of the
polarizer across the whole SC spectrum was excluded as a contributing factor to the back-
ground by measuring its transmission of the orthogonally polarized SC. This measurement
yielded an intensity count of around 10, compared to the CARS background values of 50-
100 counts, e�ectively eliminating the polarizer as the source of the background. The
background present in the carbon disul�de spectrum is thus overwhelmingly as a result
of weak birefringence in the collection microscope objective. It is also important to note,
that this will not be the case for all measurements. For measurements where the relative
SB-CARS intensities are smaller, the extinction ratio of the polarizer will start to play a
role in contributions to the background.

The investigations on the polarization probing technique were furthered by using para-
xylene after con�rmation of a successful implementation of this technique in the laboratory
environment. Two SB-CARS spectra of para-xylene were measured with an integration
time of 10 ms averaging over 10 spectra. In the �rst measurement 0 SLM pixels was
assigned to act as a probe, in order to measure the background and is illustrated in �gure
3.23 by the green curve. For the second measurement 4 SLM pixels were assigned for the
polarization probe and is shown in the same �gure represented by the blue curve.

Figure 3.23: SB-CARS measurement of the leaked background from the x-polarised pump
measured in the y-polarization (green line), with the SB-CARS measurement with polar-
ization probing superimposed (blue line).

In order to produce a background free spectrum the background was scaled and sub-
tracted from the probed measurement. In our experience we found this to be a simpler
and more successful approach than computationally determining a baseline for subtrac-
tion. The resultant background subtracted spectrum (�gure 3.24) contains the 461 cm−1,
826 cm−1, and 1202 cm−1 para-xylene peaks. The negative intensity values found on the
left of each peak, is an interference e�ect between the leaked background and the induced
interaction along the y-polarization.
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Figure 3.24: Resultant para-xylene SB-CARS with polarization probing spectrum after
measured background has been subtracted.

For this measurement the S:B was quanti�ed for the 826 cm−1 peak in a similar fashion
as described in section 3.5.4 and determined the value to be 41.

The SB-CARS resolution using polarization probing

A portion of the measured spectrum around the 826 cm−1 peak was selected and �tted
using Origin. A Voigt pro�le was �tted to the resulting data, which yielded a FWHM
value of 21 cm−1 with an adjusted R2 value of 0.924.

Figure 3.25: Selection of the processed para-xylene measured spectrum, obtained with
polarization probing method, containing the 826 cm−1 peak as a blue scatter plot and a
black line plot which represents the determined �t using a Voigt function.

The widths of the contributing Gaussian and Lorentz pro�les of the Voigt �t (as shown
in �gure 3.25) was determined to be 21 cm−1 for the Gaussian pro�le and a negligibly
small contribution from the Lorentz pro�le. This shape deviates from the simulated band
shapes. From the simulations a deviation on the shape at about 4 SLM pixels (in line
with what was seen in �gure 3.10) is expected, especially considering that the probe has
a top-hat-like pro�le. This can be explained by the spectrometer resolution, which limits
our ability to resolve more complicated structure.
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A 4 SLM pixel probe was chosen as it has an e�ective probing bandwidth similar to
the pixel �ipping measurement where a 2 pixel probe was used. The bandwidth of the
4 pixels produced a probe with a bandwidth of 44.5 cm−1 or two probes with half the
bandwidth resulting from the choice of phase shaping. This resulted in a FWHM value of
21 cm−1 for the 826 cm−1 peak. The narrower bandwidth of the measured peak compared
to the probe bandwidth corresponds to results obtained through simulation of the polar-
ization probing technique. Measurements with narrower probes yield no improvement in
resolution (as expected), limiting the current resolution to ∼21 cm−1, which is at the limit
of the spectrometer resolution.

3.5.6 Comparison of results from implemented SB-CARS

strategies

In the two previous sections we were able to show that we were able to successfully
implement the SB-CARS techniques discussed in section 3.4.1 and 3.4.2. The resonant
Raman line pro�les obtained through both methods was found to be very similar for
both techniques. Using para-xylene as a test sample in both cases, under similar probing
conditions, we determined the current smallest obtainable spectral resolution of our SB-
CARS setup to be ∼21 cm−1, as limited by the spectrometer resolution.

At this resolution we also found that the line shapes match Gaussian pro�les almost
perfectly. The resolution of the spectrometer, prevents �ner resolved spectra to be ob-
tained. The resultant band shapes in these SB-CARS spectra, for both techniques, result
mostly from the broad probe bandwidth (relative to the smaller bandwidths of the Raman
resonances). The band shapes of the resonances should, however, start to in�uence the
measured band shapes to larger extent once the probe bandwidth becomes comparable
to the resonance bandwidths. Spectra obtained from the pixel �ipping technique, should
resemble that of spontaneous Raman spectra. When the phase probe is su�ciently small,
the band shapes in the pixel �ipping measurement should be Lorentzian.

The polarization probing technique, on the other hand, is also in�uenced by the probe
spectral shape as well as the NRB present in the spectrum. As shown through simulation,
the resultant band shapes in the CARS spectrum is in�uenced by probe spectral amplitude
which seem to be able to generate �ctitious structures in the band shape. A top-hat
spectral amplitude, can for instance for broad probe bandwidths, imprint shoulders on
the measured resonance band shape. The spectral measurement of para-xylene using
polarization probing showed that the resonant spectrum can interfere with the NRB,
creating intensity minima on the lower frequency side of the bands.

The signal to background is excellent in both cases, with a value of 65 in the case of
pixel �ipping and 41 in the case of polarization probing. The spectrum obtained with the
pixel �ipping technique, was measured with the spectrometer set to an integration time
of 0.3 ms averaging over 10 spectra. This translates to a total 'dwell' time of 6 ms to
produce one spectrum, while it takes 100 ms total dwell time to produce a similar spectrum
using polarization probing. The pixel �ipping technique can thus measure spectra much
faster with a better signal-to-background, than that obtained using polarization probing.
A smaller dwell time, is important in microscopy applications as the laser deposits less
energy in the system being studied. Heating up a sample in this way, for instance, could
damage or change the dynamics of the sample and in�uence the results.

We can thus conclude, in our limited comparative study between the pixel �ipping
and polarization probing technique, that when one is required to measure Raman spectra
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fast with a good signal-to-background the pixel �ipping technique enables one to do so.

3.6 Summary

In this chapter, we brie�y introduced coherent anti-Stokes Raman scattering and discussed
what is required to implement a broadband single-beam version of the experimental setup.
We also introduced a mathematical model for SB-CARS which allows us to understand
how the phase, amplitude or polarization of the supercontinuum in�uences the resultant
SB-CARS spectrum. We implemented the model with Matlab and used it to evaluate
two SB-CARS techniques and highlighted the in�uence of experimental parameters on
the resultant SB-CARS spectrum. Notably, we showed that for a CARS processes with
a broad pump but narrow probe, the spectral amplitude and phase together in�uences
resultant measured spectral line shape.

The most essential components and the layout of a SB-CARS setup was presented
with the implementation in the laboratory environment shown to be able of successfully
producing and measuring a SB-CARS spectrum. The two SB-CARS techniques discussed
in this chapter were implemented and experimentally evaluated in a limited comparative
study.

As an essential �rst step, we investigated the in�uence of the SC spectral phase on
the resultant SB-CARS spectrum. Using the pixel �ipping technique we were able to
show, for the �rst time, the improvement in the SB-CARS response as a result of pulse
compression using our in-lab developed i2PIE algorithm as compared to another popular
algorithm, MIIPS. This is a major improvement for systems utilising a light source with
a complex (but compressible) spectral phase.

Spectral measurement of para-xylene in the �ngerprint region using both techniques
yielded similar results with regards to resolution and resultant line shapes. We found
that for our implementation, that the acquisition speed of the pixel �ipping method
greatly outperformed the polarization probing technique with comparable values for S:B.
We concluded, that transitioning into microscopy applications, where 2D spectral scans
are required, the pixel �ipping technique is better suited to fast acquisition of 2D data.
Future work will have to include improvement of the measurement resolution, to increase
its functionality. An increase of the SC spread over the SLM as well as a more well
suited spectrometer may be required to achieve these improvements. For the purposes of
evaluation, the current implementation of our SB-CARS yielded su�cient functionality for
our study and furthering our understanding of the SB-CARS process, laying a foundation
for future endeavours.

With this work we were able to deploy a working CARS spectrometer setup. The
incorporated light source is pulse-to-pulse phase stable delivering low average power (55
mW) at a high repetition (80 MHz) rate, translating to 0.69 nJ per pulse, to the sample
plane. Regardless of such low pulse energies, the apparatus is capable of acquiring spectra
taking only a few milliseconds to acquire a spectrum. Our implementation, especially
with the improvements on pulse compression that were implemented, can be a reliable
and relatively a�ordable option for lab environments with existing femtosecond lasers
interested in CARS spectroscopy.



Chapter 4

Spectral focusing SB-CARS with

polarization probing

Spectral focusing (SF) CARS is a technique which allows for resolving narrow Raman
transitions with a spectrally broad excitation source, which has led to high spectral reso-
lution using femtosecond lasers [29]. The basic principle of SF CARS relies on decreasing
the available bandwidth of the pump and Stokes pulses, at a particular instance in time,
and delaying them with respect to each other in time. The available bandwidth at a
particular time, is referred to the instantaneous frequency di�erence (IFD), which can
be decreased by chirping the pump and Stokes pulses. Chirping a pulse spreads out the
frequency content of the pulse linearly in time. The IFD ensures narrow spectral probing,
while the relative time delay will determine which vibrational energy level of a molecule
is probed as the spectral content of the pump and Stokes arriving at the same time will
di�er for di�erent time delays (as a result of the chirping).

