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Abstract

Advanced broadband CARS microscopy based on a supercontinuum-generating

photonic crystal fiber

Jeremy Porquez

I have developed and improved a coherent anti-Stokes Raman scattering (CARS)
microscope based on the spectral focusing (SF) technique. The CARS microscope
uses an 800 nm oscillator and a photonic crystal fibre module to generate the super-
continuum Stokes. The photonic crystal fibre was originally designed to generate light
beyond 945 nm which is useful for CARS microscopy in the CH/OH frequencies but
essentially prevents access to the important fingerprint region at lower frequencies.
With expert and nontraditional approaches to generating supercontinuum with suffi-
cient power at wavelengths below 945 nm, I substantially extend the usefulness of the
module for SF-CARS microscopy deep into the fingerprint region. Moreover, with the
invention of a dynamic supercontinuum generation scheme we call “spectral surfing,”
I improve both the brightness of the CARS signal and extend the accessible CARS
frequency range to frequencies as low as 350 cm™! and as high as 3500 cm~!—all
in a single scan-window. I demonstrate the capabilities of our broadband SF-CARS

system through CARS and four-wave mixing hyperspectroscopy on samples such as
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astaxanthin, lily pollen and glass; liquid chemicals such as benzonitrile, nitroben-
zene and dimethyl sulfoxide; and on pharmaceutical samples such as acetaminophen,
ibuprofen, and cetirizine. Furthermore, In search of more useful Stokes supercontin-
uum sources, I compare the performance of two commercial photonic crystal fibre
modules for use in SF-CARS applications, ultimately finding that one module pro-
vides better spectral characteristics for static supercontinuum use, while the other

provides improved characteristics when spectral surfing is implemented.

Keywords: nonlinear microscopy; spectroscopy, coherent anti-Stokes Raman scat-

tering; supercontinuum generation; scanning microscopy; vibrational spectroscopy.
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Preface

Chemical mapping allows us to understand the composition and spatial distribution
of compounds. One powerful chemical mapping technique is coherent anti-Stokes
Raman scattering (CARS) microscopy. CARS microscopy works by probing chemical
bonds in a sample by using only light. It was first implemented by Duncan et al.
in 1982 [1] using the boxcars geometry—a setup having non-collinear laser beams
incident on a sample. Because of the technical difficulty of implementing boxCARS
for imaging, CARS was relegated to niche applications in spectroscopy. In 1999
Zumbusch et al. [2] showed that serendipitous CARS signals are formed in the tight
focusing of a microscope, thus establishing simple CARS imaging. Since then, the
development of CARS microscopy has flourished, and hundreds of papers have been
published on its development over the past two decades.

There is still so much work left to do to improve CARS microscopy. Even though
CARS microscopy can perform quick and easy chemical mapping, it is still not a
popular research tool since most CARS microscopes are relegated to probing carbon-
hydrogen bonds, and are thus mostly concerned with biomedical lipid imaging. There
has been a concerted effort in CARS development to find effective and simple ways to
extend CARS microscopy across a much wider vibrational frequency landscape, and

particularly to lower frequencies in the so-called spectroscopic fingerprint region.
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In this thesis, I describe how we have expanded the capability of our multimodal
CARS microscope to probe a wide range of chemical bonds and vibrational frequen-
cies. The document is divided into six chapters, four of which are based on four of
my first-authored peer-reviewed publications. This thesis assumes that the reader
has some basic background in basic optics and electromagnetic theory. Words that
may seemntoo technical for the reader are italicized as they appear first in the text
and have corresponding definitions located in either the List of Abbreviations or the
Glossary for convenience. The first chapter educates the reader some advanced con-
cepts on optics, CARS, and its various implementations. And since we do CARS
microscopy, using broad-wavelength light called a supercontinuum, we also discuss
some details about supercontinuum generation. The second chapter discusses how
we generate supercontinua to allow our microscope to probe a wide range of chemi-
cal bonds. The third chapter discusses a more advanced light generation technique
called “spectral surfing”, allowing our microscope to probe a wider range of chemical
bonds at lower intensity. Spectral surfing has placed our system on par with other
world-class CARS systems [3]. In some ways, the experimental CARS microscopy
capabilities that I describe in this thesis are currently the best in the world. In the
fourth chapter, we explore CARS microscopy using a different supercontinuum source
as we search for ways to generate stronger and more stable signals. The fifth chap-
ter presents a demonstration of our system via application to pharmaceutical drug
characterization. This is a non-biomedical application for our multimodal CARS mi-
croscope that makes good use of our newly-expanded access to the fingerprint spectral

region. Finally, the sixth chapter gives a summary of this thesis.
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anomalous dispersion region.

Also short for anomalous group velocity dispersion region. The
anomalous dispersion region is one where the index of refraction
decreases with increasing frequency of light. This is also the

region where the group velocity dispersion is less than zero.

coherent anti-Stokes Raman scattering.

A nonlinear Raman scattering process where a pump, probe, and
Stokes light are supplied and a higher-frequency anti-Stokes light
is generated when the energy difference between the pump and
Stokes matches a particular vibrational resonance in the sample.
In this work the pump and probe light are degenerate (are

actually the same light).
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often in spectrometers. Two-dimensional CCD sensors are often

used for imaging (i.e. as cameras).
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CWwW
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FWM

carbon—hydrogen and oxygen—hydrogen bonds.
Mostly referred to in this thesis as the vibrational frequency

region between > 2600 cm ™! and < 3600 cm ™.

wavenumber.
A unit of measurement for frequency (or energy) most commonly
used in spectroscopy. It is the inverse of the wavelength measured

in cm, which is why it is sometimes referred to as a frequency.

coherent Raman scattering.
A family of nonlinear Raman scattering processes that include

CARS.

continuous wave.
Typically referred to in the context of non-pulsed laser light. A

typical laser pointer is a continuous wave source.

dimethyl sulfoxide; (C'H3)2SO.
A chemical, liquid in room temperature, used in this thesis as a
CARS/Raman standard to show vibrational imaging at 2910

cm L

potassium. dihydrogen phosphate.
A crystalline solid used in this thesis as a cheap and available

standard for second-harmonic generation.

four-wave mixing.
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FWHM

fs

GDD

GVD

HWP

Interaction of three light beams in a material resulting in the
generation of a fourth beam via third-order nonlinear processes.
When the FWM signal is vibrationally resonant, the process is
known as CARS. Confusingly, because of its wavelength, the
generated signal in FWM is often referred to as anti-Stokes

despite the fact that no vibrational resonances are involved.

Full width at half mazximum.
Describes the width of single-peaked distributions. Commonly
used to describe the temporal and/or bandwidth of ultrafast laser

pulses.

femtosecond.

A unit of measurement; 107! seconds.

group delay dispersion.
Related to GVD. The dispersion experienced by a pulse from an
optical element at a certain wavelength. GDD equals GVD x the

length of an optical element and is measured in units of fs2.

group velocity dispersion.

Related to the rate of change of the index of refraction with
wavelength. GVD leads to temporal changes in frequency
components of light and is thus directly related to chirp-matching

in this thesis.

half-wave plate.

An optical element that can control the polarization direction of
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nm

NA

NL-1.4-775-945

NL-PM-750

NRB

light. Half-wave plates are most commonly used to rotate the
angle of linearly polarized light. When followed by a linear

polarizer, the pair form a variable light attenuator.

nanometer.

A unit of measurement; 107 m.

numerical aperture.

A measurement of the range of angles in which a system can emit
or collect light. In this thesis, the NA relates to the acceptance
angle of optical fibres or the tightness of focus of microscope

objectives.

A non-polarization maintaining fibre having negative group

velocity dispersion profile from 775 nm to 945 nm.

A polarization maintaining fibre having a negative group velocity

dispersion profile from 750 nm to 1260 nm.

non-resonant background.

Anti-stokes signals that do not involve the stimulation of
molecular vibrations. In the context of CARS

spectroscopy /microscopy, vibrationally resonant FWM signals are
called CARS signals and background FWM signals arising from
exclusively elecronic processes are referred to as NRB. The two
processes are indistinguishable by wavelength, but emerge with

different phases.
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NRC

OSA

PCF

PMT

SF-CARS

SHG

National Research Council of Canada.

optical spectrum analyzer.
A fibre-coupled high-resolution spectrometer based on

interferometry.

photonic crystal fibre.

A microstructured optical fibre containing ordered holes along its
length. The fibre length and hole arrangement affects how light
propagates through it. Cascaded nonlinear optical processes
within PCFs can generate new wavelengths of light, often
resulting in emergence of broadband pulses known as

supercontinua.

photomultiplier tube.
A single-element detector efficient in detecting scant amounts of

light.

spectral focusing CARS.

A CARS technique that uses broadband “chirp-matched” beams
and a single-element detector. Spectral focusing refers to the
narrowing of the interaction bandwidth (frequency difference)

between two dispersion-engineered broadband pulses.

second harmonic generation.
A second-order nonlinear optical process in which the frequency
of two photons are parametrically (does not involve energy

states) converted to a third photon of twice the original
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THG

TPEF

USB

ZDW

frequency. The process only occurs in non-centrosymmetric
system and is thus used as a nonlinear microscopy contrast

mechanism sensitive to sample structure.

third harmonic generation.

A third-order nonlinear optical process in which the frequency of
three photons are parametrically converted to a fourth photon of
triple the original frequency. This is an emerging contrast

mechanism in nonlinear microscopy.

two-photon excited fluorescence.

A third-order nonlinear process in which fluorescence results from
the simultaneous absorption of two photons. This fluorescence is

often the same as from a simple (one-photon) absorption process,
but the two-photon excitation mechanism makes the signal

intensity dependent (i.e. nonlinear).

universal serial bus.

A type of hardware connection.

zero dispersion wavelength.

Related to GVD and ADR. The wavelength where the group
velocity dispersion curve crosses from positive to negative. In this
thesis, the anomalous dispersion regime in a photonic crystal

fibre is bounded by “two ZDWs.”
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Glossary

anomalous dispersive region Also short for anomalous group velocity dispersion
region. It is related to the dispersive property of a material. The
wavelength region in which light with higher frequencies move faster than
light with lower frequencies. This is also the wavelength region where the

group velocity dispersion is less than zero.

anti-Stokes Traditionally, the blue-shifted (higher frequency) scattered light in a
Raman process that originates from an excited vibrational state. The CARS
signal is of this wavelength and is thus also referred to as anti-Stokes light

despite originating from the sample’s ground vibrational state. (See Stokes)

astaxanthin An oil-soluble natural carotenoid related to [-carotene that happens

to generate strong CARS signals between 1000 cm~!-1600 cm™?.

attenuator A device that controls the intensity of light.

boxCARS A cumbersome technical implementation of CARS spectroscopy that
uses non-parallel light beams. The approach is largely unsuitable for

Microscopy.

XXV



broadband Displaying a wide range of frequencies/wavelengths. In this thesis,

laser pulses with wavelength spanning several nanometers.

chirp-matching Modifying dispersion of broadband light pulses to match their

frequency-time behaviour.

coherent anti-Stokes Raman scattering A nonlinear Raman scattering process
where a pump, probe, and Stokes pulse are supplied and a higher-energy
anti-Stokes signal pulse is generated when the energy difference between
the pump and Stokes matches a particular vibrational resonance in the
sample. In this work the pump and probe pulses are degenerate (are

actually the same pulse)..

coherent Raman scattering A family of nonlinear Raman scattering processes

that include CARS.

continuous wave Typically referred to in the context of non-pulsed laser light. A

typical laser pointer is a continuous wave source.

cross-phase modulation A contributing factor to supercontinuum generation.
Shift in the phase of a light pulse due to the presence of another light pulse

(requires a nonlinear medium).
degenerate beams Beams of the same color, frequency or energy.

delay line An optical component that controls the arrival time of a light pulse at a
specific position. Delay lines are used to synchronize the temporal overlap

of ultrashort pulses.
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dispersion Related to index of refraction. The separation or stretching of light

into its color components.

dispersive wave generation A contributing factor to supercontinuum generation.
The dispersion of light in a medium within its anomalous dispersive region
that is non-solitonic in nature. Also see anomalous dispersive region and

soliton.

elastic scattering Scattering of photons where the kinetic energy of the system of

incoming and outgoing photons are conserved.

excipient Inactive components in a drug that serves as bulking material and

facilitates delivery of the active ingredient.

epi-direction Backwards direction with respect to the incoming light. Typically
used in reference to microscopy for backwards-collection (as opposed to

trasmitted) imaging.

Faraday isolator A device that prevents the reflection of light back into the laser
cavity which may interfere with the generation of ultrashort pulses. It is a

polarization-based optical diode.

fingerprint frequencies Vibrational frequencies below 1600 cm™!. This
vibrational region is filled with unique molecular resonances that can allow

for individual chemical identification.
fluorescence Dipole-coupled emission of light from an excited state.

four-wave mixing Interaction of three light beams in a material resulting in the

generation of a fourth beam via third-order nonlinear processes. When the
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four-wave mixing signal is vibrationally resonant, the process is known as
CARS. Confusingly, because of its wavelength, the generated signal in
four-wave mixing is often referred to as anti-Stokes despite the fact that no

vibrational resonances are involved.

galvos Short for galvanometers. Scanning mirror assembly used for spatial
scanning of light. It is faster than a stage scanner but the resulting image

can suffer from lens aberrations.

group delay dispersion Related to group velocity dispersion. The dispersion
experienced by a pulse from an optical element at a certain wavelength.
group delay dispersion equals group velocity dispersion multiplied by the

length of an optical element and is measured in units of fs?.

group velocity dispersion Related to the rate of change of the index of
refraction with wavelength. Group velocity dispersion leads to temporal
changes in frequency components of light and is thus directly related to

chirp-matching in this thesis.

half-wave plate An optical element that can control the polarization direction of
light. Half-wave plates are most commonly used to rotate the angle of
linearly polarized light. When followed by a linear polarizer, the pair form a

variable light attenuator.

hyperspectroscopy Concurrent spectroscopy and imaging. The term usually
refers to data stacks with two imaging dimensions and one spectroscopic

dimension, irrespective of the density of the spectroscopic information. In
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this work, hyperspectroscopy usually refers to images with an associated

CARS spectrum at each pixel.

immersol An index-matching medium used to enhance spatial resolution in

mMicroscopy.

inelastic scattering Scattering of photons where the kinetic energy of the
incoming and outgoing photons are not conserved and the sample is either

temporarily excited or de-excited.
intra-pulse filtering Separation of spectral components from a light pulse.

Kerr effect Change in the index of refraction caused by intense light. The index of
refraction can be modelled as An = ng + nyl, where ng is the linear index
of refraction, ny is the nonlinear index of refraction, and I is the pulse

intensity.

long pass filter A filter that transmits longer wavelength light and blocks shorter

wavelength light.

maximum entropy method A numerical method to extract Raman-like spectra
from CARS spectra. Distinct from time-domain Kramers-Kronig based

methods.

modulation instability A contributing factor to supercontinuum generation. A
perturbation in the propagating wave having frequencies within the
anomalous dispersion region that grows in power. (see anomalous dispersive

region,).
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multimodal Multiple concurrent imaging techniques. The simultaneous collection
of CARS, TPEF, and SHG is referred to as multimodal imaging in this

thesis.

multiplex CARS An experimental approach to CARS microscopy that uses a
spectrometer to detect the anti-Stokes. Contrasted in this thesis with

spectral-focusing CARS (SF-CARS).
narrowband Narrow spectrum of light that typically spans less than a nanometer.

NL-1.4-775-945 A non-polarization maintaining fibre having negative group

velocity dispersion profile from 775 nm to 945 nm.