Spectral focusing can be employed in multi-beam setups using passive optical elements
such as gratings [29], a prism pair [97], or dispersive glass [98; 99] to chirp the Stokes and
pump pulses. Alternatively an SLM can be used, instead of passive optical elements, to
shape the pump and Stokes pulses [28; 100] and appropriately chirp the pulses. This
is quite bene�cial for SB-CARS as it already utilises phase shaping strategies for CARS
measurements. Simply put, the translation from passive chirping to employing an SLM for
a single beam geometry, is the splitting of the broadband excitation spectrum in two parts
and applying a quadratic phase function to each half. A quadratic phase function (QPF)
is the equivalent of GDD where the amount of GDD applied to the pulse is determined
by the steepness of the quadratic phase function. Increasing the GDD decreases the IFD,
while changing the position of the turning points of the QPFs is equivalent to changing
the time delay between the pump and Stokes pulses.

Spectral focusing allows one to target speci�c resonant Raman lines which is attrac-
tive for label-free multimodal microscopy applications, as it allows targeting of speci�c
molecules in biological samples. This has already been explored as a complimentary tech-
nique in SB-CARS multimodal microscope [101]. A variation on SF where binary phase
functions (BPFs) were used instead of QPFs, was shown to be bene�cial for stand-o�
detection [26; 36]. Spectral focusing is also not limited to only CARS but can also be
employed elsewhere. A single beam implementation of stimulated Raman scattering can
bene�t from SF to overcome limitations to spectral resolution and successfully target
Raman excitation for microscopy [102].

In this chapter we introduce two SF SB-CARS techniques; a new single beam imple-
mentation based on polarization shaping together with QPFs which is compared to an
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existing technique which uses BPFs. Principles of spectral focusing are discussed at the
hand of simulations and various aspects of SF are explored experimentally. Conclusions
about the new SF technique are drawn based on a comparison with results from existing
techniques implemented in the same setup.

4.1 Spectral focusing in the time-and-frequency

picture

Spectral focusing is concerned with optimising pump and Stokes �elds for focusing a target
frequency. In the SB-CARS picture this means optimising the population amplitude, Axx,
in such a way that the available bandwidth only excites the chosen target frequency. In
order to explain how chirping the pump and Stokes �elds achieves SF, we rely on Mohseni
et al. [103] who provides an easy approach to understand SF in their work investigating
the in�uence of third order spectral phase on the e�ectiveness of SF.

Figure 4.1: Diagram illustrating e�ects of spectral focusing adapted from [103]. On the
grey panel, A, the broadband pump and Stokes �elds overlap in time with 0 GDD which
produce a broad response. In the green panel, B, GDD is added to the pump and Stokes
�elds which has a narrow response as a result. A time delay shifting the Stokes �eld
forward, causes a relative red shift of the narrow response as seen in the red panel, C. A
time delay shifting the pump forward, causes a relative blue shift of the narrow response
as seen in the blue panel, D.
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In �gure 4.1 SF is diagrammatically illustrated, for a 2 beam geometry, on a fre-
quency and time plot with resultant excited Raman bands for di�erent SF cases. On the
frequency and time plot, broadband pump and Stokes pulses are shown, while on the Ω
axis, the resultant focused band resulting from the pump and Stokes pulses is shown. For
a transform limited broadband pump and Stokes spectrum with a bandwidth ∆ω and a
pulse length of τ0, a broad Raman band will be excited, as all the spectral components
overlap in time and can interfere with each other (�gure 4.1.A). Chirping both pulses,
as expected, spreads the frequency components out in time creating pulses with larger
temporal pulse widths (τ) and narrower IFDs (∆ωτ ). The IFD is narrowed by adding
chirp, stretching the pulse in time, which increases the spectral resolution achievable with
SF. The more the pulse is chirped the smaller the IFD becomes.

Spreading out the frequency components of the pump and Stokes pulses in time gen-
erates frequency pairs ('one in each pulse') that overlap in time (and are in phase). These
frequency pairs are separated by the same frequency di�erence, focusing the entire band-
width into a much narrower Raman band as illustrated in �gure 4.1.B. The relative time
delay between the pump and Stokes pulses determine which Raman band is focused. In
this simple representation, it is also apparent that time delays lead to the discarding of
portions of the spectrum lowering the available energy to excite the sample.

4.2 Quadratic phase spectral focusing

The shaping of the SC with use of an SLM allows for easy implementation of SF in a
SB-CARS setup. Understanding the relationship between the time and frequency do-
main, allows for this mapping. Pulse chirp in the time domain is equivalent to a adding
second order spectral phase to the pulse (as brie�y mentioned in section 2.1.1), which is
a quadratic function that is scaled by a steepness factor, the GDD.

SF has been shown to successfully target Raman excitation using a SB-CARS setup
which utilised the amplitude-and-phase shaping capabilities of an SLM [101; 104]. In
this realisation of SB-CARS the pump and probe pulses stay in the same polarization,
which leads to ambiguous spectra when measured with a spectrometer, but is useful for
images generated by point scanning using a photo multiplier tube (PMT) as detector.
The measured light is, however, unambiguous in the sense that the light measured is as a
result of the focused Raman transition, but is smeared out over a broad spectral region.
In order to obtain a full Raman spectrum, one needs to scan the frequencies targeted by
SF and integrate the measured signal for each of these selected frequencies. In contrast,
we present a new SF-SB-CARS scheme that is capable of producing unambiguous Raman
spectra directly measured with a spectrometer. This technique will serve as the starting
point in using SB-CARS to study temporal dynamics of molecules.

Quadratic phase spectral focusing with polarization probing

As in the polarization probing measurement scheme, polarization shaping is employed
to generate a decoupled thin spectral probe in the relative y-polarization, Ey, and sub-
sequently measure only along the y-polarization. The remaining spectral content in the
x-polarization, Ex, acts as the pump and Stokes �elds and is where the QPFs are applied
(�gure 3.8). Taking into account that the remaining SC in the x-polarization, will be used
as the excitation spectrum, the pump and Stokes �elds are together referred to as the
'pump' in this thesis, unless unambiguously discussed as separate constructs. Polarization
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probing comes with the same consequences as discussed in section 3.4.2. A narrow probe
reduces the NRB measured along the probe polarization and determines the bandwidth of
the measured resonant peak. The implementation using polarization probing and QP SF
is similar to that of Brückner et al. [101], but where they reduced the NR background by
delaying the probe in time, e�ectively exploiting the �nite lifetime of the resonant CARS
process, the NR background is suppressed by probing and detecting in an orthogonal
polarization.

Figure 4.2: Phase shaping strategy of spectral focusing SB-CARS. The probe is phase
shaped with a π phase step at its center frequency and polarization shaped to the
y-polarization (shown as a negative intensity). The pump is phase shaped with two
quadratic phase functions to focus the bandwidth to only excite ΩR and propagates in
the x-polarization.

In its simplest implementation, the pump is split in two parts at its central frequency,
ω0. One can think of the one side as the pump, in the original meaning of the word, and
the other the Stokes pulse (as in �gure 4.1). The addition of quadratic phase functions
(QPFs) to each of the spectra leads to a chirping of the pump and Stokes pulses. In the
frequency and spectral phase picture the identical quadratic functions further divides the
spectrum into frequency pairs (one component from the pump spectrum and the other
from the Stokes spectrum) and ensures that they are in phase with each other and out
of phase with other spectral components in the larger broadband spectrum. In-phase
spectral components will constructively interfere while out of phase components will not.
Due to the the quadratic functions being identical, the frequency spacing between these
pairs are constant, at ΩR, and leads to the focusing of the bandwidth to one chosen
transition frequency, ΩR. The degree to which the components of the spectral pairs and
their neighbours are out of phase, depend on the steepness of the quadratic phase which
is set by the amount of GDD added to the spectrum.

The targeted frequency can be dynamically changed by placing the turning points of
the QPFs at ω0 ± ΩR

2
as seen in �gure 4.2. Moving the spectral positions of the QPFs

around is equivalent to setting a temporal delay between the pump and Stokes pulses.
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Population amplitude resulting from quadratic phase functions applied to

pump spectrum

In the time-and-frequency picture (�gure 4.1), it shows that an increase in the chirp leads
to a decreasing of the IFD. A similar result can be seen using the SB-CARS model to
calculate the population amplitude, Axx, and, in fact, yields even more precise informa-
tion. A calculation of the population amplitude takes into account the phase and the
amplitude pro�le of the pump, and shows which vibrational levels can be excited with the
particular QPSF shaped pump. The results from the calculation indicates how e�ective
a particular GDD value will be in focusing the spectrum. In �gure 4.3 the population
amplitude generated by the pump, Ex, is given. The pump has been phase shaped with
QPFs to focus 800 cm−1 for di�erent GDD values and 300 cm−1 with single GDD value.

Figure 4.3: Calculated amplitude population for SF phase shaped pump which result from
targeting 300 cm−1 with a GDD value of 5600 fs2 (red dashed line) and 800 cm−1 with a
GDD value of 1600 fs2 (green line) and 5600 fs2 (blue line).

At a low GDD value of 1600 fs2 (green line) a narrowing around 800 cm−1 is observed,
while a signi�cant population at other frequencies is still present. The response around 800
cm−1 is also quite broad stretching from about 600 cm−1 to about 980 cm−1. Increasing
the amount of GDD added to the pump narrows the population amplitude around 800
cm−1, while suppressing the amplitude of other frequencies. The contributions from other
frequencies contribute to producing the non-resonant background. Spectral focussing the
300 cm−1 frequency with a GDD of 5600 fs2, does not yield the same focusing e�ect
as observed for 800 cm−1, when the same GDD value was used. For an experimental
application this would mean that the population QPFs has to be tailored for each target
frequency.
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Temporal shape of pump pulse with applied quadratic phase functions

Another way to understand how SF targets a chosen excitation is to look at the temporal
shape of the pump pulse. The temporal shape can be calculated from the pump spectrum
with the applied QPFs for SF from the simulation.

Figure 4.4: Shown here are the temporal pulse shapes which result from shaping the
pump with QPFs at GDD values of A. 1600 fs2 and B. 5600 fs2. The intensity pro�les are
normalised independently.

An inverse Fourier transform of the pump frequency spectrum with an applied QPF
targeting 800 cm−1 and GDD value of 1600 fs2 (�gure 4.4.A) yields a pulse train with peaks
separated by 1

cΩR
, where c is the speed of light in vacuum. In this particular instance,

the spacing is ±41 fs which matches closely to the 800 cm−1 vibration. This pulse train
can be thought of as an impulsive force of a driven vibration (or driven oscillator), which
oscillates at a frequency matching the selected Raman vibration. Increasing the steepness
to 5600 fs2 broadens the pulse train(�gure 4.4.B), adding more peaks with this spacing,
which increases the selectivity of the speci�c oscillator frequency. This broader pulse will
have a lower peak intensity, as the pulse energy is conserved, and will generate a reduced
SB-CARS spectral intensity as compared to a narrower pulse.

The simulated result of a SB-CARS measurement with quadric phase

spectral focusing

Finally, we show through simulation that our new phase-and polarization shaping strategy
can successfully target a chosen frequency from the spectrum as a whole.

In �gure 4.5 the simulated measurement shows that SF, as presented above, can be
applied to produce directly measured spectra. Focusing set to 300 cm−1 produces a
spectrum with only a peak around 300 cm−1 (red line) and other excitations suppressed.
The same result for 800 cm−1 is observed, shown as the blue plotted line. The small bump
at 300 cm−1, when targeting 800 cm−1, results from non-zero values at 300 cm−1 in the
population amplitude corresponding to SF set to the 800 cm−1 resonance.
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Figure 4.5: Simulation of measured SB-CARS spectrum after tailoring phase to focus 300
cm−1 (red line) and 800 cm−1 (blue line).

Spectral focusing of lower frequencies results in reduced peak intensities (compared to
those at higher frequencies). Considering the shape of Axx for a transform-limited Ex, one
would expect lower frequencies to have a larger response. The smaller peak intensity of
the lower frequency peak compared to that of the higher frequency peek as seen in �gure
4.5, can be explained by considering Axx of the SF shaped pump. In this implementation,
the spectral content assigned for targeting a resonance is 2ΩR (for 2ΩR <= ∆ω), which
means a smaller portion of the spectrum takes part in focusing the 300 cm−1, than the
800 cm−1 peak, leading to a lower peak height for the 300 cm−1 peak.

Of course, there are cases where the available bandwidth can be divided into multiple
2ΩR slices to increase the available spectral content which can be used to excite ΩR. As a
consequence, nΩR harmonics of the targeted Raman mode will also be excited. Spectral
content not designated for SF contributes to the NRB. For ease of implementation the SC
is not divided into multiple 2ΩR sections. In order to di�erentiate between the di�erent
techniques, the SF SB-CARS approach introduced here is referred to by the abbreviation
PP-QPSF, where the PP is a reminder of the polarization shaping element and the QPSF
the spectral focusing using QPFs applied to an SLM.

Using spectral focusing in SB-CARS to produce a full spectrum

The PP-QPSF approach can produce fully reconstructed CARS spectra in such a way
to avoid using spectrometers, similar to early implementations of spectral focusing. The
principle behind this approach is to incrementally change the frequency targeted by SF
over a chosen spectral range. The integrated intensity for each of the target frequencies
is then collected and combined into a spectrum for the chosen range. In principle this
allows for the use of a much broader probe pulse, as the light measured for a targeted
frequency is only from the focused excitation. This was simulated for a broad probe of
10 nm (translating to 175 cm−1) at 755 nm and the result is shown here (in �gure 4.6).
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Figure 4.6: Resultant CARS spectrum after processing a simulated 'target frequency
scan', sequencially targeting frequencies from 0 cm−1 to 1200 cm−1.

For this simulation an exaggerated probe bandwidth of 175 cm−1 was used, with
spectral focusing using a GDD of 5600 fs2. The FWHM of the 800 cm−1 line is 33 cm−1

which is signi�cantly smaller than the probe resolution - reaching spectral resolution
much smaller than the excitation and probe bandwidths. The obtainable resolution of
the Raman-like CARS spectra is determined by the amount of GDD added to the pulse, or
rather the resulting IFD, making it possible to use femtosecond lasers to resolve Raman-
like CARS spectra with spectral focusing.

This simulated measurement also illustrates that the same GDD value will not have
the same narrowing e�ect for all the resonances, as was also shown with the calculation of
population amplitudes. The peak bandwidth at 300 cm−1 is larger than that at 800 cm−1.
The background present results from the choice in probe bandwidth as well as the chosen
GDD value. These two parameters can thus be tweaked for experimental purposes. The
asymmetry of the of peaks result from the asymmetry of the population amplitude around
the focused peak as seen in �gure 4.3. The suppression e�ect on the left of the focused
peak is less than on the right. This means that if one is focusing a frequency slightly
larger than a resonance, a larger background will be contributed than when focusing a
frequency that is slightly smaller.

4.3 Binary phase spectral focusing

An alternative to using QPFs for spectral focusing, is using low autocorrelation binary
sequences. This approach is best understood in the frequency and spectral phase picture.
In the place of two QPFs the pump is shaped with two binary phase functions (BPFs) and
will have the same e�ect of dividing the spectrum into in-phase-spectral pairs that are
a spectral distance ΩR apart. This method has previously been employed in SB-CARS
implementations for stando� detection of target molecules in combustion gas mixtures
[26] and even the imaging of gas jets [36]. We introduce and evaluate this approach to (1)
further illustrate the dynamic nature of our SB-CARS setup and (2) be able to compare
this to our PP-QPSF approach introduced above.

Research on low autocorrelation binary sequences (LABS) is a research �eld in its
own right and have engineering applications in cryptography and radar [105]. The extent
to which these binary sequences correlate with themselves is characterised by a merit
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factor [106], where sequences with a high merit factor have low autocorrelation. Studies
of these sequences generally aim to �nd the speci�c sequence for each N bit array (where
N is the number of bits in the sequence) that has the lowest autocorrelation. One can
think of it as �nding the sequence for N bits that only correlates when it completely
overlaps with itself and does not correlate for any other overlap, or the sequence that most
closely ful�ls this criteria. These sequences are easily obtained from published literature.
Unfortunately, sequences are not available for all values of N and become increasingly
scarce with increasing N [107].

LABS consists of only +1s and −1s giving rise to the binary nature. These sequences
can be adapted to be binary sequences that consist of 0 and π for implementation in pulse
shaping [108], which will conserve its LABS properties, i.e. a correlation of two of these
identical binary sequences will have a high merit factor. When two identical sequences
are used to shape the phase of the pump and Stokes part of the SC, one can tailor spectral
pairs to always be in phase with each other and out of phase with neighbouring spectral
components. Utilising LABS in this way allows for an alternative method of spectral
focusing as compared to using QPFs. Similarly, this method also requires a probe that is
in the y-polarization and the remaining pump and Stokes �elds in the x-polarization.

The phase shaping approach using binary phase functions

Identifying the regions of the remaining x-polarised spectrum (i.e. the pump and Stokes
�elds together known as the pump) where the binary phase sequences are added, follows
a speci�c algorithm [36]:

1. Set a lowest frequency boundary Ωmin

2. Set a highest frequency boundary Ωmax

3. Compare bandwidth de�ned by the boundaries, ∆Ω = Ωmax − Ωmin, to 2ΩR (the
bandwidth required to generate in-phase frequency pairs)

4. If ∆Ω < ΩR then,

a) The binary phase sequence is �tted to two regions with a bandwidth of ∆Ω−ΩR

b) The �rst region starts at Ωmax and ends at Ωmin + ΩR

c) The second region starts at Ωmax − ΩR and ends at Ωmin

d) The remaining region containing spectral content that will not play a part in
exciting ΩR, will be discarded by the addition of high-frequency random binary
phase

5. Else if ∆Ω ≥ ΩR then,

a) The binary phase sequence is �tted to two regions with a bandwidth of ΩR

b) The �rst region starts at Ωmax and ends at Ωmax − ΩR

c) The second region starts at Ωmax − ΩR and ends at Ωmax − 2ΩR

d) The remaining region stretching from Ωmax − 2ΩR to Ωmin contains spectral
content that is discarded by the addition of high-frequency random binary
phase
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For illustrative purposes, an ideal CARS measurement of a model molecule with two
Raman levels is simulated. The resonances are again at at 300 cm−1 and at 800 cm−1. For
this simulation, the above algorithm was followed for ΩR = 800 cm−1 and the resultant
binary phase function was added to pump, Ex.

Figure 4.7: A. Simulated SC spectrum (solid red area), |Ex|2, and binary phase function
(black line) targeting 800 cm−1 as well as spectral slice in y-polarization, |Ey|2, which
acts as a probe with π phase step (black dashed line). Grey insert shows spectral pair
as distance ΩR apart with the same phase. B. Calculated population amplitude which
resulted from the pump, Ex, after shaped with a BPF.

The binary sequence is chosen such that (1) N is high, (2) the merit factor is relatively
high and (3) one has to be able to stretch it over the bins available from identi�ed regions.

The sequence bit number, N , is chosen as high as possible to decrease the bandwidth
assigned to each bit of the binary sequence. The spectrum will inevitably be binned in
such a way that a discrete sequence can be stretched over it. Binning the spectrum implies
that the spectrum will be broken up into many slices. In order to increase the e�ectiveness
of this technique, this bandwidth has to be minimised, ensuring maximum suppression
of neighbouring pairs' contribution to the total CARS signal. As stated above, the high
merit factors imply low autocorrelation for binary sequences.