NL-PM-750 A polarization maintaining fibre having a negative group velocity

dispersion profile from 750 nm to 1260 nm.

non-resonant background Anti-stokes light that does not involve the stimulation
of molecular vibrations. This signal contaminates the CARS signal because
it emerges at the same wavelength but with a different phase that interferes
with it coherently, altering both the intensity and shape of the CARS

spectrum.

numerical aperture A measurement of the range of angles in which a system can

emit or collect light.

optical coherence tomography An interferometric microscopy technique used

for resolving three-dimensional structure of tissues.

optical spectrum analyzer A fibre-coupled high-resolution spectrometer based

on interferometry.
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oscillator A pulsed laser source. In this thesis, a titanium-sapphire laser

generating nominally 800 nm light.

parametric process An optical process in which there is no net transfer of energy

or momentum. Four-wave mixing is a parametric process.

peak intensity The maximum instantaneous intensity of light. Note that most
detectors are only able to measure the average intensity and not peak

intensity.
photomultiplier tube A highly-sensitive single-element light detector.

photonic crystal fibre A microstructured optical fibre containing ordered holes
along its length. The fibre length and hole arrangement affects how light
propagates through it. Cascaded nonlinear optical processes within fibre
can generate new wavelengths of light, often resulting in emergence of

broadband pulses known as supercontinua.
polymorphs Crystals of the same composition but different structure.

probe A light pulse that can be used to stimulate signal generation, usually

arriving subsequent to a pump pulse.

pump The primary light source in nonlinear optical processes. In various
four-wave-mizing processes such as CARS, the pump is provided in

conjunction with other pulses (such as the Stokes and probe).

second-harmonic generation A second-order nonlinear optical process in which

the frequency of two photons are parametrically converted to a third
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photon of twice the original frequency. The process only occurs in
non-centrosymmetric system and is thus used as a nonlinear microscopy

contrast mechanism sensitive to sample organization..

self-phase modulation A contributing factor to supercontinuum generation. Shift

in the phase of a field (light) due to a self-caused Kerr effect.

single-frequency CARS A CARS technique using narrow band lasers and a

)

single-element detector. “Single-frequency” refers to the narrowband aspect
of the emerging anti-Stokes signal. To obtain a CARS spectrum, the

vibrational frequency is scanned by varying the excitation wavelengths.

short pass filter A filter that transmits shorter wavelength light and blocks longer

wavelength light.

soliton fission A contributing factor to supercontinuum generation. The splitting

of a soliton into smaller pulses due to some perturbation.

spectral focusing CARS A CARS technique that uses broadband
“chirp-matched” beams and a single-element detector. Spectral focusing
refers to the narrowing of the interaction bandwith between two

dispersion-engineered broadband pulses.

spectral surfing A technique invented in this thesis that is used to generate a
more useful Stokes supercontinuum for SF-CARS. Spectral surfing refers to
the synchronization of power-tuned supercontinuum generation during a

CARS frequency scan.
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stage scanner A controllable microscope platform moved to build up images. This
is contrasted with much faster galvo scanning, but does not suffer from lens

aberrations.

soliton Light propagating through a negatively dispersive medium but is not
affected by dispersion due to competing Kerr effects. A self-similar

propagating pulse.

supercontinuum Broad spectrum of light that typically spans several hundred

nanometers and is generated using a photonic crystal fibre.

supercontinuum Stokes or Stokes supercontinuum. In this thesis, broadband
light generated by a photonic crystal fibre module used as Stokes light in a
CARS process.

Stokes The red-shifted light that is generated in a Raman scattering process. In
coherent Raman scattering, the Stokes is provided along with the pump
stimulate the generation a blue-shifted signal at the anti-Stokes wavelength

(see anti-Stokes).

tight-focusing Use of a high numerical aperture lens to focus light into a small
spot. The term is typically used to denote the presence of a wide range of

wavevectors within a small volume.

time-domain Kramers-Kronig transform A numerical method used for

transforming frequency-domain CARS spectra to Raman-like spectra.

transform-limited A pulse is transform-limited when it is the narrowest it can be

temporally for its bandwidth. This is to be contrasted with pulses that
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have experienced any amount of dispersion. Un-chirped pulses in which all

frequencies are temporally overlapped.

two-photon excited fluorescence A third-order nonlinear process in which
fluorescence results from the simultaneous absorption of two photons. This
fluorescence is often the same as from a simple (one-photon) absorption
process, but the two-photon excitation mechanism makes the signal

intensity dependent (i.e. nonlinear)..

ultrashort pulse Light that is a few picoseconds or less in duration. This thesis is

concerned with pulse durations up to 300 fs.

vibrational resonance Frequency of a vibrational mode, typically measured in

units of cm~1.

virtual electronic state The virtual state is a transient state that has no
well-defined energy. It serves to mediate a non-linear optical process or the

interference of different optical frequencies.

zero dispersion wavelength Related to group velocity dispersion and anomalous
dispersive region. The wavelength where the group velocity dispersion curve
crosses from positive to negative. In this thesis, the anomalous dispersion

regime in a photonic crystal fibre is bounded by “two ZDWs.”
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Chapter 1

SF-CARS microscopy: Background

1.1 Raman scattering

This section discusses a basic form of a vibrationally-coupled scattering known as
Raman scattering and serves as a preface for the more complex coherent anti-Stokes
Raman scattering (CARS).

Raman scattering occurs when light couples with molecular vibrations. The
emerging scattered light can have lower or higher energy than the incident light
and is called Stokes and anti-Stokes, respectively. The energy difference between the
incident and the scattered light corresponds to the frequency of a resonant vibration
(Fig. 1.1). Depending on the symmetry of the vibrational mode, a particular vibra-
tion may or may not be “Raman active.” Even Raman-active modes may not scatter
light efficiently, with only about 1 in 10° incident photons contributing to the Raman
signal. This makes Raman scattering difficult to observe with natural light sources

[1], but it is more easily observed with narrow bandwidth, high-intensity lasers [2].
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(a) Stokes Raman scattering (b) Anti-Stokes Raman scattering
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Figure 1.1: Energy diagram representations of Stokes and anti-Stokes Raman scat-
tering. (a) Representation of Stokes Raman scattering. The coupling of photons with
the vibrational state of a molecule that is in its ground state causes the emission of
a red-shifted Stokes photon having wavelength Ag. (b) Representation of anti-Stokes
Raman scattering. The coupling of photons with a molecule already in its vibrational
state causes the emission of a blue-shifted anti-Stokes photon having wavelength A 45.
The energy level of the vibrational state is represented by 2r while the virtual elec-
tronic state is represented by the dashed blue line. The virtual electronic state does
not represent a real state of the molecule but rather represents a coupling path to-
wards the Raman process.

Raman scattering occurs as light interact with valence electrons in the molecules
which in couple to the atomic nuclei via coulomb forces, thereby driving bond vi-
brations. This interaction can be modeled using the molecular polarization density,

written as [3]

where ¢) = 8.854 x 107'2 C?/N - m? is the vacuum permittivity, £ is the amplitude
of the electric field, and y is the electric susceptibility which contains information
on the coupling of light with the valence electrons and nuclei in the molecule[4]. As
we will find in the next section, this (linear) expression for the polarization density
(Eq. (1.1)) can be expanded to include terms that are nonlinear with field, and those

nonlinear terms lead to nonlinear optical processes such as CARS.
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Spontaneous Raman scattering is a photonically-inelastic process, which means
that the total incoming and outgoing light differ in energy. The scattered photon
can either be red-shifted (Stokes) or blue-shifted (anti-Stokes) with respect to the
incident photon, depending on whether the vibration is being excited or de-excited.

The shift in wavelength can be calculated as

1 1

— =— -0z for the Stokes

)\S )\p (1 2)
1 1 '

— = — + Qg for the anti-Stokes

Aas  Ap

where A\g is the Stokes wavelength, Mg is the anti-Stokes wavelength, A\p is the
incident laser (known as pump) wavelength, and Qg is the frequency of the vibrational
state. Qg is commonly measured in wavenumbers (cm™') and is converted from
wavelength (measured in nanometers) using the following equation:

1 1

Qr = {E - )\—J x 10'nm/cm (1.3)

As each chemical has its own distinct molecular composition and structure, it also
has its own distinct modes of vibration and unique set of vibrational energies. This
makes Raman scattering a powerful tool for determining the chemical composition of
materials and has been established as a gold standard in chemical analysis [2]. As
an example, Fig. 1.2 demonstrates the consistency with which Raman spectroscopy
identifies vibrational frequencies. The figure shows the comparison Raman spectra of
benzonitrile obtained using a neighboring lab’s Raman microscope (Vreugdenhil lab)
and from an online reference [5], respectively. Note that the two different experimental

implementations reproduce the vibrational landscape at the same frequencies, but
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Figure 1.2: Raman spectra of Benzonitrile. (a) Raman spectrum taken from a neigh-
boring lab (Vreugdenhil lab) with unprocessed background fluorescence. Inset shows
the chemical structure of benzonitrile. (b) Raman spectrum taken from an online
reference [5] with fluorescence background removed, as reflected by the flat baseline.
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that both the ratios of the peaks and (fluorescence) background signals differ such

that the two spectra are not identical.

1.1.1 Spectral regions of vibrational resonances

By convention, the Raman spectrum is divided into three distinct regions: the CH/OH
vibrational region, the silent region, and the fingerprint region. The CH-stretch modes
typically present between 2700 cm ™! and 3000 ecm™!, and various OH-stretch modes
present between 3100 cm ™! and 3650 cm~!, and thus the range of 2700 cm~'-4000
cm ™! is collectively referred to as the CH/OH region. A Raman spectrum of a chem-
ical showing peaks in this region strongly indicates the presence of such bonds, but
since these are so common in most organic compounds, and the resonances are rela-
tively broad and indistinguishable, the spectrum might not give detailed information
about the chemical structure. The frequency region between 1600 cm~! and 2600
cm ™! is called the silent region. Only a few relatively-rare bond arrangements show
vibrational resonances in this region. A key exception is the carbon-nitrogen triple
bond, which as a very strong stretching resonance near 2200 cm~!. Conversely, the
most informative region in a Raman spectrum is the fingerprint region below 1600
cm~!. This region is particularly important when identifying the composition of chem-
ical compounds.! Chemical compounds are composed of sets of molecules which have
a larger collective mass than the smaller CH and OH molecules, and therefore, these

sets of molecules have lower vibrational frequencies (e.g., benzene CgHg is found in

benzonitrile and has numerous observable vibrational resonances below 1600 cm™1).

I Different literature may report different frequency ranges for the fingerprint, silent, and CH/OH
regions. The primary point of the ranges discussed here is to give the reader some sense of the
importance and spectral extent of these regions.
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1.2 Nonlinear optics

With progress in laser technology, the peak pulse powers of lasers have reached several
GW [6]. The intense electric fields produced by such lasers move electrons beyond
their linear response. In that case, the polarization density can be expanded to include

nonlinear terms as follows [3]:
P=c(xWE+xPE*+xVE + ) (1.4)

where x™ is the nth-order susceptibility. Raman scattering follows x!) while non-
linear optical processes depend on higher-order susceptibilities such as y@, y®, and
so on. The values of these higher-order susceptibilities are much smaller than y(,
and thus nonlinear optical processes often require lasers capable of generating in-
tense pulses—orders of magnitude stronger than what is needed to observe Raman
scattering.

Figure 1.3 shows the energy diagram representations of some second- (X(Q)) and
third-order (x®) nonlinear optical processes. Similar to Raman scattering, both
second- and third-order nonlinear processes can be used to study the structure
and composition of materials. Examples of second-order nonlinear processes are
second-harmonic generation (SHG), sum-frequency generation (SFG), and difference-
frequency generation (DFG), while examples of third-order processes are two-photon
excited fluorescence (TPEF), third harmonic generation (THG), and coherent anti-
Stokes Raman scattering (CARS). Third-order nonlinear processes involve the “mix-
ing” of four-beams and are referred to as “four-wave mixing” (FWM) in literature

[7]. In this thesis I mainly focus on the CARS process, but mention SHG and TPEF
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Figure 1.3: Energy diagram representations of several second- and third-order non-
linear optical processes. In these diagrams, the bottom red lines represent the ground
state while the dashed blue lines represent virtual electronic states. The second red
lines represent vibrational states of energy 2g. (a) Second-harmonic generation. Two
photons with equal frequencies interact resulting in the scattering of a photon with
twice the original frequency. Experimentally, wp is provided by a single beam and
signal at 2wp is detected. (b) Sum-frequency generation. Two photons with different
frequencies interact resulting in the scattering of a photon with a frequency that is
the sum of the incident photons. Experimentally, w; and ws are provided, and signal
at the sum frequency is detected. (c) Difference-frequency generation. Two pho-
tons with different frequencies interact resulting in the scattering of a photon with a
frequency that is the difference of the incident photons. Experimentally, w; and ws
are provided, and signal at the difference frequency is detected. (d) Third-harmonic
generation. Three photons of equal frequencies interact resulting in the scattering
of a photon with thrice the original frequency. Experimentally, wp is provided by
a single beam, and signal at 3wp is detected. (e) Two-photon excited fluorescence.
Two photons are simultaneously absorbed to excite electrons into an excited state,
resulting in emission of lower-energy light upon de-excitation (w, blue arrow). As
with typical fluorescence processes, intermediate non-radiative decay steps are also
possible (wiggly arrows). (f) Coherent anti-Stokes Raman scattering. Two incident
photons with frequencies, wp and wg, drive a vibrational resonance. A probe photon
with frequency, wp,, allows the scattering of an anti-Stokes photon with frequency,
was. Experimentally, two beams are supplied (wp and wg), and a higher energy signal
is detected (wag).



CHAPTER 1. SF-CARS MICROSCOPY: BACKGROUND 8

as additional techniques that provide complementary (and concurrent) information

in a multtmodal nonlinear microscopy system.

1.3 Spontaneous vs. coherent Raman scattering

The weak signals of traditional spontaneous Raman scattering mean that producing
spatial chemical maps can take hours to achieve [8]. Thus, Raman “microscopy” is
relatively rare, and when implemented, typically provides sparse spatial sampling.
Nonlinear approaches to Raman scattering can boost signals by orders of magnitude,
and are thus much more suitable for microscopy applications. Such techniques, which
include CARS, are collectively known as coherent Raman scattering (CRS). CRS dif-
fers from spontaneous Raman scattering with regards to excitation and signal gener-
ation. Spontaneous Raman scattering is typically implemented using relatively-weak
continuous wave (CW) lasers. With this kind of excitation, the molecules do not nec-
essarily vibrate in-phase, and this results in the incoherent generation of radiation.
On the other hand, CRS is implemented using ultrafast pulsed lasers that can gen-
erate intense (10° times stronger than CW lasers) and short pulses (lasting less than
a few picoseconds). Pulses generated by ultrafast lasers have an increased chance of
multiphoton interaction. When two photons interact having a frequency difference
equal to a molecular vibrational frequency, 2z, the photons drive that molecular vi-
bration. And because the excitation occurs in such a short amount of time, molecules
coherently vibrate in-phase. A third photon then probes this coherence and stimulates
signal generation such as the anti-Stokes in CARS. The coherence of the generated
anti-Stokes signal matters for the constructive addition of signals over the excita-

tion volume. For sample layers that are thick on the order of the several excitation
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wavelengths, the CARS signal can destructively interfere in the backward (or “epi-")
direction, and mostly be generated in the forward direction. Thus the coherence in
CRS relates to signal propagation and not necessarily to a phase relation between the
excitation pulses [9, 10].

There are several advantages of CRS over spontaneous Raman scattering. Due
to the coherent generation of radiation, signal intensities can be as much as 100
times greater than spontaneous Raman scattering [11]. Furthermore, the dwell time
of a laser on a particular spot can be as short as a few nanoseconds [12, 13] to
a few microseconds [14, 15]. Because of fast signal acquisition, some groups have
demonstrated high-speed, video-rate imaging by tuning laser frequencies to drive a
single vibrational resonance [12, 13]. In comparison, spontaneous Raman scattering
has laser dwell times on the order of milliseconds [16], and because the entire spectrum
is collected at each spot, imaging can take minutes to hours to finish [8].