In order to maximise use of the identi�ed regions and for ease of calculation we prefer
N to be a multiple of the number of bins associated to each region. This makes it easier
to stretch a binary sequence over the appropriate region. This is especially important for
experimental implementation, where the binning of the supercontinuum is determined by
the SLM pixel resolution. Where N and the bins do not match an approximation has to
be made for the binning region, which can reduce the e�ectiveness of the binary phase
function.

Calculating Axx for the corresponding pump, with added binary phase function (�gure
4.7.B), a low probability of excitation for all vibrational levels except for the selected
Raman level is observed. At a glance the isolation achieved using BPFs seem much more
successful than its QPF counterpart. It is, however, premature to make any conclusions
on the e�cacy of BPFs as compared to QPFs from this single simulation, as the binning
of the spectrum, as governed by the SLM resolution, will determine how e�ective one can
target a peak. In this case an 'almost best case scenario' was simulated. A conclusive
comparison at this stage is further complicated as a result of the limitations of the phase
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shaping capabilities of the SLM. In the case of QPF there is an upper limit of GDD that
the SLM can apply.

Temporal shape of pump pulse with applied binary phase functions

Calculating the temporal pulse shape of the pump through an inverse Fourier transform,
yields a similar result as obtained by shaping the pump with QPFs, namely a pulse
train with pulses separated in time by an amount equal to the inverse of the vibrational
frequency.

Figure 4.8: Inverse Fourier transform of the pump spectrum with binary phase shaping,
showing resultant pulse train. Grey insert shows peak spacing which matches ≈ 1

cΩR
.

Shaping the spectral phase in this way, results in a pulse sequence stretched over
picoseconds that is spaced 41 fs apart which is equivalent to our selected frequency spacing
ΩR. A much longer pulse-train is observed here, than for the pulse-train generated using
QPFs. A longer pulse will yield a smaller IFD. It is thus fair to assume that when using
QPFs one has to apply enough GDD to stretch the pulse to a similar pulse width to
achieve comparable SF bandwidths.



CHAPTER 4. SPECTRAL FOCUSING SB-CARS WITH POLARIZATION PROBING 70

The simulated result of a SB-CARS measurement with binary phase spectral

focusing

The resultant simulated measurement of the CARS spectrum along the y-polarization
shows a remarkable suppression of other Raman modes where ΩR = 800 cm−1.

Figure 4.9: Simulated SB-CARS measurement when using a binary phase function to
target 300 cm−1 (red line) and 800 cm−1 (blue line).

The relatively high peak intensity for 800 cm−1 compared to 300 cm−1, again is due
to the e�ective size of region identi�ed to receive the tailored binary phase function. The
disparity in peak heights is clearly more exacerbated in the BPF case than that of QPF
shaping (compared to �gure 4.5).

The following sections show experimental result obtained after implementation of the
shaping strategies discussed here.

4.4 Experimental evaluation of spectral focusing in

SB-CARS

Spectral focusing pulse shaping strategies were implemented in the same setup described in
section 3.5.1 for evaluation. The only changes required to implement the SF phase shaping
strategies, as introduced in this chapter, were modi�cations to the Labview software
used to control the SLM and spectrometer. Experimental results are reported on in the
following two subsections and compared thereafter.

4.4.1 Quadratic phase spectral focusing measurements

Carbon disul�de was used to test the PP-QPSF technique. This solvent has a larger
Raman response (or cross-section) than that of para-xylene which can be seen when
comparing spectrometer integration times required to measure the spontaneous Raman
spectrum. The supercontinuum was shaped according to the method described in section
4.2, with the pump phase shaped to focus the 656 cm−1 carbon disul�de vibration. 6 SLM
pixels, corresponding to a bandwidth of 3.2 nm, were programmed to rotate the polariza-
tion of the spectrum by 90 degrees, separating the light from the remaining x-polarised
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SC to act as the probe. The polariser (�gure 3.12 P2) was rotated by 90 degrees to allow
only the y-polarised light to be measured. SF techniques applied in our SB-CARS setup
was initially not feasible with the use of MIIPS, as the residual uncompensated spectral
phase interfered with the applied SF phase functions. Characterising and compressing
the pump with i2PIE allowed for the successful implementation of SF in our setup.

Figure 4.10: SB-CARS measurements employing the quadratic phase mode selection tech-
nique targeting the 656 cm−1 carbon disul�de vibrational mode each with a di�erent
quadratic phase steepness as indicated in legend.

Parabolas of di�erent steepness were programmed on the SLM and the resultant SB-
CARS spectra were measured with the same integration time of 50 ms and shown in
�gure 4.10. From these results, we con�rm that we are able to target a speci�c Raman
vibration and measure it directly as well as suppress the non-resonant background. At
a low GDD value of 2000 fs2, we are able to somewhat isolate the 656 cm−1 line with
background present equivalent to the peak intensity of the targeted peak. An increase to
a GDD of 20 000 fs2 produces almost complete isolation of the peak from the background
in this measurement. This result corresponds to our simulations, where a larger GDD
value results in a more selective pump pulse (see �gure 4.3). A steeper GDD means that
the spectral pairs are more isolated from the other spectral components.

Figure 4.11: SB-CARS measurement using the quadratic phase spectral focusing tech-
nique targeting 500 cm−1 which does not correspond to a resonant Raman mode. The
GDD was programmed to be 20 000 fs2
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Ameasurement was performed where the spectral focusing was set to target a wavenum-
ber that does not correspond to a resonant Raman mode to illustrate that we are able to
target resonant Raman modes. This measurement is shown in �gure 4.11. The resonant
656 cm−1 mode is suppressed and the spectrum is approximately �at.

The in�uence of GDD on the background

With this con�rmation that we are able to successfully implement our SF-SB-CARS
technique to target peaks in a SB-CARS spectrum, we test the technique on para-xylene
and target separately the 461 cm−1, 826 cm−1 and 1206 cm−1 peaks for two GDD values
of 10 000 fs2 (blue) and 15 000 fs2 (red).

Figure 4.12: A. Calculated population amplitude from SF shaped pump using the masured
SC and QPFs with GDD values of 10 000 fs2 (blue) and 15 000 fs2 (red dashed line).
B. Maximum amplitude for target frequency collected over a range of 1500 cm−1. C.
Measured SB-CARS spectra targeting the 461 cm−1, 826 cm−1 and 1206 cm−1 resonances
with QPFs GDD values of 10 000 fs2 (blue line) and 15 000 fs2 (red line).

In order to measure the para-xylene spectra with the respective SF shaping, the spec-
trometer integration time was set to 200 ms and 6 SLM pixels were used as a polarization
probe. The background still present in the measurements (even after focusing) is similar
to that observed in the polarization probing measurements (�gure 3.23), which in this case
is certainly a combination of the extinction ratio of the polarizer as well as the birefrin-
gence in the microscope objective. The background matches the pro�le of the calculated
amplitude (�gure 4.12.C) where there is a notable amplitude for 'non-targeted' frequen-
cies. In the measurements corresponding to focusing the 826 cm−1 and 1206 cm−1 peaks,
the shape has two prominent peaks. These peaks result from the π phase step on the
polarization probe. Measurements without the phase shaping produce more smooth single
peaks with comparable bandwidths and peak heights, which is in contrast with what is
seen in the polarization probing measurements in chapter 3. For this reason we opt to
neglect this additional phase shaping as it has no apparent advantage in this application.
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In SF measurements for all three focused frequencies (�gure 4.12.C), the background
behaves similarly. On the lower frequency side of each focused peak a noticeable back-
ground is present, while in stark contrast, the background on the higher frequency side
is much less prominent and relatively �at. This phenomenon is clearly illustrated in the
population amplitude of the focused frequency as well (�gure 4.12.A). This phenomenon
can be understood at the hand of �gure 4.2, which illustrates the PP-QPSF shaping
strategy. The programmed QPFs clearly keep frequency pairs that are spaced ΩR apart
in phase, but one can in the same shaped spectrum also construct other frequency pairs
that are in phase which will be spaced by spectral distances that does not equal ΩR. For
instance, moving from the turning points of the QPFs towards the central frequency of the
spectrum the spectral distance becomes smaller between in-phase spectral components.
Conversely, when starting at the turning points of the QPFs and moving outwards and
away from the central frequency, in-phase components are a larger spectral distance from
each other. The di�erence between the two instances, is the available spectral content for
these in-phase spectral pairs. Larger spectral intensities are available for low frequency
combinations than compared to high frequency combinations. This e�ect is observed in
all three SF measurements as a result of the shaping strategy applying phase functions to
the SC with the turning points of the QPFs relative to the central frequency (ω0 ± Ωr).

For all three sets a reduction in background as well as peak intensity is observed
when increasing the GDD from 10 000 fs2 to 15 000 fs2. The degree of focussing is
not immediately apparent when considering both the background and peak intensity
has decreased after an increase in applied GDD. The background for the SF-SB-CARS
measurements was quanti�ed by determining the standard deviation of a background
section on the lower frequency side and compared it to the peak height. The results are
summarised below in table 4.1.

Target frequency (cm−1) S:B 10 000 fs2 S:B 15 000 fs2

461 4 13
826 41 68
1206 32 30

Table 4.1: Summary of values for signal to background for the SB-CARS measurements
where the pump phase was shaped to target 461 cm−1, 826 cm−1 and 1206 cm−1.