Disadvantages of CRS over spontaneous Raman scattering are mainly its imple-
mentation complexity and cost. CRS requires a more complex optical setup since
it requires at least two intense light sources. Beams need to be overlapped both in
space and in time to allow the photons to interact, thus requiring the addition of
delay lines and alignment optics. Furthermore, ultrafast lasers cost at least an order

of magnitude more than CW lasers.
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1.4 Coherent anti-Stokes Raman scattering
microscopy

CARS is simpler to implement than other CRS techniques. Detecting the vibrational
signal typically requires three excitation beams—the pump, probe, and Stokes. In
CARS, the pump and probe can be degenerate (the same beam). Using degenerate
pump and probe beams brings down the cost of a CARS system since a third laser
source is no longer needed. This also simplifies beam alignment since we only need to
align two beams. Furthermore, the vibrational signals are detected at the anti-Stokes
wavelength which is shorter (higher frequency) than the wavelength of the excitation
beams. A simple short-pass filter can be used to separate the shorter wavelength anti-
Stokes from the longer wavelength excitation beams. Lastly, with most laser sources
operating in the visible to the near infrared range (500 nm — 1300 nm), CARS signals
can be generated at wavelengths (< 900 nm) for which sensitive detectors are widely

available.

1.4.1 Brief theory of CARS

Since Raman scattering provides a gold standard for chemical identification, it is in-
evitable to compare Raman spectra with CARS spectra. Both Raman and CARS
show similarities in spectra, but under certain conditions—such as low chemical con-
centrations or the use of a broadband laser-CARS spectra can differ significantly from
Raman spectra. CARS peak locations can be several wavenumbers off from its Ra-

man counterpart, and CARS peak intensities may not reflect Raman peak intensities.
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To understand the mechanics behind CARS, especially its spectrum, I highlight some
theoretical considerations for the technique in this section.
As a third-order nonlinear process, the CARS (i.e. anti-Stokes) field can be written

as

Eas(was) = X® Ep(wp)E§(ws) Epr(wpr) (1.5)

where Ep, Eg, and Ep, are the pump, Stokes and probe fields, respectively; wp,
wg, and wp, are their respective frequencies; * denotes the complex conjugate. The

corresponding phase? and energy matching conditions for the CARS process are

i
]CAS:k?P—i-k’pr—kS (16)
wAS:wp—l—pr—wS (17)

%
where k represents the wavevector.
In the implementation of a degenerate CARS system, i.e. wp = wp,, Eq. (1.5)
can be written as

Eas(was) = XV Ep(wp) E5(ws) (1.8)

with the corresponding CARS intensity of

Las(was) o< [XP P17 (wp) 5 (ws) (1.9)

2The mathematical description of a propagating wave uses both energy and momentum terms in
the phase, yet it has become common to refer to the spatial propagation terms (i.e. momentum) as
the “phase.” Thus, “phase matching” in optics is synonymous with momentum conservation.
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The susceptibility is modeled using the following equation [17]:

X = xr(A) + xnr (1.10)

where ygr and yygr are the vibrationally resonant and non-resonant parts of the
susceptibility, and A = wp — wg. The resonant part of the susceptibility follows a

model based on damped molecular harmonic oscillators and can be written as [18]:

(wop — ws) - (111
wp — wg) = .
XR\WP s QR—(WP—WS)—iFR
Thus Eq. (1.10) can be written as
A
x® + XNR (1.12)

- QR— (wp—wS) —’iFR

where A is the amplitude, €2 is the vibrational energy, and I'g is the half-width
(at half-maximum) of the Rth vibrational state. The so-called non-resonant term is
electronically coupled and ever-present, but is not resonant with either a vibrational
or an electronic transition. Figure 1.4 shows the energy diagram representation of
both resonant (through xz) and non-resonant (through yyr) FWM. Since CARS is
essentially a FWM process, the CARS signal always includes contributions from the
non-resonant susceptibility.

By combining Eqgs. (1.9) and (1.10), the CARS intensity can now be written as

Las(was) = |Ixal> + [nl® + 2xvrRe(xn) | (@) I3(w) (1.13)
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Figure 1.4: Resonant and non-resonant FWM in CARS. (a) Energy diagram for both
the resonant (i.e. CARS) and non-resonant FWM (i.e. NRB) processes. The mixing
of the pump (wp, black) and Stokes (wg, red) beams stimulate a vibrational resonance
allowing the probe beam (wp,, black) to generate a strong anti-Stokes (wag, blue).
(b) Energy diagram for the non-resonant FWM only process. The mixing of the
pump and Stokes beams in a non-resonant condition leads to the generation of a
weak anti-Stokes.

A plot of Eq. (1.13), with consideration of the susceptibility relation given by Eq.
(1.12), shows a CARS spectrum that follows a so-called dispersive line shape as shown
in Fig. 1.5—a feature frequently observed in CARS experiments. The first term of
eq. (1.13), |xg|? reflects the Raman response. The second term, |yng|?, can be
assumed constant and independent of frequency [19] and serves as an offset to the
signal baseline. The third term, 2ynyrRe(xr), is a mixing contribution from both
resonant and non-resonant signals that results in the dispersive line shape of the
CARS spectrum.

The simulation of the anti-Stokes intensity in Fig. 1.5, however, rarely represents
an actual CARS spectrum. Real experimental CARS spectra most often include ad-
ditional spectral complexities—arising from low chemical concentrations, the spectral

lineshape, and noise in the excitation beams. With low chemical concentrations, the
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Figure 1.5: A plot of a CARS spectrum and its constituents. The vibrational reso-
nance is set to 1000 cm™!. yng is set to 0.5, A is set to 2, ' is set to 5, while both
Ip and Ig are set to 1. Note how the nonresonant background mixing term leads
to a dispersive lineshape for the anti-Stokes signal with a slightly blue-shifted peak

frequency.

ratio xyr/xr Will be larger. This is because both the target molecules and the sam-
ple matrix generate the non-resonant FWM signal, but only the target molecules will
generate the resonant CARS signal. Figure 1.6 shows simulated CARS spectra with
different values of xnyg and a frequency-dependent Stokes with broad peaks centred
at 1300 cm™! and 2500 cm™!. The anti-Stokes spectrum reflects the convolution
of Ip(wp)? and Is(wg) in the frequency domain. Experimentally, neither the pump
nor the Stokes beam is spectrally flat, thus resulting in further undesired distortions

in the CARS spectrum. Because of these distortions, CARS peak locations vary
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Figure 1.6: A simulated Raman spectrum and various CARS spectra that arise from
increasing contribution of the nonresonant background. The resonances are set to
1000 cm~t, 1600 cm~! and 2800 ecm™!. The Stokes peaks are set to 1300 cm~! and
2500 cm~!. The pump and Stokes contributions for each plot are the same. From
bottom to top the non-resonant susceptibility, xnyg, is set by increasing order from
1x, 2x, and 3x. A simulated Raman spectrum (blue) is shown for reference. Gray
vertical lines serve as a guide to show the growing deviation of the CARS peak from
the true resonant frequency (i.e. Raman peak) with increasting NRB contribution.
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from instrument to instrument and from sample to sample. Therefore, standardiz-
ing CARS data for chemical identification becomes a challenging task. Fortunately,
CARS spectra contain buried Raman information via xr. Methods, such as the maz-
imum entropy method [20] and time-domain Kramers-Kronig transform [21, 22], have

been developed to extract xr and have shown a considerable degree of success.

1.4.2 The first CARS microscope

The first reported CARS microscope system, developed by Duncan et al. in 1982 [23],
used a complicated non-collinear geometry to satisfy CARS phase-matching condi-
tions (Fig. 1.7(a)). This so-called boxCARS geometry is technically challenging
to implement. Probing a different vibrational frequency requires a different phase-
matching condition and, consequently, a different geometry. This difficult imple-
mentation, coupled with a complicated and expensive microscopy and optics system,

limited the use of CARS microscopy.

1.4.3 CARS with tightly-focused beams

In 1999, a simple and effective implementation of CARS microscopy was reported
by Zumbusch et al. [24] by using high numerical aperture (NA) objectives to focus
the excitation beams (Fig. 1.7(b)). The high NA allowed beams to come from a
wide range of angles to (serendipitously) satisfy phase-matching conditions. While
the approach sacrifices efficiency of signal generation, CARS images were acquired
with ease and laser powers were significantly reduced down to a hundred pW. In
comparison, Duncan et al. used excitation powers in the order of a hundred mW [23].

Since the use of high NA lenses in CARS microscopy, there have been significant
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Figure 1.7: CARS microscopy geometry. (a) BoxCARS geometry. Pump (blue)
and Stokes (red) beams are non-collinear and incident on the sample with nonlinear
susceptibility x® at an angle that satisfies the phase-matching condition for four-
wave mixing. The anti-Stokes (pink) is generated at a different exit angle than the
pump and Stokes beams. The pump and Stokes beams can be filtered out spatially
or spectrally with a color-filter. (b) Tight-focusing geometry. Collinear pump and
Stokes beams (green gradient) enter a high NA objective. The beams are tightly
focused allowing multiple phase-matching conditions to be satisfied.
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developments in the field where video-rate imaging [13], live-cell imaging [25-27],
drug particle tracking [28], and potential applications to medicine [29] have been

demonstrated.

1.4.4 Multiplex, single-frequency, and

spectral-focusing CARS

There are a number of experimental approaches for implementing CARS microscopy,
including multiplex CARS[30, 31], single-frequency CARS [25], spectral-focusing
CARS [32, 33|, heterodyne CARS [34], polarization CARS [35], frequency-comb
CARS [36], and others [37-40]. There are advantages and disadvantages of each,
but for this thesis, I concentrate on spectral-focusing CARS with brief mentions of
multiplex and single-frequency CARS.

Multiplex and single-frequency CARS operate in stark contrast to each other while
spectral-focusing CARS can be considered as a combination of the two. In general,
we can categorize the experimental implementation of CARS by two distinct methods
of detection: spectral detection and imaging.

Spectral detection is best represented by multiplex CARS. In multiplex CARS, one
or both of the pump/probe and Stokes beams are spectrally broad and a wide range
of vibrational resonances are probed simultaneously (Fig. 1.8(a,d)). Anti-Stokes light
is detected with a spectrometer and the hyperspectral images (data containing both
spectral and spatial information) are composed one pixel-spectrum at a time using a
microscope stage scanner. Multiplex CARS can thus be thought of as a “spectrum-

first” approach, where rapid collection of good-quality and dense CARS spectra is
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Figure 1.8: Multiplex, single-frequency and spectral focusing CARS. (a) Energy dia-
gram representation of a form of multiplex CARS that uses a narrowband pump, wp,
and broadband Stokes, wg, to stimulate multiple vibrational states, Qg (gradient red
line). A narrowband probe (wp,) up-converts the generation of the anti-Stokes spec-
trum, wag, and is detected by a spectrometer. (b) Energy diagram representation of a
single-frequency CARS system using a degenerate narrowband pump, which also acts
as the probe, and a narrowband Stokes stimulating a single vibrational state. The
anti-Stokes is detected by a single element detector such as a photomultiplier tube.
The CARS spectrum is scanned by varying either the pump or Stokes wavelengths.
(c) Energy diagram representation of SF-CARS using a supercontinuum Stokes. A
narrowband pump is overlapped with a portion of the supercontinuum Stokes (red,
transparent) wherein the frequency difference corresponds to a single vibrational res-
onance made possible through chirp-matching. The degenerate pump is used as a
probe to generate a spectrally broad anti-Stokes, and is detected by a single element
detector. The CARS spectrum is scanned by sweeping the overlap, 7, of the pump
and Stokes pulses. (d)-(f) Corresponding spectral frequency vs. time plots of CARS
techniques (a)-(c), respectively. A represents the difference frequency, wp — wg, of
the pump and Stokes pulses which encompasses one or more vibrational states.
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a dominant attribute. Multiplex CARS spectra can be acquired in a few ms [19].
However, dense image acquisition can take several minutes to hours.

On the other hand, CARS imaging is best represented by single-frequency CARS,
which works by using narrowband (usually less than 1 nm in bandwidth) pump and
Stokes beams. The excitation beams probe a single vibrational resonance resulting
in the generation of a similarly narrowband anti-Stokes beam (Fig. 1.8(b.e)). A
single-element detector, such as a photomultiplier tube (PMT), is used to detect the
anti-Stokes while beam scanning with high-speed galvo scanning mirrors is used to
obtain spatial information rapidly. Experimental setups of single-frequency CARS
traditionally used synchronized picosecond pulses to stimulate the vibrational res-
onances, and the CARS spectrum is scanned by tuning the wavelength of one of
laser sources. Single-frequency CARS can thus be thought of as an “imaging-first”
technique, where rapid—even video rate [13]—image acquisition can enable live-cell
imaging. However, due to the limited speed of wavelength control in current laser
systems, the hyperspectral data generated in single-frequency CARS can be a sparse
and time-consuming process.?

A hybrid technique that uses a single-element detector and is capable of rapidly
scanning a broad range of vibrational frequencies is spectral-focusing CARS (SF-
CARS). SF-CARS works by matching the frequency vs. time dependence of broad-

band pump and Stokes beams thereby spectrally focusing their frequency differences

3Most modern laser systems are capable of wavelength tuning at speeds of approximately 5 s
per wavelength. Using it to acquire a CARS spectrum with a frequency span of 3000 cm™! and
resolution of 5 cm ™! increments will take 50 minutes. By comparison, as discussed next, our spectral-
focusing-based system can acquire a CARS spectrum with a 3000 cm ™! span and 3.3 cm ™! resolution
increments in 100 s; multiplex CARS systems can acquire a similarly broad CARS spectrum in 2.5
ms [18]. Furthermore, it is typical for single-frequency CARS systems to use synchronized standalone
dual-laser systems, thus making it one of the more expensive CARS microscopy setups.
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to stimulate a single vibrational resonance (Fig. 1.8(c,f)). This results in the gen-
eration of a spectrally broad anti-Stokes (as in multiplex CARS) but representing a
narrow vibrational frequency (as in single-frequency CARS). The CARS spectrum is
scanned by adjusting the temporal overlap of the pump and Stokes beams through
a mechanical delay stage—which is significantly faster than tuning the laser wave-
lengths. Similar to single-frequency CARS, beam scanning is used to obtain spatial
information rapidly. SF-CARS is predominantly an imaging-first technique, where
the hyperspectral data can be scanned as quickly as a few seconds up to several

minutes depending on the desired spatial and spectral quality.

1.4.5 Chirp-matching

To understand the concept of chirp, we model the ultrashort pulse using a Gaussian

field where we write the field as [41]
E(t) x Ege i@t (1.14)

where FEj is the amplitude of the electric field, « is a parameter that represents the
temporal width of the field,* w is the frequency, and 3 is known as the linear chirp
parameter (or the frequency-time slope of the pulses as shown in Fig. 1.8(f) and can
be written in units of cm™! /fs).

Chirp-matching the pump and Stokes pulses is essential for the implementation
of SF-CARS. Without chirp-matching and if the pump and Stokes pulses remain
undispersed, a broad range of vibrational states will be probed simultaneously. The

use of a single-element detector—one of the robust features of SF-CARS—will not be

“In terms of FWHM, o = F\?vlﬁi/p'
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able to distinguish among these multiple vibrational states. Therefore, performing
reliable SF-CARS spectroscopy without chirp-matching becomes a challenge. In this
case, a spectrometer is better used in this type of CARS system, which essentially
converts to multiplex CARS.