The calculated S:B values in table 4.1 is an indication of the background suppression
as well as peak isolation. The low S:B values for the low wavenumber peak (461 cm−1)
results from the relatively small portion of the SC assigned for SF of the particular peak.
For the same QPF steepness, this value increased for the higher wavenumber peak, 826
cm−1, as more spectral content is available to pair up for targeting the chosen peak.

As an indication of the available bandwidth per target wavenumber, the population
amplitude, resulting from the SC, was calculated for an array of target frequencies (from
200 cm−1 to 1500 cm−1). The peak value for each target frequency was plotted against
the target frequency (�gure 4.12.B). This calculation not only accounts for the available
bandwidth, but also the amplitude variation of the SC. As expected, the population
amplitude is low for small wavenumbers and increases with increasing wavenumber. The
population amplitude reaches a maximum at around 1150 cm−1 and continues to decrease
for increasing target frequencies. From this one would expect the peak heights for the
826 cm−1 and 1206 cm−1 peaks to be at a similar values, but this is not what is observed
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in �gure 4.12.C. The smaller peak height for the 1206 cm−1 peak, is a consequence of
relatively smaller resonant response for the particular resonant Raman vibration (shown
in spontaneous Raman spectrum of para-xylene in �gure 3.13).

An increase of the QPF steepness, resulted in an increase in S:B for both the 461 cm−1

and 826 cm−1 peaks, but no signi�cant change for the 1206 cm−1 peak.

Reconstructed CARS spectra from spectral focusing measurements

The dynamic nature at which an SLM can be programmed with di�erent QPFs allows for
collection of spectra for an array of target frequencies that can be processed to extract
a full Raman-like spectrum. An initial scan was performed with no polarization shaped
probe, which means the pump and probe are both along the x-polarization axis. This
approach, is similar to SF in the �ngerprint regime approach as reported in [101], where the
SB-CARS spectrum measured is dominated by the contribution originating from probing
the focused resonant level which is then smeared out over the SB-CARS spectral range.
Integration over the spectrum for di�erent focused frequencies yield the CARS spectrum.
QPFs were programmed with a GDD value of 10 000 fs2 while the spectra for di�erent
focused frequencies were measured with a spectrometer set to integrate measurements over
50 ms. An integrated intensity value over the measurable range was calculated for each
target frequency from which the background was removed through baseline subtraction
in Origin. The resultant spectrum is shown below in �gure 4.13.

Figure 4.13: Reconstructed CARS spectrum of para-xylene using in-polarization SF scan-
ning approach with QPFs with a GDD value of 10 000 fs2, where the full measured spectra
for each target frequency was integrated to determine its intensity value.

The resultant spectrum after processing, contains the 826 cm−1 1206 cm−1 peaks, but
lacks the 461 cm−1 peak. Two new peaks appeared at about 1380 cm−1 and 1420 cm−1.
For the purpose of comparing this technique to our own approach, the S:B for the 826
cm−1 and 1206 was determined to be 19 and 39 respectively.

Next we implemented our new PP-QPF approach. A scan of para-xylene was per-
formed with 6 pixel probe (corresponding to 67 cm−1). The QPFs were programmed with
a GDD value of 10 000 fs2, while spectra was measured with the spectrometer integration
time set to 50 ms.
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Localising the SF-SB-CARS response at spectral positions, using a polarization probe,
allows for additional background rejection that is not possible in the case where the
response is spread over a broad frequency range. As the population amplitude for a
targeted frequency shows, a response is not a delta function at the target frequency, but
other transitions have non-zero amplitude values allowing them to be populated. The
extent of which is governed by the steepness of the QPF. The non-perfect isolation of the
chosen peak, contributes to the NRB as well as possible resonant signals.

Figure 4.14: Illustration of processing approach applied in SF scanning using PP-QPSF
approach. Shown here is the spectral measurement when targeting 800 cm−1. Intensity
values contained within greyed out areas are discarded, while intensity values within white
block are integrated for the chosen targe frequency.

The intensity values of each target frequency was determined by only selecting a
band around the frequency to be integrated. In �gure 4.14 this process is illustrated for
one target frequency, 800 cm−1. The greyed out areas represent the information that is
discarded from the �nal spectrum. In the frequency range from 200 cm−1 to 500 cm−1

a small background is present, which can make a sizeable contribution to an integrated
spectrum.

Figure 4.15: Reconstructed CARS spectrum of para-xylene from SF scanning measure-
ments using the PP-QPSF approach with additional processing step to reduce background
contributions.
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The �nal integrated spectrum, in �gure 4.15, shows two prominent peaks at 826 cm−1

and 1206 cm−1, but no clearly resolved peak at 461 cm−1. The smaller response at 461
cm−1 in this measurement resulted from the faster integration time of 50 ms, which was
chosen for a faster scanning time. The S:B values for the two prominent peaks, 826 cm−1

and 1206 cm−1, was determined to be 66 and 40 respectively.

SLM wrapping e�ects when applying large GDD values

Utilising an SLM constrains the amount of GDD that can be programmed onto the pump.
On the edges of a programmed QPF, where the phase di�erence between neighbouring
frequencies (pixels) exceed the phase range of the SLM, the phase will be wrapped. The
wrapping of the QPF in this way can lead to focusing of multiple vibrations instead of
the single chosen one. In order to illustrate this e�ect, an SF scan of para-xylene was
performed with a GDD value of 20 000 fs2 and shown as a 2D plot in �gure 4.16.

Figure 4.16: 2D scan of para-xylene with 6 SLM pixel probe. Values along the y-axis
represent the measured spectra shifted relative to the probe center, while values on the
x-axis are chosen target frequencies for spectral focusing.

Along the main diagonal of the square 2D plot, a light blue line is visible, corresponding
to the programmed target frequency, with maxima observed around 800 and 1200 cm−1

corresponding to the spontaneous Raman spectrum of para-xylene. On the same scan an
additional diagonal line is present starting at 1000 cm−1 (on the y-axis) and ending at
800 cm−1 (on the x-axis). This secondary line results from the constraints on the phase
shaping ability of the SLM and results in an under utilised pump. The processing of the
scans, as introduced in this chapter, prevents this e�ect from contributing to the integrated
spectrum. Integration over the entire measured spectrum, may lead one to believe that
there is a resonant peak at around 500 cm−1, which corresponds to that target frequency.
With the polarization probe localising the SB-CARS response at resonant Raman peak
positions, it is clear the contribution at the 500 cm−1 target frequency, is in fact from the
1206 cm−1 resonant Raman line.
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Linewidth and line shape of reconstructed spectrum

Fitting of the extracted 826 cm−1 peak, in �gure 4.15, using a Voigt pro�le proved un-
satisfactory as the peak is asymmetric. For a more accurate �t to the measured data, an
asymmetric pseudo Voigt pro�le with a sigmoidally varying width was used. The pseudo
Voigt pro�le [109],

y(ν) = fL(ν) + (1− f)G(ν), (4.1)

is a sum of a Lorentz pro�le (L(ν)) and a Gaussian pro�le, G(ν), with fractional
contributions (f) to the total line shape. The Lorentzian distribution,

L(ν) =
2A/πγo

1 + 4[(ν − ν0)/γ0]2
, (4.2)

is de�ned with respect to the area under the peak, A, the frequency in wavenumbers, ν,
with ν0 the peak center and γ0 the FWHM of the peak. The Gaussian pro�le used is
given as:

G(ν) =
A

γ0

√
4ln2

π
exp

{
[−4ln2(

ν − ν0

γ0

)2]

}
, (4.3)

where the parameters are de�ned similarly as for the Lorentzian pro�le. In order to
accommodate for the asymmetry, the width parameter, γ0, in equations 4.2 and 4.3 is
replaced by

γ(ν) =
2γ0

1 + exp{[a(ν − ν0)]}
, (4.4)

where a represents the degree of symmetry. For value of a > 0, the pro�le is asymmetric,
while a = 0 recovers the normal pseudo Voigt pro�le which is symmetric around ν0. The
drawback from this �tting approach is the determined ν0 value from performing a �tting
routine, is slightly o�set from the frequency at the peak maximum [110]. This, however,
is not a major issue as one can retrieve a good estimate with a short peak �nding routine.

A selection of the spectrum in �gure 4.15 was �tted with the above pro�le. Conver-
gence of the pro�le onto the measurement data, yielded an adjusted R2 value of 0.995
and a FWHM value of 30 cm−1. The contribution of the Gaussian to Lorentzian pro�le
was determined to be 69:31.

The �tted peak, as shown in �gure 4.17, shows good visual agreement with the mea-
sured data (as expected from a high R2 value). An increase in GDD for similar scans did
not yield a narrower response, �xing the current attainable resolution to 30 cm−1 using
this technique with our current setup parameters. This is, however, half the bandwidth
of the probe used to perform this measurement.
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Figure 4.17: Extracted 826 cm−1 peak from reconstructed measurement shown in �gure
4.15 (blue scatter plot), with superimposed pseudo-Voigt �t (black line).

Currently the �tting of the peaks only provides insight into the achievable resolution,
as the line shapes are dominated by the spectral phases of the pump and no further
information can be obtained from these �ts.

4.4.2 Binary phase spectral focusing measurements

The binary phase spectral focusing technique was implemented in our SB-CARS apparatus
and tested by directly measuring the Raman spectrum of Carbon disul�de. The binary
phase function was selected based on the target frequency and applied to the SLM by
following the process outlined in section 4.3. Similar to the experiments performed to
test the quadratic phase spectral focusing technique, 6 SLM pixels were programmed to
rotate the polarization by 90 degrees in order to separate the probe pulse from the pump
pulse. Binary sequences, implemented in our experiments, were obtained from published
literature [107].

Figure 4.18: Binary phase function with A. 30 bits and B. 60 bits used to target 656 cm−1

Raman line. Yellow and blue indicate regions allocated for spectral focusing, while white
region is allocated a random binary phase function.
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The two sections where the identical binary phase functions were added are shown in
�gure 4.18. A random binary phase function was applied to the remaining unassigned
pixels in order to reduce its contribution to the measured SB-CARS spectrum.