Chirp-matched pulses are generated by passing the pulses through a dispersive
medium. Pulses propagating through a medium with normal dispersion, i.e., positive
group wvelocity dispersion (GVD), are stretched out and experience “positive chirp-
ing”; low frequencies lead while high frequencies trail the pulse as demonstrated in
Fig. 1.8(f) (note that the horizontal axis is time, not space). By contrast, pulses
propagating in a medium with negative dispersion experience negative chirping; high
frequencies lead while low frequencies trail the pulse.®

In SF-CARS, the pump and Stokes pulses are chirp-matched, meaning the chirp
parameter, 3, at some or all wavelengths are purposefully engineered to be equal. A
good approximation for chirp-matching pulses is through matching the group delay
dispersion (GDD)” of the pulses at a desired wavelength [32, 33, 41-43]. This can
be done by introducing highly dispersive elements—such as glass blocks, prisms, or
gratings—in the paths of the beams [33]. Ideally, this results in pulses having identical
frequency-time slopes similar to Fig. 1.8(f) with a narrow frequency difference, A =
wp — wg. The better the chirp-match, the narrower the bandwidth of the frequency

difference, which means better spectral resolution for SF-CARS spectroscopy. A

°In terms of the index of refraction, n, frequency, w, and the speed of light, ¢, the GVD can be
written as GVD = %g—z +< %. When the derivative of the GVD with respect to frequency is small,
the chirp is said to be linear.

6see Appendix A for more details on group velocity dispersion, normal, and anomalous dispersion.

"GDD is equal to GVD x length of optical element and is measured in units of fs2.
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Figure 1.9: Simulation of spectral resolution in CARS spectroscopy. Two vibrational
resonances are probed with a hypothetical system with varying capacities of spectral
resolutions: 25 cm™!, 50 cm™!, and 100 cm ™!, measured as full width at half maximum
(FWHM). The vibrational resonances are located at 900 cm™* and 1000 cm™!, have
half-widths, I'g, of 5 cm™!, and have |xr/xnr| ratios of 0.2 and 0.1, respectively. The
modulus-square of the susceptibility is also shown for reference.
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better spectral resolution allows easy identification of vibrational resonances that are

close to each other as illustrated in Fig. 1.9.

1.5 Supercontinuum-generating fibres

Our CARS microscope uses a photonic crystal fibre module for generating a super-
continuum for the Stokes beam. Supercontinuum-generating-fibres are wavelength-
broadening devices that act as inexpensive alternative to standalone lasers systems.

Supercontinuum generation is achieved by focusing an intense, ultrashort pulse
inside the supercontinuum generating fibre. When the pulses are focused to a few
microns in diameter, they can reach powers as high as several GW/cm?. As the
pulse propagates through the fibre, spectral broadening occurs through a cascade of
nonlinear processes such as self-phase modulation, cross-phase modulation, four-wave
mixing, modulation instability, soliton fission, dispersive wave generation, and even
Raman scattering itself [44]. The contribution of each nonlinear process to spectral
broadening varies depending on the parameters of the input pulse. With weaker
pulses, Kerr effect-based processes such as self-phase and cross-phase modulation
become dominant [3, 41]. Figure 1.10(a,b) shows experimental and simulated results
of supercontinuum generated by the photonic crystal fibre (PCF) of greatest interest
to this work. This fibre has been commercialized by NKT Photonics as a 12-cm
module called the FemtoWHITE CARS (Fig. 1.11) and will be the primary fibre
discussed throughout this thesis.

The nonlinear Schrodinger equation has been used as a popular tool for under-
standing the spectral behavior of the supercontinuum in PCFs [44, 45]. A simple,

but qualitative, method to determine the spectral behavior of the supercontinuum is
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Figure 1.10: Supercontinuum generation in a photonic crystal fibre. (a) Experimental
measurement of output spectra versus input pulse energy for a 40 fs transform-limited
input pulse centred at 790 nm. (b) Theoretical simulation of the spectral evolution.
(c) Dispersion properties of the photonic crystal fibre with zero dispersion wavelengths
at 780 nm and 945 nm. Figure and caption modified and adapted from ref [45].
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Figure 1.11: The FemtoWHITE CARS module, mounted on a fibre-coupling kit. the
1”7 diameter module contains a 12-cm length of an NL-1.4-775-945 photonic crystal
fibre.

through studying the GVD curve (Fig. 1.10(c)). By pumping the fibre with suffi-
ciently strong powers within the anomalous dispersion region (ADR), the pulse spec-
trally broadens beyond the zero-dispersion wavelengths (ZDWs) and leaves the ADR
devoid of spectral power. However, pumping with weak powers allows the generation
of supercontinuum within the ADR—a fact that is central to the technical advances

I describe in the next chapter.

1.5.1 Supercontinuum within the ADR—The soliton

When a supercontinuum is generated within the ADR of the fibre, competing mech-
anisms from the Kerr effect and the negative GVD may result in the generation of

pulses that do not experience dispersion—the pulse neither expands nor contracts
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as it propagates in the fibre.® This pulse that is unaffected by dispersion is able to
retain its temporal and spectral shape and is called a soliton. In this thesis, solitons
are mentioned occasionally in the context of supercontinuum generation, especially in
Chapter 4 when discussing certain spectral features that impact the quality of CARS

spectra.

8Consider A\; < MA2. In a material with a normal dispersion curve n(\;) > n(\2) while in a
material with an anomalous dispersion curve n(A;) < n(Az). Also see Appendix A for more details.
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Chapter 2

Broadband Spectral Focusing
CARS With a Supercontinuum

Stokes

2.1 Chapter preface

As described in the previous chapter, there are several experimental approaches for
implementing CARS microscopy. Each approach is a trade-off between imaging speed
and the quality (or density) of CARS spectra. Prior to my work at Trent, there was
active work by Dr. Slepkov and others to improve the spectroscopy aspects of SF-
CARS by extending the accessible spectral range to the fingerprint region below 1600
cm~!. The “Econo-CARS” approach developed in Dr. Stolow’s lab—wherein a Stokes
supercontinuum is generated from an inexpensive PCF module—was promising, but
technical difficulties prevented the generation of a supercontinuum in the wavelength

range most useful for accessing the fingerprint. This chapter describes how we found

34
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that the commercial PCF module could be pumped in ways that are contrary to the
typical recommended guidelines ultimately yielding a Stokes supercontinuum that
is less bright but far more useful for CARS spectroscopy in the fingerprint. I then
demonstrate key attributes of our working multimodal-CARS system, and describe
the implementation of a “Raman retrieval” algorithm that converts CARS spectra to

more useful Raman-like spectra.

This chapter is based on work we published in 2016 in Biomedical Optics Express
[1], and a poster presentation I gave at a clinical spectroscopy-oriented conference

held in Montreal (SPEC 2016) [2].

2.2 Introduction

2.2.1 Limitations of most CARS microscopy systems

Detailed chemical mapping of samples requires microscopes that can perform fast
and information-dense vibrational microscopy. Such microscopes can be used in the
study of biology [3, 4]; inorganic materials [5]; drug analysis [6, 7], identification [§]
and tracking [9]; and histology and histopathology [10, 11]. However, not all im-
plementations of CARS microscopy can probe the entire vibrational frequency range
from 500 cm ™! — 3500 cm !, Most CARS microscopes are relegated to imaging at the
CH/OH range above 2700 cm™!. A few implementations, however, have successfully
demonstrated wide scan range capabilities using broadband supercontinuum sources.
These approaches include a multiplex CARS system [12], a supercontinuum equipped

SF-CARS system [13], and a spectrally broad ultrafast laser equipped SF-CARS
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system [14]. A single-frequency (narrowband pump and Stokes) CARS system has
not yet shown the capability of spectrally-wide CARS hyperspectroscopy. Although
each of these systems has its strengths and weaknesses, an SF-CARS system has
the advantage of being versatile (can quickly switch from an imaging-oriented or a
spectroscopy-oriented system) and simple (through the use of a single standalone laser
source). As discussed previously (see 1.4.4), even though SF-CARS is predominantly

an “imaging-first” technique, it can perform relatively fast spectral acquisition.

2.2.2 Supercontinuum-based SF-CARS

SF-CARS has been implemented using three distinct experimental approaches: with
two synchronized laser sources to generate the pump/probe and Stokes—an approach
similar to single-frequency CARS but with chirp-matched pulses [15]; by using a sin-
gle spectrally ultrabroad sub-25-fs laser source with intra-pulse filtering to split the
pump/probe and Stokes [14, 16]; or by using a PCF to generate a supercontinuum
from which some (or all) of the pump/probe/Stokes beams are derived [3, 10, 17, 18]
(such as described here). Implementations of SF-CARS that use a single ultrabroad
laser source have been successful in performing CARS hyperspectroscopy, although
there are unique technical challenges and costs associated with unwanted dispersion
in such a short pulse. On the other hand, SF-CARS systems using PCFs to gener-
ate the supercontinuum Stokes beam are among the most cost-effective solutions for
CARS microscopy, despite often yielding spectral intensities and bandwidths that are
insufficient for broadband CARS microscopy.

In order to access the fingergprint region, most current SF-CARS systems require

either different sets of optics [14], different pump wavelengths [13], or even totally
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different sets of experimental setups (e.g., one setup is designed for the fingerprint
frequencies and the other for the CH/OH frequencies) [16]. However, an approach,
requiring only a single set of optics, that can perform broadband CARS hyperspec-
troscopy in a single-scan window, can be achieved using a supercontinuum-based

SEF-CARS, as shown in this chapter.

2.2.3 The problem with supercontinuum-based SF-CARS

The use of PCFs for SF-CARS is not straightforward, and it comes with consequences.
Due to the spectral character of the supercontinuum generated by PCFs—being weak
or non-existent in some wavelengths and strong in others—access to a broad range
of vibrational frequencies can be limited. The PCF module most typically used for
SF-CARS , the FemtoWHITE CARS[19], has been selected by some groups for its
convenient form, spectral stability and strong supercontinuum generating character-
istics beyond its 945 nm ZDW [20-24]. Previous work by Hilligsge et al. established
that this fibre can efficiency generate supercontinua beyond its two ZDWs ( 775 nm
and 945 nm) when pumped with sub-70 fs transform-limited pulses [25]. However,
between the two ZDWs, this fibre has not been shown to generate supercontinuum
with enough spectral intensity to be useful for CARS (refer to Fig. 1.10). This means
that when using a standard 800-nm (wp = 12500 cm™1!) laser as the PCF seed, Stokes
can only be generated at wavelengths above 945 nm (wg < 10600 cm™!). When the
same 800 nm pulse is used as the CARS pump/probe, the lowest CARS frequency

accessible is wp — wg > 1900 cm ™!,
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2.2.4 Accessing the fingerprint region

Ultrafast laser systems have been designed to generate transform-limited pulses—the
shortest possible pulse with the current spectral bandwidth of the laser. With disper-
sion, the length of the pulse increases, and along with it, spectral components separate
more in time, at which point the pulse is no longer considered to be transform-limited.
When lower frequency parts of the pulse lead, the pulse is said to be positively-chirped.
Otherwise, when higher frequency parts lead, the pulse is negatively-chirped. For ex-
ample, the pulses depicted in Figure 1.8f are positively chirped.

Literature recommendations for use of the FemtoWHITE CARS module suggest
that for generating the most stable, quiet and broad supercontinuum, transform-
limited pulses must be used [26, 27]. However, transform-limited pulses have higher
pulse peak powers than dispersed pulses, and thus, the use of transform-limited pulses
induces more nonlinearities in supercontinuum generation and may drive the super-
continuum outside the fibre’s two ZDW. Thus, by using chirped pulses to pump the
PCF, supercontinuum can be generated with spectral intensity within the two ZDWs.
Furthermore, by using relatively longer seed pulses than are typically recommended,
the supercontinuum generation process becomes advantageously less efficient. This
means that more Stokes light can be generated before the cascade of nonlinearities
pushes the supercontinuum beyond the 940 nm ZDW. The resulting Stokes supercon-
tinuum can enable CARS hyperspectroscopy reaching frequencies as low as 630 cm™*
when generated by > 100 fs, 800 nm pulses, thus removing the need for wavelength
tunable laser oscillators.

Relaxing requirements for transform-limited pulses and tunable laser oscillators

for CARS microscopy significantly lowers the complexity and cost of what is already
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one of the least expensive and most agile approaches to implementing multimodal
CARS hyperspectral microscopy, thus opening the technique to a new segment of

nonlinear-optical microscopy laboratories.

2.3 Experiment

A schematic of the experimental setup is shown in Fig. 2.1. A Ti:Sapphire oscillator
(Spectra-Physics Tsunami) generates an 800 nm beam with variable pulse duration
from ~ 70 fs up to 200 fs. A half-wave plate (HWP) and cube polarizer act as a
variable-power beam splitter to separate the main beam into the pump/probe and
Stokes beams. The pump beam is routed to a computer-controlled optical delay stage
(Thorlabs DDS220) before re-combining with the Stokes. The other beam is coupled
into a commercial PCF-based supercontinuum generation module (FemtoWHITE-
CARS, NKT Photonics) using a Newport M-40x objective lens to generate the Stokes
beam. The Stokes beam is collimated with a Mitutoyo M Plan NIR 50x long-working
distance objective. The end-to-end PCF coupling efficiently is &~ 55%. Both beams
are combined using a Semrock LPF-937 filter oriented at 45 degrees incidence, making
it an effective 840 nm long-pass filter (see Appendix B for more details regarding
specific filter characteristics).

The pump and Stokes are co-polarized with the use of independent HWPs (Thor-
labs AHWP05M-980 for the supercontinuum Stokes; Thorlabs WPHO05M-808 for the
pump) situated in between the fibre module and the beam-combiner. A broadband
polarizer (Thorlabs LPVIS050) located before the microscope entrance further en-

sures co-polarization of both beams. The use of co-polarized pump and Stokes beams



CHAPTER 2. BROADBAND SPECTRAL FOCUSING CARS.... 40

K
<775 m Fiber collection ‘, SHG <425 nm

.
/
i
H

delay stage ! LPF

A I >561 nm

H
1 Condenser / |
H

' H —_— Sampler >435m

1 Glass slide 561-775 nm
1 40x :
\ | \ ! objective .

i BPF 575-625 nm

) HWP H H
(optional) ' LPF >680 nm pwr| TPEF
25 mm 57 mm 101 mmi \ : | - 575-625 nm
FI S-NPH2 S-NPH2 S-NPH2 | H
:A: '-~l :
oBS E?I (i1 | FemtoWHITE | \ : /
O CARS Galvos
o HWP LPF e -
200fs 300 fs >840nm  TTETTmAmmmssmmmssasssssess
HWP =
190 s I 800 nm Ti:Sapphire
\ | Femtosecond Laser

Figure 2.1: A simplified schematic of the multimodal CARS microscopy setup. A
Ti:Sapphire oscillator generates 190 fs pulses at 800 nm, which splits into the pump
and Stokes-generating beams. The Stokes-generating beam passes through a Faraday
isolator (FI) before being coupled into the FemtoWHITE CARS (NKT Photonics)
microstructured-fibre module that generates the supercontinuum Stokes. Blocks of
high-dispersion S-NPH2 glass are used to disperse and match the chirps of the pump
and Stokes pulses. The pump and Stokes beams are recombined using a long-pass
filter (LPF) and routed to the laser-scanning microscope. Isotropically-generated
TPEF is collected in the backward direction, reflected by a dichroic and detected by
a PMT. Forward-generated SHG and CARS signals are isolated with a short-pass
filter (SPF) and collected using a customized multimode-fibre assembly and routed
off-board, where they are wavelength-separated en route to separate PMTs.

allow for the optimal generation of anti-Stokes signals (see Appendix C for a note on

signal polarization).

2.3.1 Dispersion and chirp-matching

The pump and Stokes beams are dispersed by a total of 101 mm and 158 mm of
S-NPH2 glass, respectively, before entering the microscope. Not including other dis-

persion in the optical setup, this added glass represents 30000 fs? of dispersion (GDD)
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in the pump, and between 28000 fs? and 43000 fs? of dispersion in the Stokes beam,
which extends from 1090 nm (Qz = 3300 cm™') to 840 nm (2 = 600 cm™!). The
lengths of these glass blocks are chosen to match the chirps of the pump and Stokes
pulses, thereby enabling SF-CARS with an optimized spectral resolution of ~ 25 cm ™!
at the CH vibration region (&~ 2900 cm™!). The pump is dispersed to a duration of
~ 1 ps, with a chirp parameter, 3, of approximately 120 cm™! /ps. Likewise, the red-
shifted portion of the supercontinuum Stokes is lengthened to more than 20 ps. The
Stokes is predominantly linearly chirped with little higher-order dispersion effects re-

sulting in an average linear chirp of 130 cm™!/ps. Thus, the spectral resolution does

not vary significantly along the CARS spectrum.

2.3.2 The microscope

The microscope is a modified Olympus IX73 inverted laser-scanning microscope
equipped with an Olympus UAPON 40XW340 (a 40x water immersion objective),
a Thorlabs galvo system (GVS002), an x-y computerized sample stage (MLS203-1),
and a unique multimodal fibre collection system in the transmitted direction as de-
scribed in ref [28]. TPEF signals are collected in a non-descanned epi-channel, i.e.,
the TPEF signal is collected in the backward direction without re-traversing the galvo
mirror system (see Fig. 2.1). SHG and CARS signals are collected in the forward
direction and are wavelength-separated by a dichroic filter, with each of the two sig-
nals going to separate detectors. Hamamatsu H10723-01 PMTs are used in all three
channels although later upgraded for studies reported in the subsequent chapters.

Alternatively, the SHG and CARS signals can be sent to a modular fibre-coupled
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USB spectrometer (Black Comet CXR SR-50, StellarNet) for signal monitoring and

calibration of vibrational frequency as a function of pump delay stage position.

2.3.3 Other experiment details

The Stokes spectra generated by the fibre module were recorded using an optical
spectrum analyzer (OSA) (Hewlett Packard HP 70450A). Pulse durations and chirps
were measured with a home-built scanning interferometric autocorrelator [29]. Data
acquisition and microscope control were implemented using a custom LabView inter-
face. Data analysis and image processing were conducted using LabView, Python,
and ImagelJ [30]. Detailed information on home-built data aquisition and microscopy
software, as well as on the wiring of the microscope system (including data aquisition

board and detectors) can be found in Appendix D and E.

2.4 Results and discussions

2.4.1 Generating the supercontinuum for the fingerprint

The FemtoWHITE CARS module houses a PCF, NL-1.4-775-945, with ZDWs at 775
nm and 945 nm (recall Fig. 1.10 for its dispersion properties). Originally, Hilligse
et al. modeled the power-dependent supercontinuum spectra from the FemtoWHITE
CARS using transform-limited 40 fs PCF pump pulses and studied it as a function
of pulse energy rather than peak intensity [25]. With such short pulses and their
associated large peak powers, cascaded nonlinearities provide efficient spectral broad-
ening thus rapidly evolving the spectral weight of the supercontinuum beyond the

two ZDWs and leaving the ADR largely devoid of spectral power. One consequence
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of efficient spectral broadening is that access to Stokes frequencies near that of the
pump becomes limited, therefore also limiting the vibrational resonances that can be
probed. Previous work by Pegoraro et al., using the FemtoWHITE CARS, overcame
this obstacle and demonstrated CARS microscopy at fingerprint frequencies (< 1800
cm™!) by using weaker PCF pump powers to lessen the spectral broadening of the
Stokes and concentrate its intensity at 1000 nm while concurrently shifting the pump
wavelength above 900 nm—closer to the 945 ZDW [13]. While this approach works
to some degree, the need to change the pump wavelength significantly away from 800
nm is problematic as it requires changing various routing and collection filters; the de-
tection of anti-Stokes wavelengths above 820 nm where alkali PMTs are precipitously
inefficient; and requires a broadly-tunable laser oscillator source. Furthermore, the
need to reduce the PCF pump power meant a corresponding reduction in generated
Stokes power available for imaging [13].

We find that by using longer pulses (or ones that are already chirped), a significant
amount of Stokes power within the ADR can be generated. Using longer pulses means
that the peak intensity in the fibre is reduced, thereby significantly reducing spectral
broadening in the supercontinuum generation process while maintaining large PCF
pump pulse intensities. This allows us to access vibrational resonances across the fin-
gerprint, silent, and CH/OH regions in a single-scan window with a single microscope
setup. This principle is demonstrated in Fig. 2.2 where it is shown that pumping the
PCF with 190 fs, 800 nm pulses generate supercontinua close to the pump wavelength
which are useful for accessing the fingerprint vibrational frequencies. A stable and
strong soliton, seen as an intense power-dependent peak, is also found to be gener-

ated in the supercontinuum (see Fig. 2.2(c)). Introducing additional dispersion to
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Figure 2.2: Power-dependent spectra of the FemtoWHITE-CARS plotted in wave-
length (left scale) and the difference frequency (right scale), Qp = wp—wg. Generated
supercontinuum (a) from transform-limited 190 fs input pulses; (b) when the 190 fs
input pulses are dispersed to 200 fs by a Faraday isolator; (¢) when the input pulses
are further dispersed to 315 fs with a 25 mm block of high-dispersion glass. The
dashed horizontal lines are guides to the eye that correspond to Stokes wavelengths
used to probe some relevant fingerprint and CH/OH vibrational frequencies. The
dashed vertical line in (b) represents the slice of the Stokes spectrum (coupled power
of 110 mW) used for the proceeding hyperspectral imaging experiments.

the PCF pump pulse generates supercontinua with even greater spectral intensity
closer to the pump wavelength. In this case, as shown in Fig. 2.2(b), the use of a
Faraday isolator is doubly-advantageous as it adds dispersion to the PCF pump pulse
for improved Stokes generation while also eliminating the destabilizing laser feedback
to the oscillator. Such feedback is a common nuisance when using PCF modules
[31]. However, as mentioned earlier, previous studies suggest that for low-noise su-
percontinuum generation, the PCF must be pumped with short transform-limited
pulses [26, 27]. In that case, the use of an isolator is invariably complicated by the
added need for a pulse compressor [26]. As shown in Fig. 2.2(b), the added disper-
sion offered by the isolator actually provides a more useful range of supercontinuum

wavelengths for probing a wider span of vibrational resonances, removing the need
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for a pulse compressor. For any given pulse energy, the spectrum of the generated
supercontinuum ultimately depends on the peak power in the fibre and thus adding
too much dispersion before the PCF leads to insufficient spectral broadening beyond
the 945 nm ZDW. For example, adding an extra 25 mm of high-dispersion S-NPH2
glass before the PCF yields a supercontinuum with more power close to the pump
wavelength of 800 nm, but with insufficient power above 885 nm to probe vibrational

resonances above 1200 cm™! as shown in Fig. 2.2(c).

2.4.2 Anti-Stokes calibration

In SF-CARS, the CARS spectrum is scanned by varying the overlap of the pump and
Stokes pulses through the delay stage. The delay stage system must be calibrated to
convert its absolute spatial position to the pump-Stokes difference frequency, which
is also equivalent to the vibrational frequency being probed, Qg = wp — wg. The
calibration is done by routing the anti-Stokes signal to a spectrometer rather than
to the PMT. An astazanthin-rich sample (AstaReal L10) is used as the calibration
standard in this chapter as it exhibits both strong FWM and CARS at low pump
powers [3, 18], e.g., less than 5 mW. Alternatively, a coverslip can be used as a cal-
ibration standard but requires nearly two orders of magnitude more pump powers.
Figure 2.3(a) shows the CARS spectrogram of astaxanthin as a function of pump
delay stage position. The CARS signal of astaxanthin, both based on Fig. 2.3(a)
and (c), shows strong peaks at 1000 cm™!, 1150 cm™!, and 1520 cm™!; weaker in-
termediary peaks at 1190 cm™!, 1275 cm™?!, 1350 ecm ™!, and 1430 cm™! [32]; and a

trailing NRB across the broad spectral range with a strong broad signal, reflective
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Figure 2.3: Anti-Stokes calibration spectrogram and the CARS spectrum of astax-
anthin. (a) Spectrogram with a sampling spatial resolution of 50 pum (i.e., temporal
resolution of 333 fs). The duration of the highly-chirped supercontinuum Stokes at
the sample is approximately 25 ps. (b) Calibration-curve extracted from (a) fitted
with a quadratic function where €2 is the pump-Stokes difference frequency and x is
the delay stage position. (¢) CARS spectrum of astaxanthin obtained through point
scanning where 900 data points were obtained in 100 s, and the corresponding Stokes
spectrum plotted as a function of both wavelength and the pump-Stokes difference
frequency. Known astaxanthin peaks are shown at 1000 cm !, 1150 cm™!, 1190 cm !,
1275 em™t, 1350 em™!, 1430 cm™!, and 1520 ecm™! [3, 32]. The power densities of
the Stokes at the 897 nm and 1001 nm peaks are estimated to be 43 ¢W/nm and
24 ;W /nm, respectively. The pump power and the integrated Stokes power were
measured to be 3.7 mW and 4.2 mW at the sample plane, respectively.
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of the Stokes at wp —wg > 2400 ecm™! (Ag > 1000 nm). As seen from the spectro-
gram the Stokes is sufficiently broad to access CARS frequencies from 630 cm™! up
to 3250 cm~!. A calibration function can be generated by extracting points at maxi-
mum signal locations at each delay stage position and then fitted with a polynomial
function (Fig. 2.3(b)). In this case, the curve is adequately fitted with a quadratic
function which indicates that the Stokes has incurred some nonlinear chirp charac-
ter (i.e. second-order dispersion effects). Nonlinear chirp effects become increasingly

observable as pulse bandwidth is increased. In previous studies that used a narrower

Stokes bandwidth, the chirp was assumed to be approximately linear [13].

2.4.3 CARS hyperspectroscopy

We demonstrate broadband CARS hyperspectroscopy on a sample containing a mix-
ture of benzonitrile, dimethyl sulfoxide (DMSO), and strands of cellulose (cotton)
fibres (Fig. 2.4); and grains of lily pollen (Fig. 2.5). The pump power was set to 100
mW and measured 74 mW at the sample plane—enough to probe strong vibrational
modes in benzonitrile and DMSO across the vibrational spectrum (Fig. 2.4(a)). For
the lily pollen, the pump power was set to 10 mW, weak enough to avoid sample
degradation, and measured 7.4 mW at the sample plane. Benzonitrile has strong vi-
brational modes in the fingerprint at around 1000 cm~!, 1200 cm~!, and 1600 cm™!,
a single strong resonance at the silent-region at around 2230 cm ™!, and one at CH re-
gion at 3070 cm~! [33]. DMSO has a strong resonance at 2910 cm~! (C-H stretching)
[34], however, two strong fingerprint modes of DMSO at 670 cm™! (C-S symmetric

stretching) and 700 ecm™! (C-S anti-symmetric stretching) were not detected, most
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Figure 2.4: CARS hyperspectroscopy of a mixture of benzonitrile and dimethyl sul-
foxide along with strands of cellulose fibres. (a) CARS spectra of benzonitrile and
DMSO obtained from two 10 x 10-pixel regions of interest (ROIs) in (b). (b) A 200 x
200-pixel multimodal image of benzonitrile (CARS; blue contrast; 12 frames centred
at 3070 cm~1), DMSO (CARS; green contrast; 13 frames centred at 2910 cm™1), and
cellulose fibre (SHG; red contrast). Each image stack was taken at a duration of 0.8
seconds with a 13-us pixel dwell time using a pump power of 74 mW measured at
the sample plane. The input power in the PCF was maintained at 110 mW (200 fs
PCF seed pulse duration) which generates supercontinuum with a power of 4.2 mW,
as measured at the sample plane.
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likely because of limited Stokes power at the requisite wavelengths. The results are

summarized in Table 2.1.

Benzonitrile
Frequency (cm™!) | mode detected
1000 C—C stretching yes
1200 C—C deformation | yes
1600 C=C stretching yes
2230 C=N stretching yes
3070 C-H stretching yes

DMSO

Frequency (cm™') | mode detected
670 C—S symmetric stretching no
700 C—S antisymmetric stretching | no
2910 C—H stretching yes

Table 2.1: Summary of CARS results from the benzonitrile and DMSO sample mix-
ture.

Benzonitrile and dimethyl sulfoxide

The 200 x 200-pixel CARS image of the sample mixture, Fig. 2.4(b) (processed us-
ing ImageJ), was generated by averaging 12 frames centred at 3070 cm™! to identify
benzonitrile (blue contrast); and 13 frames centred at 2910 cm™! (green contrast) to
identify DMSO. The cellulose fibre emitted a consistent SHG signal at 400 nm, and
was used to generate the red-contrast in the multimodal image. Other prepared sam-
ples of similar cellulose fibres were subsequently found to emit CARS signals around
1100 cm™!; however, in this particular sample, the CARS signal was overwhelmed by
the strong NRB coming from the highly concentrated solvents. A higher resolution

version of the image in Figure 2.4, formed by merging single frames acquired at 2230
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~1and 2910 ecm ™! with 5.3-us pixel dwell time (2 seconds per image, 4 seconds total

acquisition time) is shown in Appendix F.1.

Lily pollen

A 200 x 140-pixel CARS image of a grain of lily pollen is shown in Fig. 2.5. Strong
CARS signals given off by carotenoid concentrations were found in the fingerprint
region at 1154 em ™! and 1533 cm™!. 43 frames centred at 1154 cm ™! were averaged to
show the carotenoid contrast in red. TPEF signals, detected in the epi-direction, were
found to be originating from small chlorophyll-containing channels known as muri,
and is shown in gray contrast. Interestingly, we also find strong TPEF signal from

an unidentified substance that is co-localized with the (non-fluorescing) carotenoid

CARS signal.

Hyperspectral smearing

The hyperspectral data, from which CARS images of Figs. 2.4 and 2.5 were derived,
has a subtle artifact—the smearing of vibrational frequencies across an image. This
smearing is caused by the spectral scanning methodology in our SF-CARS microscope
and degrades the perceived spectral resolution. In most cases the effect of frequency
smearing can be neglected, but when spectral resolution is of utmost importance, it
must be minimized.

In SF-CARS, spectral scanning is done with a delay stage while image acquisition
is done by scanning the pump and Stokes beams across the sample. Acquiring an
image frame is always slower than spectral scanning, i.e., scanning the beams across

the sample is slower than moving the delay stage. Obtaining rapid hyperspectral data
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Figure 2.5: CARS hyperspectroscopy of a grain of lily pollen. (a) A 200 x 140-
pixel (cropped) multimodal image of lily pollen containing carotenoids in the luminae
(CARS; red contrast; 43 frames centred at 1154 ¢cm™'), and muri (TPEF; white
contrast). (b) Raw CARS spectrum averaged over 10 x 10-pixel ROI in (c). The
shaded spectral regions in (b) correspond to the image stacks averaged to produce
the multimodal image. Each image stack was taken at a duration of 0.8 seconds
with a 13-us pixel dwell time using a pump power and 7.4 mW measured at the
sample plane. The input power in the PCF was maintained at 110 mW (200 fs pulse
duration) which generates supercontinuum with a power of 4.2 mW as measured at
the sample plane.

through continuous image acquisition while spectral scanning is a typical feature of
SEF-CARS. However, it can lead to a “smearing” effect of vibrational frequencies in the
hyperspectral data. Here, the top scan line of the image starts at a lower difference
frequency, and the bottom scan line ends at a higher frequency. The extent of such

smearing depends on factors such as the pulse lengths of both pump and Stokes beams,

the speed of the delay stage, and the image acquisition speed—which includes pixel
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dwell time, resolution, and raster scan pattern. In this thesis, delay stage speeds used
were as slow as 10 ym/s—corresponds to an average frequency scan of 4.3 cm™!/s.
This results in a smearing of 3.4 cm™! from top to bottom of a frame. With a typical
intrinsic spectral resolution of approximately 25 cm™!, the addition of such smearing

is very small, and thus does not motivate slower scanning speeds.

Comparison to other systems

By comparison to current state-of-the-art multiplex CARS approaches [12, 35|, the
hyperspectral acquisition capability (to span ~ 2500 cm™!) of our SF-CARS system
is about four times slower. On the other hand, our imaging speeds are over 100
times faster. In comparison to the commonly used single-frequency (picosecond-
pulse) CARS systems [36, 37|, ours has a much slower imaging frame rate but has
significantly better spectral acquisition capabilities (dense spectra and wide frequency
span).