Figure 4.19: SB-CARS spectra measured directly with a spectrometer integration time
of 50 ms using the binary phase spectral focusing technique where A. the binary phase
function is tailored to target 656 cm−1 and the sequence bins match the calculated interval
on the SLM, B. the binary phase function is tailored to target 656 cm−1 and the sequence
bins are half of the calculated interval on the SLM, and C. the binary phase function is
tailored to target 1000 cm−1 which does not correspond to a resonant Raman line.

After the binary phase function, as shown in �gure 4.18.B, was applied to the SLM
the resultant SB-CARS spectrum was measured with a spectrometer integration time of
50 ms. The 656 cm−1 Raman line (�gure 4.19 A) was successfully targeted. The isola-
tion of this line was improved by grouping SLM pixels together in pairs and stretching a
binary sequence with half the determined bits to determined regions on the SLM (�gure
4.18.A). This resulted in a narrower peak with a higher peak intensity as shown in �gure
4.19.B. Cross-talk between SLM pixels can take place when large phase jumps are present
between adjacent pixels. This results in the phase on the SLM not exactly matching the
programmed phase. For the binary phase functions, the cross-talk can be a contribut-
ing factor to reduced mode selection. 'Doubling up' the phase as in the measurement
represented in �gure 4.9.B reduces this cross-talk e�ect.

The SB-CARS spectrum was also measured when tailoring the phase to focus on a
part of the spectrum (1000 cm−1) that does not correspond to a resonant Raman peak in
the spontaneous carbon disul�de Raman spectrum. This measurement is shown in �gure
4.19.C and shows that the resonant Raman mode is suppressed and only background is
measured.

Focused peak measurements of para-xylene using binary phase shaping

Spectral focusing measurements using BP shaping of para-xylene were performed, target-
ing the 461 cm−1, 826 cm−1 and 1206 cm−1 peaks with a 6 SLM pixel probe. Spectrometer
integration time was set to 250 ms.
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Figure 4.20: Measured SB-CARS spectra where (1) 461 cm−1, (2) 826 cm−1 and (3) 1206
cm−1 para-xylene resonances were focused using BPFs.

The prominent para-xylene peaks were successfully targeted using binary phase func-
tions (�gure 4.20). Similar to previous measurements, the S:B was determined in order
to quantify how successful the background suppression was. The calculated S:B values
are shown in table 4.2. As was observed in the PP-QPSF measurements, a larger back-
ground contribution is present on the low frequency side of the focused peaks than that
of the high frequency side. This phenomenon is more di�cult to disentangle in the BP
approach as a result of the complex nature of the BPFs. If the need, however, arises to
determine beforehand how this background pro�le will present itself in a measurement,
then the population amplitude resulting from the shaped pump can easily be calculated
using equation 3.11. This will give an unambiguous indication of the frequency spread of
the NRB that one can expect in a measurement.

Target frequency (cm−1) Bin number S:B

461 41 18
826 79 23
1206 122 24

Table 4.2: Summary of binary sequence bins used per target frequency with corresponding
determined S:B values.

The determined S:B for the BPF measurements show a di�erent trend than what is
shown for the QPF measurements. The S:B values for all three focused peaks are quite
close, despite the di�erence in size of binary phase sequence used. The S:B values for
the 826 cm−1 and 1206 cm−1 peaks are closer than the 426 cm−1 peak which result from
the sectioning of the SC for BP shaping. The sections of the SC assigned for BP shaping
of the two high frequency peaks are similar in bandwidth, while the lower frequency is
awarded a much smaller portion.
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4.4.3 Comparison of di�erent SB-CARS spectral focusing

implementations

Implementation of both QP and BP based spectral focusing SB-CARS techniques in the
same setup, allowed for comparison of techniques under similar conditions. For two of the
para-xylene resonances (826 cm−1 and 1206 cm−1), an improvement of S:B was observed
comparing the 15 000 fs2 QPF technique to the BPF technique. For the 826 cm−1 peak
the S:B is a factor of 3 more, while the 1206 cm−1 peak has a marginal increase. The low
frequency 426 cm−1 peak, on the other hand, saw an increase in S:B when using a BPF.

Although 2 out of the 3 resonant peaks show improvement in S:B, one impressively
with a factor of 3, one can not concretely conclude that using a QPF will always result in
a better S:B compared to measurements that employ BPF. It does however seems promis-
ing in this respect. Taking just peak intensities into account, measurements employing
QPFs yield larger peak intensities compared to those using BPFS. For instance: an SF
measurement of the 1206 cm−1 peak with a spectrometer integration time of 200 ms will
yield a peak height of about 2500 counts for a QPF measurement, while a BPF measure-
ment will yield a count value of about 1200. This is a factor 2 increase where both have
similar S:B values. For a microscopy application, this could translate to a measurement
that can be taken twice as fast when using QPFs as compared to using BPFs.

From an experimentalist's perspective the experimental versatility that QPFs provide
over BPFs, is more attractive. QPFs can be dynamically changed by alternating its
steepness, whereas BPFs, which �t over a selection of the SC spectrum, are constrained
by the available N-bit high merit factor binary sequences. The e�ectiveness of a BPF is
reduced when applied to an SLM as a result of cross-talk between pixels. QPFs on the
other hand are not in�uenced by this, as the phase jumps between adjacent pixels are
much smaller.

For applications in stand-o� detection, where BP SB-CARS was initially introduced,
the increase in signal response can have a bene�t for the �eld in improving trace ele-
ment detection. Faster acquisition times, versatility and ease of implementation, shows a
promising approach for SB-CARS microscopy using QPFs with a polarization probe.

In order to compare the quadratic phase SF SB-CARS with polarization probing to
existing QP SF SB-CARS, a rudimentary implementation of the latter technique was also
implemented in the SB-CARS setup. The signal-to-background values from the measure-
ments from both techniques can give an indication of what one can expect for microscopy
applications. Under similar conditions the S:B value for the 826 cm−1 increased by a
factor of 3.4 while, similar to the binary phase comparison, the S:B of the 1206 cm−1

peak saw only a marginal increase.
An approach to reduce the NRB, not discussed earlier, is to temporally delay the

probe relative to the pump. This is precisely what Brückner et al. does [101]. The
generation of the NRB only happens while the pump is present in the sample, while the
resonant response has an associated lifetime, typically in the picosecond regime. Delaying
the probe to arrive at a time that is larger than the pump temporal pulse width, will
allow the pump to only probe the resonant CARS response. Applying a linear phase
function to the probe spectral slice will shift the probe in time. The amount that the
probe can be delayed is constrained by the phase gradient that can e�ectively be applied
by the SLM across these few pixels. Another factor to consider is the pulse pro�le of the
probe. Selecting a spectral slice of the SC, will result in a top-hat-like spectral pro�le.
The time equivalent pro�le, as determined by inverse Fourier transform, is a pulse train.
Depending on the probe bandwidth and the programmed GDD for spectral focusing, it
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may not be possible to delay the probe long enough that a section of the pulse does not
overlap with the pump in the sample. Using this approach can reduce the NRB, but it is
limited by the physical constraints imposed by the SLM approach as well as the lifetimes
associated with the excitations of the molecules under study.

The localisation of the resonant response using a polarization probe a�ords one extra
control over NRB rejection that is not available without it. It further provides one with
information on the e�ect of the phase shaping approach on the resultant SF SB-CARS
spectrum, such as wrapping e�ects and the presence of NRB. Removing the π phase step
allows for the addition of a time delay (although limited due to the small number of pixels
in the probe) to possibly further decrease the NRB.

4.5 Future outlook using spectral focusing SB-CARS

with polarization probing

Looking towards future application of the PP-QPSF technique, without major changes to
the physical a setup, a natural place to start is studying temporal dynamics of molecules.
Using SB-CARS without SF, can allow one to simultaneously probe di�erent vibrational
modes and study interactions between them, while applying SF yields information on
decay dynamics of single vibrational modes (in other words its dephasing). It can in
principle, show whether di�erent vibrational modes are coupled. Along the same line,
temporal measurements can be processed using a time-domain ptychography approach,
which will produce phase information of the decay dynamics and will be capable of repro-
ducing accurate line shapes independent of spectrometer resolution and probe bandwidth.
This has already been successfully applied to sum-frequency generation spectroscopy [111].
Further than that, our ultimate goal is implementing quadratic phase SF SB-CARS with
polarization probing as a microscopy modality and further expanding the functionality of
our experimental setup for multi-modal microscopy.

Below is presented a brief discussion on the time scan approach for molecular dynamic
measurements, as well as a description of suggested physical changes to the SB-CARS
setup which can utilise the localisation of the new SF SB-CARS technique for improved
background rejection.

4.5.1 Time resolved measurements using SB-CARS

Expanding the SB-CARS phase shaping strategy simply requires the application of the
transfer function,

H(ω) = e−i(ω−ωprobe)∆t, (4.5)

on the SLM which is centered at the central frequency of the probe, ωprobe, and shifts
the probe by an amount of ∆t in time. This function is a straight line, as illustrated
in �gure 4.21.A in the y-polarised probe section of the simulated spectrum. Changing
the angle of the line, changes the time delay. For time scan measurements, spectra are
measured for di�erent time delays, where the change in intensity of the CARS spectrum
over time, provides information on how the resonant and non-resonant CARS responses
evolved through time. This is commonly referred to as dephasing.