Our SF-CARS system can image live cells and molecular dynamics at two frames
per second and can perform a 2500-cm~!-wide hyperspectral image acquisition in
under ten minutes (or single-pixel spectral acquisition in under two minutes). Thus,
this system is most advantageous for research that requires both rapid imaging and
rich label-free molecular fingerprinting where chemical/structural dynamics can be
monitored on the second-to-minute timescales, such as live cell imaging and materials

science applications.
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Raman retrieval

Materials identification has been a challenge for CARS given that NRB signals affect
the overall CARS spectral line shape. Consequently, retrieving Raman-like signals
from CARS spectra may be deemed necessary to standardize materials identification
in composite samples. Fortunately, so-called “phase retrieval” algorithms already ex-
ist such as the time-domain Kramers-Kronig transform [38, 39] and maximum entropy
method [40]. These algorithms can be used to extract a Raman-like spectrum from
raw CARS and reference NRB spectra. Most often, experimental implementation of
these algorithms require collection of a reference NRB spectrum. Experimentally we
obtain a NRB scan from samples that have no vibrational resonances in the concerned
frequency range, such as the sample’s coverslip [39].

A retrieval algorithm based on the time-domain Kramers-Kronig transform,
closely following the approach presented by Liu et al. [38] (see Appendix G.1), was
used to extract a Raman-like spectrum from a raw CARS spectrum of nitrobenzene
as shown in Fig. 2.6. The FWM spectrum was collected from the sample coverslip
and used as the reference NRB. The retrieval algorithm effectively suppresses the
NRB while adjusting the peak heights to provide a Raman-retrieved spectrum that
closely resembles the spontaneous Raman spectrum. This clearly demonstrates that
spectrally broad SF-CARS can be comparable to multiplex CARS [12] in the avenue

of extracting Raman-like signals.
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Figure 2.6: Demonstration of the Kramers-Kronig-based Raman-retrieval algorithm
in a spectrally-broad SF-CARS system. The Raman-like spectrum (blue) was re-
trieved from the raw CARS signal (black) and a non-resonant background spectrum
collected in the sample coverslip. A comparison to the spontaneous Raman spectrum
obtained from a colleague’s lab is shown as a reference (red).
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2.5 Summary and conclusion

The work presented in this chapter demonstrates SF-based hyperspectral CARS mi-
croscopy spanning over 2500 cm~! of the vibrational spectrum using a single 800 nm
femtosecond laser, where the Stokes is generated by a commercially-available PCF.
Despite being typically used to produce a supercontinuum outside of its two ZDWs,
the spectral output of this PCF can be manipulated through power-tuning and pulse
dispersion methods to yield spectra with significant power densities in the fibre’s ADR
near the pump wavelenth; therefore allowing better access to lower vibrational reso-
nances deep in the fingerprint. This atypical use of the PCF opens up opportunities
for constructing an economical and highly versatile single-laser coherent microscope
system capable of broadband CARS microscopy and integrates well with existing
nonlinear optical modalities such as TPEF and SHG. Overcoming the need to tune
the pump wavelength away from 800 nm to access the fingerprint region, together
with the ability to operate with lasers generating 100 fs to 200 fs pulses, significantly
reduces the technical requirements of the experimental system, and thus opens the
addition of hyperspectral CARS microscopy to many pre-existing nonlinear optical
microscopy laboratories.

In this chapter, access to vibrational frequencies as low as 630 cm™! has been
demonstrated. In the next chapter, careful engineering of the supercontinuum gen-
erating pulse and a judicious choice of optics allows access to lower frequencies and
a broader span of the vibrational spectrum. Furthermore, while the current work
focused on the dispersion of the PCF pump pulse in a commercial PCF module with
a 12-cm fibre, studying the possibility of using shorter lengths of the same fibre [25] to

obtain higher spectral powers below 945 nm is a promising avenue for future research.
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Chapter 3

Spectral Surfing CARS

3.1 Chapter preface

In the previous chapter, I showed how our non-standard approach to pumping a com-
mercial PCF module allows us to do SF-CARS microscopy in the fingerprint region
of the spectrum. Unfortunately, we also found that the PCF module generates su-
percontinuum with large variability in brightness at different wavelengths. In some
wavelengths, the supercontinuum contained little useful light for generating observ-
able CARS signals. However, a key aspect of this spectral variability of the super-
continuum is its dependence on the power of the laser coupled into the PCF module.
This chapter describes a creative way to use the power-dependence of the generated
supercontinuum to yield brighter CARS signals, a technique we call “spectral surf-
ing.” I then show the benefits of spectral surfing through CARS hyperspectroscopy,
and further show that this technique reduces a sample’s exposure to potentially dam-

aging laser light.
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This chapter is based on work we published in Optics Letters [1], and talks we
presented in optics-oriented conferences held in San Francisco (Photonics West 2017)
and in Ottawa (Photonics North 2018), which was published in their respective pro-

ceedings [2, 3.

3.2 Introduction

3.2.1 The problems associated with PCF-based SF-CARS

PCF-based SF-CARS have the particular advantage of being one of the most econom-
ically feasible implementations of CARS microscopy. With the appropriate choice of
PCF pump pulse characteristics, PCF-based SF-CARS can be capable of broadband
vibrational hyperspectroscopy [4]—a feature that is missing in many (and probably
all) modern commercially available CRS microscopes. Because of these aspects, we
might be tempted to call PCF-based SF-CARS a gold standard for CARS microscopy,
but major problems prevent our doing so. The most important problem is that PCFs
generate noisy (high-frequency noise, >kHz) and unstable (low-frequency noise, =

Hz) supercontinua with regions of weak spectral brightness [5].

3.2.2 An approach to boosting the anti-Stokes signal in PCF'-
based SF-CARS

In PCF-based SF-CARS the supercontinuum can have highly variable brightness
across its spectrum [4-7]. This spectral variety consequently affects the brightness of
the anti-Stokes in those regions, as it varies linearly with Stokes intensity according

to Eq. (1.9).
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Likewise, because of the quadratic dependence of the anti-Stokes signal on the
pump intensity, a method for increasing the brightness of the anti-Stokes is to in-
crease the pump power. However, when the Stokes is virtually non-existent in some
wavelength regions (Stokes starved condition), i.e., Is(wg) ~ 0, any realistic increase
in the pump power will be insufficient for obtaining detectable signals. Furthermore,
increasing the pump power may lead to undesirable consequences: For example, with
pump powers already two to three orders of magnitude stronger than the Stokes,
further raising the pump power may cause significant sample degradation which is a
problem for most biological samples [8-12]. In a Stokes starved condition, increasing
the Stokes power two or three-fold can significantly yield stronger anti-Stokes signals
and thus, may lead to brighter CARS while also substantially minimizing sample

damage.

3.2.3 Spectral surfing

The supercontinuum generated in PCF sources, especially those with closely lying
ZDWs such as the FemtoWHITE CARS, are heavily dependent on PCF pump pulse
characteristics such as peak power [5, 7]. For example, with short transform-limited
PCF pump pulses (e.g., 40 fs at 790 nm) and with long, intense, pump pulses (e.g.,
200 fs, 160 mW at 800 nm), the supercontinuum is rapidly driven past the ADR.
However, with long but weak pulses (e.g., 200 fs, 50 mW at 800 nm) supercontinuum
can be generated within the ADR. Thus, with flexibility in using longer pulses to
pump the PCF, the location of spectral maximum in the supercontinuum can be

varied as a function of PCF pump power [4, 13].
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The dependence of the supercontinuum’s spectral maximum on PCF pump power
can be exploited for SF-CARS since, at a given delay-stage position, only a portion of
the supercontinuum is overlapped with the pump pulse to generate the anti-Stokes.!
Therefore, by concurrently optimizing the Stokes power at the wavelength most over-
lapped with the pump pulse during each step in a CARS scan, an overall improvement
of CARS brightness across the spectral scan range can be achieved. We term such
synchronization “spectral surfing.”

Spectral surfing is conceptually similar to the soliton self-frequency shift approach
to multiplex CARS by Andresen et al. [13]. In their work, they generate strong
supercontinuum constrained within the ADR. In spectral surfing, the supercontinuum
is dynamically-tuned and moves past the upper ZDW where broader Stokes can be
used for SF-CARS. Furthermore, spectral surfing adapts seamlessly to the time-gated
approach of SF-CARS, i.e., the use of a delay-stage, which otherwise would not be
as useful for multiplex CARS as it uses a spectrometer to collect the anti-Stokes

spectrum at once [14-16].

3.3 Experiment

The experiment setup was modified for spectral surfing as shown in Fig. 3.1. A motor-
ized half-wave plate (Zaber X-RSW60C-E03-KX14A) followed by a Faraday isolator
(Newport ISO-08-800-BB) is added before the PCF module. The HWP rotates the
polarization of the PCF pump laser and is attenuated by a built-in polarizer in the

Faraday isolator. Together, the HWP and the isolator act as a computer-controllable

1See Fig. 1.8(f). Not all portions of the Stokes supercontinuum is used in generating the anti-
Stokes because the pump does not completely overlap the Stokes temporally.
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Figure 3.1: Schematic of the experimental layout for spectral-surfing. The output of a
Ti:sapphire oscillator is split into pump and Stokes beams. A Stokes supercontinuum
is generated in a PCF. The PCF pump power is actively controlled by the combination
of a motorized HWP and isolator (computer-controllable beam attenuator). Blocks
of SNPH-2 glass match the chirps of the two beams.

variable attenuator. The power-controlled PCF pump beam then passes through
the PCF to generate the desired supercontinuum. The setup is further improved
to provide more efficient transmission of the Stokes spectrum in the fingerprint by
replacing the beam-combiner of the previous chapter (a 840 nm long pass combiner
(Semrock LPF-937; see Appendix B for more details), with an 818 nm long pass com-
biner (Chroma T810LPXR). The CARS PMT is upgraded from a multialkali PMT
(Hamamatsu 10723-01) to an extended red multialkali PMT (Hamamatsu 10723-20)
to provide more efficient detection of the higher-wavelength anti-Stokes from the fin-
gerprint region. A 25 mm of S-NPH2 high dispersion glass is added in the pump path

to compensate for the dispersion added by the Faraday isolator which contains an

8-mm length of Terbium gallium garnet. This added glass yields a pump dispersion
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of 37000 fs2. Table 3.1 shows the updated dispersion values in comparison to the non-
spectral surfing setup described in Chapter 2. The pump powers used in collecting

hyperspectral data was set to 50 mW (measuring ~ 35 mW at the sample plane).

Dispersion (fs?)

Prior (Chap. 2) | Current (This chapter)
pump 800 nm | 30000 37000
Stokes 840 nm | 43000 44000
Stokes 940 nm | 36000 37000
Stokes 1090 nm | 28000 29000

Table 3.1: Dispersion calculations of the spectral surfing and the prior microscopy
setup. In our previous setup, the pump was most chirp-matched with the Stokes at
1090 nm while in the work described in this chapter, the pump is most chirp-matched
with the Stokes at 940 nm.

3.3.1 Implementing spectral surfing

To perform spectral surfing, we first take a spectral surfing calibration scan as shown
in Fig. 3.2(a). The spectral surfing calibration scan is a set of supercontinuum
spectra at different PCF pump powers and includes only relevant wavelengths, from
800 nm up to 1100 nm. From this figure, we can see that a particular PCF pump
power generates (x-axis) a supercontinuum that can strongly stimulate a particular
vibrational resonance (y-axis). Therefore, we can use this information to map the
PCF pump power to the difference frequency (power-frequency map). By combining
the power-frequency map with the delay stage calibration (position-frequency map),
we can synchronize the computer-controllable beam attenuator to the delay stage
which creates a position-power map.

Figure 3.2(b) shows our position-power mapping algorithm to implement spec-

tral surfing. Here, the delay stage is continuously queried for the position and then
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Figure 3.2: Spectral surfing calibration procedure. (a) Stokes spectrum versus PCF
pump power. The yellow circles correspond to points of spectral maxima correspond-
ing to an ideally unique difference-frequency, wp—wg. (b) Block algorithm for spectral
surfing used to dynamically control the Stokes supercontinuum for CARS.
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converted to difference-frequency through a delay stage calibration equation. The
difference frequency is back-calculated as a PCF pump power (via Fig. 3.2(a), power-
frequency map), which in our case, is equivalent to the HWP angle. We found that
using linear interpolation to determine the PCF pump power (or HWP angle) in
between data points (spectral maxima) yields satisfactory results for spectral surfing.

There may be cases in which the spectral surfing calibration procedure would not
work properly mainly due to the supercontinuum generated by certain characteristics
of PCF pump pulses. I suggest some methods to address this problem in Appendix
H.

3.4 Results and discussions

3.4.1 A spectrally surfed Stokes supercontinuum

A visualization of the advantage of spectral surfing in supercontinuum generation is
shown in Fig. 3.3. By using low PCF pump powers (37 mW), a Stokes supercontin-
uum can be generated that can strongly stimulate vibrational resonances from 600
cm™! to 700 cm™!. With higher PCF pump powers (220 mW) the supercontinuum
strongly stimulates resonances in the CH/OH frequencies from 2000 cm™! — 3500
cm~!. With spectral surfing, however, a supercontinuum is generated with a higher
overall effective intensity that can stimulate resonances from 400 cm™! — 800 cm ™! in

the fingerprint and 2000 cm ™! — 3500 cm ™! in the silent to CH/OH frequencies.
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Figure 3.3: Stokes supercontinuum generated by “low” (37 mW, green) and “high”
(220 mW, blue) PCF pump powers, and the overall trace of the power-tuning se-
quence representing the effective “surfed” spectrum (red). A video of the surfed
supercontinuum can be found in a supplemental material of ref [1].
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3.4.2 CARS hyperspectroscopy

We demonstrate the efficacy of spectral surfing vs. standard (or statically-powered
PCF) CARS hyperspectroscopy using a sample mixture consisting of benzonitrile,
DMSO, and a few strands of cellulose fibre as shown in Fig. 3.4. The use of a low PCF
pump power generates Stokes that strongly stimulates the 670 cm™! vibrational reso-
nance of DMSO. The CARS image shows that DMSO is slightly concentrated around
the cellulose fibre, but the strong non-resonant response of benzonitrile causes the
poor contrast of DMSO. The supercontinuum generated with the low-powered con-
dition is unable to efficiently stimulate lower and higher frequencies thus providing
almost no contrast for chemically mapping benzonitrile. On the other hand, the use
of a high PCF pump power generates Stokes that strongly stimulates higher vibra-
tional resonances (> 2200 cm™!) thus providing clear contrasts for benzonitrile at
2230 cm™! and 3070 ecm~! and DMSO at 2910 cm~!. The CARS image shows that
DMSO clearly concentrates around the cellulose fibre. The difference in images ob-
tained with the low and high powered condition is attributed to the strong influence
of the NRB in the fingerprint region that results in decreased contrast. With spectral
surfing, a dynamic supercontinuum is generated that can efficiently stimulate vibra-
tional resonances across the spectrum. Bright CARS images of benzonitrile can be
obtained from its 460 cm~!, 2230 cm ™! and 3100 cm ™! resonances, and DMSO from
its 670 cm~! and 2910 cm ™! resonances. Thus, spectral surfing confers substantial
advantage across a wide scan range over a statically-powered SF-CARS scan.