Choosing a narrow spectral probe, results in a temporal pulse that is much broader
than the transform limited pump. Application of QPFs to the pump for SF broadens the
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pump in time, as can be seen in �gure 4.21.B. The temporal window within which the
probe can be shifted is determined by the frequency spread over the SLM and estimated
by T ≈ 1

∆ωslm
, where ∆ωslm is the frequency di�erence between two pixels. This means

that the choice of GDD for the pump and size of the spectral slice for the probe need
to be carefully considered so that a sensible measurement can be performed within the
constraints of the setup. For our system and probe location, the accessible temporal
window was calculated to be T ≈ 1.74 ps. Further considerations for this technique is the
resultant probe pulse shape. The spectral slice has to be narrow enough to distinguish
between resonant levels in the time delay scans, but narrow probe will have a broad
temporal response that may be too large for the accessible temporal window. Further
more, the spectral shape of the probe will be top-hat-like which, illustrated through inverse
Fourier transform, will produce a pulse train that can make the time scans ambiguous.

Figure 4.21: Phase and polarization shaping approach for SB-CARS time scans using PP-
QPSF with resultant pulse shapes. A. The simulated SC is divided into a probe (negative
intensity red area) and a pump (positive intensity red area). The probe phase (dashed
black line) is a linear function which delays the probe in time, while the pump is shaped
with QPFs (solid black line) for spectral focusing. B. An inverse Fourier transform of the
pump (blue) and probe (red) produces the temporal pulse shapes which result from the
shaping scheme.

An initial scan, without SF, was performed on a 50:50 (v:v) mixture of benzene and
carbon disul�de. A 15 pixel probe was employed to optimise the use of the available
temporal window while still having clear separation between the two prominent resonant
peaks of benzene and carbon disul�de (991 cm−1 and 656 cm−1 respectively). The scan is
shown below in �gure 4.22.A, with regions of interested highlighted and labelled R1, R2
and R3. In R1 and R2 the temporal evolution of the carbon disul�de and benzene peaks
are highlighted. The broad response in the frequency axis is as a result of the broad 15
pixel probe. The region R3 is a region in the scan where no resonant response is observed
and is purely the third order correlation of the pump and the probe. This area is used to
determine what is called the instrument response function (shown in �gure 4.23.A). The
instrument response function can be used to determine in which area of the total scan
sensible information of the resonant decay can be extracted. Ideally time delays should be
chosen as such to delay the probe su�ciently to avoid temporal overlap with the pump,
when the NRB is no longer being generated.
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Figure 4.22: Time scan of carbon disul�de and benzene mixture. In A. the full time
scan is shown with three regions of interest (R1, R2, and R3) highlighted. R1 shows the
resonant response from the carbon disul�de 656 cm−1 peak, while R2 shows the resonant
response of the 991 cm−1 benzene peak. R3 highlights the instrument response function.
A line out at 875 fs (red line) is shown and superimposed with an envelope �tting function
(pink line).

An interesting phenomenon observed in the the scan is the splitting of the peaks
around each resonant response. As illustration a line out at a time delay of 875 fs, where
this e�ect is exaggerated, was taken and presented in �gure 4.23.B. The pro�le around
656 cm−1 and 991 cm−1, shows multiple peaks present, where a single peak is expected.
Simulations of this, showed that this is another e�ect of the intensity pro�le of the probe.
This peak splitting disappears in simulations where a Gaussian spectral pro�le was used.
In order to get around this structure for initial processing, an envelope �t was performed
on each spectral measurement at di�erent delays of the scan to smoothen out the peak so
that a general decay trend can be observed. A horizontal line-out of the result was taken
at 656 cm−1, processed and presented in �gure 4.23.B.

Figure 4.23: A. The instrument response function (red scatter plot) was �tted with a
Gaussian pro�le (pink line) with a width of 265 fs at FWHM. B. A line out from the time
scan was taken at 656 cm−1, which corresponds to the carbon disul�de resonant peak.
The data was �tted with an exponential decay function (pink line) from 400 fs onwards.
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This initial result shows a decay that starts after 400 fs. By �tting an exponential
decay function to the data (after 400 fs, pink line �gure 4.23), a lifetime of 2.45 ps was
extracted. This is considerably di�erent to the value of 5.1 ps found in literature [112].
The large di�erence should come as no surprise, considering the small temporal window
of 500 fs accessible in this measurement, but it is a promising initial result that is in the
least in the same order of magnitude as the literature value.

In order to improve the accuracy and versatility of measurements in the future, it is
imperative that the available temporal window is increased, and the spectral pro�le of
the probe modulated to reduce the band splitting e�ects. Once that is accomplished, we
can proceed to investigating applications using spectral focussing.

4.5.2 Expanding into Microscopy

CARS microscopy is most often used to locate lipid deposits within cells [113]. As such, a
a preliminary measurement to test the e�cacy of the PP-QPSF technique for microscopy
purposes, the spectrum of a sample of extra virgin olive oil was measured. Olive oil
is comprised of a mixture of fatty acids (lipids) such as oleic acid, palmitic acid and
linoleic acid, each with their own characteristic Raman spectra [114]. Imaging of these
biomolecules can provide information on energy storage and cellular structure. Identi�ca-
tion of characteristic Raman resonances in a PP-QPSF measurement will imply that we
are able to successfully focus one of these vibrations and eventually apply this technique
in an imaging setup.

A PP-QPSF scan was performed by collecting 400 spectra targeting frequencies over
a range of 400 cm−1 to 1600 cm−1, where the GDD value was chosen to be 10 000 fs2.
Spectra were measured with a spectrometer integration time of 400 ms per spectrum.

Figure 4.24: Reconstructed spectrum of extra virgin olive oil from PP-QPSF scan.

The reconstructed spectrum, as shown in �gure 4.24, shows broad but clear peaks that
can be identi�ed and compared to expected literature values. These extracted values are
summarised in table 4.3 with their corresponding mode descriptions. The measured peak
positions correspond well to those found in literature.

This initial result shows that the SB-CARS setup is able, to an extent, isolate the
characteristic Raman resonances of some of the fatty acids. The spectrum reconstructed
in this way, also informs the choice in which frequency to focus when creating an image.
In this case, the choice would be the 868 cm−1 peak, as it is far from other resonances and
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Literature (cm−1) Measured (cm−1) Molecule/group vibrational mode

868 832 -(CH2)n- C-C stretching
1076 1090 -(CH2)n- C-C stretching
1150 1153 -(CH2)n- C-C stretching
1300 1309 -CH2 C-H bending (twisting)
1439 1477 -CH2 C-H bending (scissoring)

Table 4.3: Summary of identi�ed Raman resonances in olive oil PP-QPSF scan [115�117].

shows good separation from surrounding peaks. This will of course further be determined
by the other CARS signals originating from the speci�c cell under investigation.

Expanding the existing SB-CARS setup for microscopy will require replacing the spec-
trometer with a photo multiplier tube (for fast acquisition) and integration of a 2D
scanning stage with the sample holder (for 2D images scans). In order to exploit the
localisation of the produce SF SB-CARS spectrum using polarization probing, a selection
of notch �lters in the near-infrared spectrum can be used to reject NRB present in SF
measurements. Knowing that the spectral position of the probe determines the spectral
position of the measured CARS peaks, means the position of the spectrally focussed peak
can be moved to overlap with a chosen notch �lter. This is the physical equivalent of the
computer processing step discussed in section 4.4.1 and should ensure that the same im-
provements in S:B are translated to the microscopy application as seen in the spectroscopy
applications.

4.6 Summary

In this chapter spectral focusing as a means to target resonant Raman excitations in SB-
CARS spectra was introduced. Two approaches to SLM assisted spectral focusing were
discussed. Using the time-and-frequency picture the basic principle of SF was explained.
Simulations of the SF SB-CARS provided more a in-depth explanation of the inner work-
ings of the single-beam approach. Calculations of the population amplitude, Axx, showed
more precisely the extent of focusing for a chosen GDD, which highlights the possibility of
NRB that can contribute to an SF measurement. A description of how spectral focusing
can be implemented using an SLM for both quadratic phase and binary phase approaches
was presented. The description provided for using QPFs and polarization shaping in SB-
CARS was reported on here for the �rst time. The binary phase approach was introduced
and discussed as a means of comparison and evaluation of the newly introduced, PP-QPF
SB-CARS, approach.

Experimental implementation of SF approaches were evaluated by measuring the SB-
CARS spectrum of para-xylene targeting di�erent resonant peaks. For comparative pur-
poses, the S:B values were extracted for the di�erent resonant peaks. As expected from
simulation, when increasing the GDD of the applied QPFS an increase of isolation is seen.
Comparing the QP and BP approaches showed similar S:B values for the 461 cm−1 and
1206 cm−1 para-xylene resonant peaks, but a factor of 3 improvement for the 826 cm−1

peak - an improved result using QPFs. Measurements using SF to reconstruct the CARS
spectrum, illustrated the advantage of SF to produce peak resolutions that are smaller
than the excitation and probe bandwidths. Physical constraints on the measurements,
which result from phase values larger than the SLM phase range (i.e. phase wrapping),
were illustrated and shown how they can contribute to the measured background and even
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lead to �ctitious resonant peaks in the reconstructed spectrum. Fitting of the 826 cm−1

peaks for the di�erent measurements determined the SB-CARS setup's current attainable
resolution of around 30 cm−1 for the integrated scan approach. A rudimentary implemen-
tation of an existing SF SB-CARS method allowed for initial comparison of our newly
introduced technique to this existing approach, which utilises the amplitude-and-phase
capabilities of an SLM. The localisation of the focused peak in the polarization probing
approach allows for background rejection, that isn't otherwise possible, which can lead to
better contrast for the detected signals as shown by the 3.4 factor increase in S:B of the
826 cm−1 resonant peak.

Future endeavours will see the PP-QPSF SB-CARS technique, introduced here, further
explored in studies of the temporal dynamics of molecules, label-free microscopy and
combinations of spectroscopy and microscopy.