The hyperspectral data obtained with spectral surfing contains a wide range of
frequencies which we can then use to generate chemical images with improved con-

trast. As shown in Fig. 3.4(a), the CARS image of DMSO (both low powered and
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Figure 3.4: CARS hyperspectroscopy of benzonitrile and DMSO. CARS images and
spectra under low-powered, high-powered and surfed conditions. (a) CARS images
obtained at vibrational resonances corresponding to 460 cm™!, 670 cm ™!, 2230 cm ™!,
2910 em™!, and 3070 cm™! using low (37 mW) and high (220 mW) PCF pump
powers, and with the spectrally surfed Stokes supercontinuum. For each column
(frequency), the image display settings were normalized with respect to the surfed
condition (bottom row). (b) Fingerprint multimodal CARS image of the benzonitrile,
DMSO, and a cellulose fibre mixture obtained from the surfed hyperspectra of (a) with
460 cm™! (blue, benzonitrile), 670 cm ™! (green, DMSO), and second-harmonic signal
(red). (c) Silent-CH-based multimodal CARS image from the surfed 2230 cm™! (blue,
benzonitrile), 2910 cm ™" (green DMSO), and second-harmonic signal (red). (d) CARS
spectra (rolling average of four spectral points, &~ 20 cm™!) obtained from the 20 x
20 pixel region of interest highlighted in (b), and the Raman-like retrieved spectra of
the “surfed” condition. The arrows point to known peaks of benzonitrile (blue) and
DMSO (red). The two lower-frequency arrows marked with asterisks designate the
frequencies used to compose the image in (b) while two higher-frequency arrows were
used to compose the image in (c¢). The pump powers used to collect the data was set
to 50 mW (measuring ~ 35 mW at the sample plane).
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surfed) shows weak contrast at the 670 cm ™! resonance due to the strong non-resonant
response from benzonitrile. However, merging the 670 cm~! CARS image of DMSO
with the 460 cm™' CARS image of benzonitrile creates a contrasting chemical map
(Fig. 3.4(b)) and is reflective of the chemical images obtained at the higher frequen-
cies (Fig. 3.4(c)). In these images, the second-harmonic generation contrast from a
cellulose fibre is also included and while not present in this particular sample, any
two-photon excited fluorescence signals are also collected on a separate epi-detector.
The CARS images shown in Fig. 3.4 are raw and unmodified; therefore, the chemical
images can still be improved by processing the hyperspectral data through noise re-
duction and contrast enhancement techniques (see Appendix I). Image enhancement
significantly improves the contrast of the CARS images obtained in the fingerprint
frequencies and is consequently very similar to the CARS images obtained at higher
frequencies (see Appendix [.3).

In these CARS scans, our use of fixed blocks of glass means that the chirps of
the pump and Stokes pulses cannot be identically matched across the entire CARS
spectrum. With the experimental conditions reported in Table 3.1, the chirps are
most matched in the low-frequency region, and thus we find the spectral resolution

(measured as the FWHM of the benzonitrile peaks) increasing steadily from 40 cm™!

L at the OH frequencies. This implies a slight

deep in the fingerprint to 100 cm™
under-chirping of the Stokes at longer wavelengths or rather, having an over-chirped
pump as discussed and shown in Table 3.1. A more judicious choice of glass block

lengths and further optimization of laser conditions would significantly improve the

spectral resolution of our system.
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3.4.3 Reduced light exposure

In our static high-powered CARS scans, supercontinuum intensities can reach more
than 100 mW just before it enters the microscope, and with the microscope having
approximately a 70% transmission efficiency, the sample can be exposed to at least
70 mW of power from the supercontinuum alone. Not all spectral components of the
supercontinuum, especially that of a broad supercontinuum generated with a high
PCF pump power, are used to stimulate a vibrational resonance. Thus, doing wide
frequency CARS scans with a high PCF pump power is not always efficient and may
simply increase the risk of sample photodamage.

An advantage of spectral surfing is that it effectively reduces a sample’s unnec-
essary exposure to intense laser light since it dynamically adjusts the PCF pump
powers during a CARS scan. By ramping up the total Stokes (supercontinuum)
power throughout a scan, lower net Stokes energy is incident on the sample compared
to the typical static-Stokes approach. During the course of the CARS hyperspectral
scan, a weaker, but more efficient, dose of Stokes supercontinuum is used in the fin-
gerprint region. Upon reaching the CH/OH frequencies, a stronger supercontinuum
is used, and the sample light exposure per unit time reaches the high power case.
We can model the sample’s (instantaneous) light exposure from the supercontinuum,

Lsampie(t) (after filters) by the equation

[Sample(t) = /]S(WS,t)de (31)

where the overall light exposure can be found by integrating Eq. (3.1) over time.

Figure 3.5 shows the Stokes exposure of the sample with and without spectral surfing.
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Figure 3.5: Sample exposure versus hyperspectral scan time. The blue curves are
cumulative exposure, calculated by integrating the overall instantaneous spectral in-
tensity of the Stokes supercontinuum (red curves) with respect to scan time.
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With a standard high-power static CARS scan, the instantaneous light exposure is
constant, and the overall light exposure grows linearly over time. Whereas for a
surfed CARS scan, the instantaneous light exposure is dynamic and the overall light

I where

exposure becomes linear as the scan approaches frequencies around 1500 cm™
the PCF pump power is almost maximum.? With regards to light exposure, spectral-
surfing becomes very advantageous when used for scanning in the fingerprint. As
shown in Fig. 3.5, the cumulative light exposure with spectral surfing is significantly

lower than the high-power static case—Iless than a third when scanning at frequencies

below 1500 cm ™! and just to two-thirds when scanning over the 3500 cm ™! span.

3.5 Summary and conclusion

With the use of dispersed and power-tuned PCF pump pulses, a supercontinuum
generating PCF module such as the FemtoWHITE CARS, which is mostly designed
for silent-to-CH/OH CARS microscopy, can be used for broadband, fingerprint-to-
CH/OH SF-CARS. The performance of such PCFs for use in CARS microscopy can
be further enhanced by generating a dynamic Stokes supercontinuum to strongly
probe a vibrational resonance—a technique which we call spectral surfing. With
spectral surfing, the CARS signal and contrast are improved across the 350 cm ™! up

to 3500 cm ™! frequency span. Furthermore, this method is compatible with available

Raman retrieval algorithms that allow for quantitative hyperspectral analysis relevant

2A difference frequency, wp — wg, of 1500 cm™! corresponds to a Stokes wavelength of 910 nm

and is near the 945 nm ZDW of the FemtoWHITE CARS. With increasing PCF pump power,
the spectral maximum of the Stokes supercontinuum reaches close to the 945 nm ZDW. Further
increasing the PCF pump power results in an immediate spectral broadening as if the PCF is
pumped with transform-limited pulses yielding a supercontinuum devoid of spectral power in the
ADR.
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in materials science and biomedical imaging. Finally, spectral surfing permits the
use of weaker but optimal laser intensities—an attribute that is important for low-
light dosage applications such as live cell microscopy. While we have demonstrated
the application of spectral surfing within the context of SF-CARS microscopy, the
technique may find future applications in related four-wave mixing techniques and

other time-gated methods such as optical coherent tomography.
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Chapter 4

Search for improved laser sources

for SF-CARS

4.1 Chapter preface

In the previous chapter I described a technique called spectral surfing in which we
use the power-dependence of the supercontinuum to yield brighter CARS signals. We
demonstrated spectral surfing with a specific commercially-available PCF module
called FemtoWHITE CARS. The FemtoWHITE CARS has its particular strengths,
but other PCF's exist which might also prove useful for SF-CARS. This chapter com-
pares the performance of this module with another, the FemtoWHITE 800, for use
in SF-CARS through spectroscopy and imaging. I then investigate opportunities for
spectral surfing of the FemtoWHITE 800, and study power-dependent polarization
properties of the supercontinua generated by these modules to explain differences in
their resulting CARS spectra. Finally, I give a discussion on the recommended use of

each PCF module for SF-CARS microscopy.
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This chapter is based on work we published in OSA Continuum [1], but with

additional insights on the polarization behaviour of the fibres.

4.2 Introduction

The FemtoWHITE CARS PCF module has proven very useful for broadband hy-
perspectral SF-CARS microscopy [2-4]. The spectral shape of its supercontinuum
can be manipulated by dispersion and dynamic power-tuning schemes, extending its
performance beyond its commercial specifications for CH/OH-based CARS imaging.

Aside from the FemtoWHITE CARS, numerous other supercontinuum generating
fibres exist that might show potential for brighter and broader frequency access for a
PCF-based CARS microscope system. Unfortunately, most of these fibres are propri-
etary and unavailable commercially. Some of these fibres are custom-manufactured
by research labs equipped with fibre fabrication facilities [5] or obtained through col-
laboration! [6]. One supercontinuum-generating fibre that is available commercially
is the FemtoWHITE 800. This fibre was released by NKT Photonics contempora-
neously with their FemtoWHITE CARS, and comes in the same module packaging,
thus making the two ideal for comparisons. We have obtained a FemtoWHITE 800
module on loan from collaborators at the NRC, and next describe its operation in

our SF-CARS system.

'We have also obtained several other microstructured fibres through a collaborator in Austria,
though in bare, un-cased form. These are currently being studied by others in our lab.
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4.2.1 Features of the FemtoWHITE 800 and the FemtoWHITE
CARS

The FemtoWHITE 800 is a PCF module that is very similar to the FemtoWHITE
CARS. The FemtoWHITE 800 is also designed for 800-nm pumping and is also man-
ufactured in a 12-cm fused-edge module for easy fibre coupling. Within the module
is a polarization-maintaining fibre, NL-PM-750, with a lower ZDW at 750 nm and
an upper ZDW at 1260 nm (an ADR of 750 nm — 1260 nm). The use of this module
for CARS predates that of the FemtoWHITE CARS, finding particular use in the
multiplex CARS microscopy approach [7].

Due to the considerable differences in the GVD curves of the FemtoWHITE 800
and the FemtoWHITE CARS, the supercontinua generated by these fibres are very
different. When pumped at 800 nm with strong enough powers (e.g., >100 mW, 150 fs
pump duration), the FemtoWHITE 800 generates a relatively “flat” supercontinuum
spanning 600 nm to 1200 nm [8, 9]—an advantage for CARS spectroscopy since
it makes it easier to separate real resonance peaks from artifacts coming from a
spectrally “wavy” Stokes supercontinuum.? Further increasing the PCF pump power
largely increases the spectral intensity across the same supercontinuum, with minimal
additional spectral broadening. Thus, maximizing the Stokes intensity can be done
by maximizing the PCF seed power, although subject to noise considerations and the
damage thresholds of the fibre module. That is, pumping with large powers (e.g.,
>300 mW, 150 fs pulses) may cause intensity fluctuations in the supercontinuum or

damage the module. By comparison, The FemtoWHITE CARS, having closely-lying

2Since Tas(was) x Is(ws), when Ig(wg) consists of peaks and troughs (or wavy), peaks in the
anti-Stokes spectrum can be obscured by the Stokes.
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ZDWs, can generate wavelengths within its ADR when weakly pumped, but when
pumped with higher powers the supercontinuum quicly broadens beyond its ADR
[10, 11] and the red-shifted portion of the supercontinuum becomes strongest near
1050 nm. The abundance of power at 1050 nm matches well with an 800 nm pump
to provide strong anti-Stokes signals at the CH-stretch frequencies|7, 12-15], thus
motivating its marketing as FemtoWHITE CARS.

Both the FemtoWHITE CARS and the FemtoWHITE 800 can be used to demon-
strate broadband CARS hyperspectroscopy that can reach into the fingerprint fre-
quencies. In the last chapter, I demonstrated that spectral surfing extends the spec-
tral access of the FemtoWHITE CARS, reaching as low as 350 cm™" [4]. On the
other hand, Lee et al. used the FemtoWHITE 800 to demonstrate multiplex CARS
spectroscopy capable of reaching ~ 600 cm~! [7]. However, using the FemtoWHITE
800 for broadband SF-CARS has not been previously demonstrated. Conversely,
the use of FemtoWHITE CARS for broadband multiplex CARS has also not been
demonstrated.

The comparison of the performance of both fibre modules, through hyperspectral
imaging, may suggest which of these widely available fibres may be more suitable for
use in broadband hyperspectral SF-CARS microscopy. Furthermore, the results in
this work may prove useful for research groups planning to use the same or similar
supercontinuum generating fibres either for vibrational imaging or another purpose

altogether.
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4.2.2 Previous works

The comparison of the FemtoWHITE CARS and the FemtoWHITE 800 for CARS
microscopy is not entirely novel. Two previous studies were already done—an article
by Naji et al. [16] and a conference proceeding by our group [8]. The study by Naji
et al. [16] compared these fibres with the aim of reducing noise in supercontinuum
generation manifesting at the pulse rate of the laser (usually tens of MHz), and then
use the “noise-reduced” supercontinuum of the FemtoWHITE 800 for CARS imaging.
Unless the supercontinuum generated is exceptionally noisy and weak, noise at this
frequency does not seem to significantly interfere with the formation of CARS images
since CARS imaging is typically done with microsecond pixel dwell times (sub-MHz).
Pixels forming a CARS image are generated from hundreds of nonlinearly interacting
pump pulses (see Table 4.1); thus, high-frequency noise from the supercontinuum is
averaged out. Although Naji et al. demonstrated SF-CARS spectroscopy [16] (unclear
which fibre module was used), CARS imaging was done using a wavelength-filtered
Stokes—a vastly different approach to the more efficient Stokes use of SF-CARS.
Therefore, they were unable to demonstrate SF-CARS hyperspectroscopy using either
fibre module. Our previous work, on the other hand, focused on the preliminary
underpinnings of spectral surfing [8]. We were not able to demonstrate hyperspectral
SF-CARS imaging using the FemtoWHITE 800 as we focused on investigating the
supercontinuum spectra as a function of PCF pump power from both fibre modules.

In this chapter, we compare the performance of both FemtoWHITE CARS and
the FemtoWHITE 800 through non-resonant four-wave mixing in glass, CARS spec-
troscopy of benzonitrile, and CARS hyperspectroscopy of pharmaceutical drugs. Due

to observed complexities in the CARS spectrum obtained using the FemtoWHITE
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pixel dwell time (us) | # of pulses
1 80

10 800

50 4000

100 8000

300 24000

Table 4.1: Nominal laser pulses used to generate CARS signals with an 80 MHz
oscillator.

800, polarization studies were performed showing the generation of a time-delayed

2

supercontinuum duplicate or “dual-solitons.” Finally, we suggest optimized uses of
each fibre module for SF-CARS and demonstrate SF-CARS hyperspectroscopy using

both FemtoWHITE 800 and FemtoWHITE CARS.

4.3 Experiment

Comparing the performance of the two fibre modules requires the implementation
of experiments having identical conditions, e.g., fibre coupling efficiency, PCF pump
power, chirp-matching condition. However, this can only be attained to a certain
degree. To achieve close to identical experimental conditions for both fibre modules,
we have built a mounting setup adjacent to the FemtoWHITE CARS. Flip mirrors
were used to alternately route the pump and the PCF pump beam between the
FemtoWHITE CARS and the FemtoWHITE 800 as shown in Fig. 4.1. Routing the
PCF pump beam to the FemtoWHITE 800, which has a longer path length than the
FemtoWHITE CARS, also requires rerouting the pump beam to traverse a similarly
long path. Similar objectives (Newport M-40x) were used to couple the PCF pump

beams into the fibre modules, but different collimators were used—a Mitutoyo M
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Plan NIR 50x [17] is used for the FemtoWHITE CARS, while a Newport M-20x [18]
is used for the FemtoWHITE 800.

FemtoWHITE 800 routing

.............

delay-stage

..............

A\ SNPH?

pump To
Ti:Sapphire \ / \ \ // O microscope
FM FM
57 mm
FM S-NPH2
N FN—CT3
motorized Faraday FemtOWHlTE
HWP  isolator. % _____. Q’.A‘.R.S ...... .
! )+ 12.5 mm
computer-controllable] > :
variable attenuator ' :S'NPH1
' FemtoWHITE :
' 800 ’.’

...................

FemtoWHITE 800 routing

Figure 4.1: Fibre routing setup. Flip mirrors (FM) are used to route the pump and
Stokes beams for use either in the FemtoWHITE CARS or the FemtoWHITE 800.
Dashed lines represent alternate beam routes. The setup is a slight modification of
the setup in Fig. 3.1.