Chapter 5

Summary and conclusion

In this thesis we reported on the development of a unique single-beam coherent anti-Stokes
Raman scattering (SB-CARS) setup which utilises a specialised polarization-maintaining
all-normal dispersion photonic crystal �ber (PM-ANDi-PCF) as a light source. The setup
implements a versatile pulse compression algorithm, i2PIE, and is capable of measur-
ing SB-CARS spectra with a multitude of approaches - especially a newly introduced
SB-CARS technique which employs quadratic phase spectral focusing with polarization
probing(PP-QPSF). The important physical components of a SB-CARS setup were identi-
�ed as the broadband light source, the pulse shaper and high numerical aperture objective.

The PM-ANDi-PCF integrated into the system, was processed as such to keep the
length as short as possible in order to lower the total dispersion on the produced su-
percontinuum pulses. The speci�c PCF was chosen to expand the capabilities of an
already available Ti:Sapphire laser oscillator, allowing for access to much larger probing
range during a SB-CARS measurement. Dispersion characteristics of the �ber resulted
in temporally as well as spectrally broad supercontinuum pulses when pumped with the
fs-laser. The temporally dispersed pulses are not ideal for application in non-linear spec-
troscopy/microscopy as the produced signals are dependant on the peak intensities of the
excitation pulses, moreover, SB-CARS strategies require ideally compressed pulses. This
gives rise to the need for pulse characterisation and compression. A chirped mirror pair
was integrated into the system to compensate for the majority of the dispersion on the
SC pulses and the rest was left for active approaches to compensate for. Pre-compression
of the pulses ensures we can make full use of the dynamic range of the SLM used for
phase shaping, as it does not need to compensate for steep phase functions which limits
its use for additional phase shaping. The supercontinuum spectral phase was, however,
made more complex as a result of the incorporated chirped mirrors.

Multiphoton intrapulse interference phase scan (MIIPS), a popular phase only pulse
characterisation technique, was initially implemented with unsatisfactory results which
led to the development of i2PIE pulse characterisation technique. A comparative study
between MIIPS and i2PIE was conducted, where the supercontinuum was compressed by
compensating for phase distortions determined by each technique and used to generate a
SH spectrum. The intensity of the SH spectrum is dependant on the peak intensity of the
excitation �eld, which allows for it to be used as an indirect measure of pulse compression.
Simply put, a larger integrated SHG spectral intensity implies a comparative improve-
ment in pulse compression. Integrated values for the SHG spectral intensities generated
by SC pulses compressed, with i2PIE as opposed to MIIPS, showed an improvement of
integrated intensity by a factor of 4. This was a remarkable improvement which also trans-
lated to the spectral intensity yield in generating SB-CARS spectra - where the optimally
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compressed pulses produced broader SB-CARS spectra and thus increased the probing
range in SB-CARS measurements. The improvement also enabled successful SF mea-
surements which were not feasible when employing MIIPS for pulse compression. Phase
distortions still present in the SC spectral phase reduced the e�ectiveness of SF shaping,
resulting in measurements where the resonant peaks were not distinguishable from the
background. The limitations of the MIIPS approach result from the core approximation
in the algorithm relating the spectral intensity only to the second order spectral phase,
preventing it from reconstructing intricate phase structures such as fast oscillations. The
pulse characterisation technique i2PIE, on the other hand, has no such restriction. It
was able to more successfully reconstruct the spectral phase and showed oscillatory phase
distortions present in the SC spectral, as was expected from using chirped mirrors for
pre-compression.

The pulse characterisation technique, i2PIE, was then applied to SB-CARS measure-
ments. Pulses were again compressed using MIIPS as well as i2PIE, and used to generate
a SB-CARS spectrum. The integrated intensity resulting from pulses compressed using
phase reconstructed using i2PIE saw an increase of 6.5 when compared to that compressed
with phase reconstructed when applying MIIPS. Further comparison of the in�uence of
the two techniques on SB-CARS measurements was made by measuring the CARS spec-
trum of para-xylene when pulses were compressed with both techniques. CARS spectra
were measured by applying a phase shaping strategy, we refer to as pixel �ipping, where
a phase probe is used to generate a spectral indicator in the SB-CARS spectrum from
which the Raman spectrum can be extracted. In order to quantify the results a signal-to-
background value was determined for both measurements and showed an almost four-fold
increase in S:B when pulses were compressed using i2PIE. With these comparative mea-
surements we conclusively showed the advantage gained in our system when employing
i2PIE as a pulse characterisation technique. Gains obtained from the i2PIE technique is
a remarkable result, and we believe that it can have a large impact in other applications
where pulse compression is required for ideally compressed pulses at the sample plane.

In order to illustrate underlying principles in SB-CARS, two existing SB-CARS tech-
niques (pixel �ipping and polarisation probing as referred to in this thesis) that are ca-
pable of measuring the 'complete' (in the sense of simultaneous measurement of multiple
resonances in the probing range) CARS spectrum, were presented. These techniques
were evaluated numerically through simulation as well as experimentally. Measurements
performed with the two techniques showed a functioning SB-CARS setup capable of re-
trieving CARS spectra in the �ngerprint region with peak resolutions between 21 cm−1

and 28 cm−1, when para-xylene was used as a test sample. The best achievable resolution
is not currently limited by the SLM, as narrower probes produce the same results, but
by the spectrometer resolution. A further comparison between the two approaches was
made on the basis of the S:B for measurements produced by each. For fast acquisition
we concluded that the technique we refer to as pixel �ipping was able to extract CARS
spectra much faster with a comparable value for S:B when compared to, what we refer to
as, the polarization probing technique.

Building on the knowledge acquired from our evaluation of other SB-CARS techniques,
we introduced a new phase shaping strategy which incorporates polarization and phase
shaping to reduce the non-resonant background (NRB) present in SB-CARS spectra, as
well as target chosen frequencies. The NRB is reduced by polarization shaping a probe
to an orthogonal polarization to that of the remaining pump, while spectral focusing is
achieved by phase shaping the pump with quadratic phase functions (QPFs). This new
technique, in short PP-QPSF, was compared to a similar technique which employs binary
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phase functions to focus chosen frequencies. Measurements of para-xylene with both ap-
proaches saw an increase in the S:B for the PP-QPSF technique over the BP SF technique
with a factor of 3. The PP-QPSF technique was also compared to a rudimentary imple-
mentation of another QPF SB-CARS approach without polarization shaping. Integrated
scanning measurements of para-xylene were performed and also yielded an increase of 3 in
S:B for our new technique. These initial results show promise for the polarization probing
spectral focusing approach for possible microscopy applications, as a larger S:B value can
translate to a faster image acquisition time with better contrast.

Moving forward, initial application of the PP-QPSF technique will be in studies on the
temporal dynamics of molecules. Implementing a temporal delay on the probe will allow
for probing the molecule at di�erent time delays to map out the temporal dynamics of the
molecules. Initial measurements with the time scanning approach showed that we are able
to measure the temporal decay, or dephasing, of resonant modes but our measurements
are currently severely limited by the accessible time window. Time scan measurements
are also further complicated by the spectral amplitude of the probe, which will have to
be amplitude shaped to have a Gaussian pro�le in order to gather sensible information
from the time scans.

Addition of a scanning sample stage will extend the capability of our SB-CARS setup
for point-by-point imaging. Applying the PP-QPSF technique for microscopy forms part
of our ultimate goal in engineering a functional multimodal microscope, but is left for
future work.

In conclusion, we have thus reported in this thesis on a versatile SB-CARS setup that
utilises a distinctive light source uniquely combined with the i2PIE pulse characterisation
technique. Pulses produced at a repetition rate of 80 MHz with an average power of 1 W
and a pulse length of 80 fs, from a commercial fs oscillator, was used to pump a PM-ANDi-
PCF. Supercontinuum pulses produced by the PCF maintain the high-repetition-rate, are
pulse-to-pulse phase stable, have a broader spectral bandwidth and can thus reach much
higher peak intensities with low pulse energies. The 80 MHz repetition rate and phase
stability allows for repeatable measurements that can be quickly acquired. The phase
stability also allows for the application of pulse compression to the �ber output pulses, as
the reconstructed spectral phase is reproducible between measurements. The application
of i2PIE in our setup, yielded improved probing range, spectral intensity yield, and S:B in
SB-CARS measurements. The versatility of the SB-CARS setup, utilising active shaping
with an SLM in a 4f-shaper, allowed for multiple SB-CARS strategies to be employed
in the same setup without any physical changes. The �rst implementation of i2PIE in
a SB-CARS setup, proved to be extremely useful and allowed for implementation of
spectral focusing which was not possible prior to its implementation. A newly presented
SB-CARS approach to spectral focusing yields localised spectral intensities of targeted
resonances, which allow for improved rejection of background contributions to the CARS
measurements as compared to other approaches. This laser source, with its low pulse
energy, high stability, high peak powers and high repetition rate, combined with active
pulse shaping, is ideal for most forms of non-linear microscopy and will be particularly
useful for SB-CARS microscopy in our future endeavours. In successfully building a
SB-CARS apparatus, we have laid the groundwork for a unique microscopy modality,
a one-of-kind in the South African research context, and also present our progress as a
contribution to the global scienti�c endeavour.
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Appendix A

Experimental setup

A.1 Supercontinuum generation

Figure A.1: Photograph of laboratory environment showing the supercontinuum genera-
tion portion of the overall apparatus.
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A.2 Pulse shaper

Figure A.2: Photograph of laboratory environment showing the pulse shaper portion of
the overall apparatus
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A.3 Microscope tower

Figure A.3: Photograph of laboratory environment showing the tower which houses the
microscope objectives, where ultrashort pulses are delivered to interact with samples.
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