The chirps of the Stokes generated by each fibre module were matched by plac-
ing appropriate lengths of high-dispersion glass after the fibres. When using the
FemtoWHITE CARS, similar to my earlier work [2] (or in chapter 2), the Stokes su-
percontinuum generated by the FemtoWHITE CARS is chirped using a total of 158
mm of high-dispersion glass (Ohara, SNPH-2). When using the FemtoWHITE 800,
the Stokes supercontinuum generated by the FemtoWHITE 800 is chirped using the

same 158 mm of SNPH-2 but with additional 12.5 mm of high-dispersion glass (Ohara,
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SNPH-1). The added dispersion compensates for the FemtoWHITE 800’s highly neg-
ative dispersion profile across its ADR [9]. The combined blocks of high-dispersion
glass and the remaining optical elements effectively lengthens the duration of the red-
shifted portion of the supercontinuum generated by both the FemtoWHITE CARS
and the FemtoWHITE 800 to more than 20 ps at the sample location. The pump
beam is chirped using a total of 101 mm of high-dispersion glass (Ohara, SNPH-2)
regardless which fibre module is used.

The samples used in this work are a glass coverslip (to demonstrate non-resonant
FWM and the effectiveness of spectral surfing on both fibre modules), benzonitrile
(for CARS spectroscopy), and a Tylenol pill (for CARS hyperspectral imaging). The
pump power was set to approximately 300 mW (& 225 mW at the sample plane)
when measuring the FWM spectrum from glass, and approximately 20 mW (=~ 15
mW at the sample plane) for benzonitrile and Tylenol experiments. The PCF pump
power used to generate the Stokes for spectral surfing was varied from 0 mW to 300
mW by a computer-controlled half-wave plate and polarizer pair acting as a variable
attenuator for spectral surfing. Additionally, a CARS spectrogram of benzonitrile
was obtained by using a spectrometer in place of a PMT. The hyperspectral image
stacks were processed using software I coded in Python [19] (and have since made
freely available), and with ImageJ [20]. Noise reduction was performed by applying
an Anscombe transform and singular value decomposition on the hyperspectral image

stack [21] (see Appendix I for more information on image processing).
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The polarization spectrum of the Stokes supercontinuum is characterized in the
microscope by rotating a polarizer (Thorlabs LPNIRE-100-B) placed after the sam-
ple location in 5° increments, where the resulting polarized Stokes is routed to a

spectrometer (StellarNet BLACK Comet CXR SR-50).

4.4 Results and discussions

The performance of each fibre are examined by generating the anti-Stokes using three
different methods: non-resonant four-wave mixing spectroscopy, CARS spectroscopy,
and CARS hyperspectral imaging. The results from each of these methods collectively
provide insight for the effective use of each fibre for broadband SF-CARS.

4.4.1 Measuring the performance of each fibre for SF-CARS

through non-resonant four-wave mixing

We use non-resonant four-wave-mixing [22] to measure the efficiency of CARS exci-
tation throughout the vibrational spectrum. Glass is chosen as the sample because
it demonstrates a relatively uniform electronic hyperpolarizability, i.e., x®) ~ ynr ~
constant, and does not have strong vibrational resonances over the scan range. In
terms of the CARS-relevant fields, we can write the four-wave mixing signal as (Eq.

(1.9))

Tas(2wp — wg) oc X213 (wp)Ig(ws) (4.1)

where ) is the third-order electronic susceptibility containing both vibrationally-

resonant Xg) and non-resonant XS{Q;)R contributions, and Ip(wp) and Is(wg) are the

pump and Stokes intensities (frequencies), respectively. The signal intensity depends
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linearly on the Stokes intensity; thus, with an essentially non-varying Gaussian pump,

the FWM spectrum reflects the shape of the Stokes [22].

Non-resonant four-wave mixing with the FemtoWHITE CARS

Figure 4.2 shows the strength and shape of FWM spectroscopy in glass obtained from
each of the fibre modules at three different PCF pumping conditions: 160 mW (mod-
erate power), 300 mW (high power), and with spectral surfing. In line with results
shown in Chapter 3, and as shown in Fig. 4.2(a), pumping the FemtoWHITE CARS
with lower powers gives better access to lower fingerprint frequencies; pumping with
higher powers gives access to silent-CH/OH frequencies; spectral surfing gives sub-
stantial access across the 500 cm™! to 3500 cm ™! frequency range. Statically pumping
the PCF cannot provide a sufficiently strong Stokes that can span the fingerprint-
to-CH/OH region. Thus, the results confirm the advantage of using spectral surfing
with the FemtoWHITE CARS.

Non-resonant four-wave mixing with the FemtoWHITE 800

The PCF pump power dependence of the FemtoWHITE 800 is fundamentally different
from that of the FemtoWHITE CARS as shown in Figs. 4.2(b). Just as reported
in previous works [8, 16|, increasing the PCF pump power for the FemtoWHITE
800 generates supercontinuum with gradually increasing spectral strength across the
vibrational spectrum. Unlike the FemtoWHITE CARS, there is little advantage in
implementing spectral surfing with the FemtoWHITE 800. This is made clear in Fig.
4.2(d), where the ratio of the FWM signal under the surfed condition to that of the

1

high power condition is essentially unity for frequencies above 500 ¢cm™, in other
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Figure 4.2: Non-resonant FWM from a glass coverslip at three different incident PCF
pump power conditions: moderate power (160 mW), high power (300 mW) and swept
(surfed). (a) FWM using the FemtoWHITE CARS and (b) using the FemtoWHITE
800. (c) Ratio of surfed-to-static FWM from FemtoWHITE CARS and (d) from
FemtoWHITE 800. Unity ratio is shown as a dashed black line.

words, the FWM intensity is approximately equal for both the surfed and high power

condition.

4.4.2 Measuring the performance of each fibre through CARS
spectroscopy

Ultimately, the performance of each fibre module for SF-CARS applications must
be measured through CARS spectroscopy with emphasis on the spectral quality of

resonance peaks, e.g., spectral resolution and the capability of each fibre module to
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stimulate resonances across the vibrational spectrum. For this, benzonitrile was used
as reference material as it contains strong multiple resonance peaks as low as 460

cm ™! in the fingerprint and up to 3070 cm™! the CH/OH frequencies.

CARS spectra with the FemtoWHITE CARS

Figure 4.3(a) shows the CARS spectrum of benzonitrile using the FemtoWHITE
CARS. With the high power condition (300 mW), a supercontinuum is generated
where various resonances ranging from 1000 cm™! to 3100 cm ™! are stimulated. With
a moderate power condition (160 mW), the 1599 cm ™! resonance shows a strong peak
while resonances as low as 460 cm™! show as weaker peaks and are mostly buried by
the non-resonant background. With spectral surfing, resonances across the spectrum
are stimulated with greater strength resulting in clear, observable peaks from the
deep fingerprint resonances at 460 cm~! and 760 cm~!. The spectral widths of the
resonances at 1000 cm™!, 2230 cm ™!, and 3070 cm~! were found to be 35 cm™!, 35

cm ™!, and 60 cm ™!

, respectively. In comparison, spontaneous Raman peak widths for
this sample, are approximately 9 cm~!, 13 cm™!, and 15 cm™!. The large FWHM from
CARS arises from the spectral reshaping due to the non-resonant FWM. Furthermore,

differences in spectral resolution in each frequency region arise from non-uniform chirp

matching and higher-order dispersion effects across the supercontinuum [23, 24].

CARS spectra with the FemtoWHITE 800

The supercontinuum generated by the FemtoWHITE 800, on the other hand, can
easily cover a wide range of the vibrational spectrum without the need for spectral

surfing as shown in two differently pumped configurations (Figs. 4.3(b,c))—a feature
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Figure 4.3: SF-CARS spectroscopy of benzonitrile with Stokes supercontinuum gen-
erated by the FemtoWHITE CARS and FemtoWHITE 800. (a) CARS spectrum ob-
tained using the FemtoWHITE CARS, (b) the FemtoWHITE 800 with dual-soliton
when pumped away from the fibre (slow) axis, and (c¢) the FemtoWHITE 800 with
single-soliton when pumped along the (slow) polarization axis. In (a)-(c) three inci-
dent PCF pump power conditions are presented: 160 mW (red); 300 mW (green), and
spectral surfing (blue). For clarity of display, the CARS spectra have different vertical
scaling below and above 2000 cm~!. While (a)—(c) are of the same units, the intensity
scale cannot be used as a direct comparison between plots due to slight imperfections
in the alignment of the optics. (d) When the FemtoWHITE 800 is pumped with
polarization away from the slow axis of the fibre, the anti-Stokes spectrogram from
benzonitrile shows the appearance of dual-solitons separated in time; emphasized at
the 2230 cm™! CARS resonance (anti-Stokes frequency of 14730 cm™1). (e) When the
FemtoWHITE 800 is pumped with a polarization along the slow axis of the fibre, the
anti-Stokes spectrogram from benzonitrile shows that the dual-soliton shown in (d)
is nearly extinguished. The inset shows the magnified 2230 cm™! resonance. Both
(d,e) are pumped with 300 mW of PCF power.
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that has led to its adoption for multiplex-CARS applications [7, 14, 25-28]. Further-
more, the polarization-maintaining aspect of this fibre module enables the generation
of a relatively stable supercontinuum [29]. However, careful thought must be given
when pumping this fibre module for SF-CARS. As shown in Fig. 4.3(b), a notice-
able degradation in the CARS spectrum can be observed as compared to the CARS

Iand the 3070 cm™! resonances

spectrum in Fig. 4.3(c). For example, the 2230 cm™
of benzonitrile appear wider and wayward peak-doubling is observed. The CARS
spectrum of Fig. 4.3(b) was obtained when the polarization of the PCF pump was
set at an angle that is between the two main polarization axes of the fibre while the
CARS spectrum in Fig. 4.3(c) was obtained when the PCF pump polarization was
set parallel to the slow axis of the fibre. From these results, it would appear that the
polarization-maintaining aspect of this fibre can be detrimental for SF-CARS when
the fibre is pumped in between its two main polarization axes. Furthermore, we found

that the appearance of peak doubling becomes more prominent with increased PCF

pump powers. I explain the source of this artifact next.

4.4.3 The dual-soliton from the FemtoWHITE 800

Using a CARS spectrogram, I investigate the cause of peak doubling in the SF-CARS
spectrum generated with the FemtoWHITE 800. The spectrogram converts to the cor-
responding CARS spectrum when integrated over its frequency axis. As shown in Fig.
4.3(d), the CARS spectrogram shows clear doubling of the 2230 cm™! (wag = 14730
cm™!) resonance of benzonitrile. This doubling is presumably caused by a weaker
supercontinuum duplicate that is separated by approximately 400 fs (~ 35 cm™! in

frequency) with respect to the main supercontinuum. Recent work has referred to
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the supercontinuum doubling in highly-birefringent polarization-maintaining PCF's as
“dual-soliton generation” [30-32]. Dual-soliton generation in the FemtoWHITE 800
is similar to what was observed by Chen et al. [31, 32], albeit with a different PCF
designed for 1060 nm pumping. Chen et al. used the presence of the dual-solitons,
separated in time by more than a picosecond, to perform a background subtraction
method for multiplex CARS applications. The solitons generated by FemtoWHITE
800 in our current experimental conditions are not as distinctly separated (/= 400 fs,
130 pum path length difference) to be applicable for background subtraction methods
such as in dual-soliton CARS [31] or differential CARS [33-35]. Due to its close sep-
aration, the advantages of having dual-soliton spectra that exist for multiplex-CARS
becomes a hindrance for SF-CARS since it “degrades” the observed CARS spectrum.
In order for the FemtoWHITE 800 to be useful for SF-CARS, the generation of the

secondary soliton should be minimized or eliminated.

4.4.4 Minimizing dual-soliton generation

in the FemtoWHITE 800

We find that dual-solitons are generated when the FemtoWHITE 800 is pumped
with a beam polarized at an angle in between the two main polarization axes of the
fibre. However, by pumping the FemtoWHITE 800 with a beam polarized along the
slow axis as shown in Fig. 4.3(e) (single-soliton condition), the generation of the
secondary soliton is almost eliminated. In comparison to 4.3(d), the FWM curve in
4.3(e) is noticeably thinner although an anti-Stokes duplicate can still be found at
the 15570 ecm™ frequency (wp —ws = 3070 cm™!). The remnant secondary soliton

may most likely be caused by unintentional birefringence that exists within the fibre
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due to manufacturing imperfections. As shown in Fig. 4.3(c), the CARS spectrum of
benzonitrile is improved under the single-soliton condition and most of the double-
peaks seen in Fig. 4.3(b) are eliminated. Another way to minimize the generation
of the secondary soliton is through the use of weaker PCF pump powers, as shown
in the CARS spectrum Fig. 4.3(c). Nonetheless, a comparison with the CARS
spectrum obtained with the FemtoWHITE CARS under spectral surfing conditions
suggests that using the FemtoWHITE CARS yields a brighter and better-resolved

CARS spectrum across the entire fingerprint-to-CH vibrational frequency range.

4.5 Polarization spectra of supercontinuum gener-
ated from the FemtoWHITE CARS and Fem-

toWHITE 800

4.5.1 Polarization spectra of the FemtoWHITE CARS

By investigating the supercontinuum polarization spectra of both fibre modules, we
found additional insights with regards to the unwanted effects of the dual-solitons. In
this section, I first discuss the polarization spectra of supercontinua generated by the
FemtoWHITE CARS and then that of the polarization-maintaining FemtoWHITE
800.

Figure 4.4 shows the intensity and polarization spectra of the FemtoWHITE CARS
for low (35 mW incident) and moderate (220 mW incident) PCF pump powers. With
a low PCF pump power, a strong soliton is generated at 815 nm — 830 nm which

contains that vast majority of the spectral power while a weaker secondary soliton is
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Figure 4.4: Polarization-dependent spectral intensity of the supercontinuum output
from the FemtoWHITE CARS with low and moderate PCF pump powers. (a) The
raw spectral-intensity polarization map of the supercontinuum with a low incident
PCF pump power (35 mW). (b) Supercontinuum polarization intensity map obtained
by normalizing (a) at each wavelength to highlight the polarization state. (c¢) The
raw spectral-intensity polarization map of the supercontinuum with a moderate in-
cident PCF pump power (220 mW). (d) Supercontinuum polarization intensity map
obtained by normalizing (c) at each wavelength to highlight the polarization state.
(e) The raw and polarized supercontinuum from FemtoWHITE CARS at the two
power conditions. The polarization angle is set to 0°, as denoted along the dashed
lines in (a)-(d). Arrows, without asterisks, indicate the location of the two solitons
generated with a low PCF pump condition while those with asterisks indicate the
location of the same but “evolved” solitons generated with a moderate PCF pump
condition.
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generated at 840 nm — 850 nm (Fig. 4.4(a,e)). Note that these solitons are not the
same “dual-solitons” as discussed earlier from the FemtoWHITE 800. Instead, these
are limited supercontinua generated within the ADR of the fibre. The polarization
spectrum (Fig. 4.4(b)), constructed by normalizing the spectrum at each wavelength
(i.e., along the horizontal axis), shows that the solitons are co-polarized but are
separated by a polarization slip. The cause of the polarization slip is not yet known.
With a moderate PCF pump power, the soliton that was once generated with the
weaker pump condition have moved to the vicinity of the 945 nm ZDW while retaining
their polarization character (Fig. 4.4(b,d)). As shown in Fig. 4.4(e), the previously
weak soliton has become stronger in intensity while, conversely, the previously strong
soliton has become weaker in intensity. Below the 945-nm ZDW, weak solitons are
generated displaying chaotic polarization behavior (Fig. 4.4(d)). Therefore it seems
that with higher PCF pump powers, the FemtoWHITE CARS generates unstable
solitons below 945 nm and a relatively more “stable” supercontinuum beyond its 945
ZDW.

The moderately pumped FemtoWHITE CARS basically generates an unpolarized
Stokes supercontinuum. Because the FemtoWHITE CARS is non-birefringent, the
supercontinuum does not separate into orthogonal components as it propagates along
the length of the fibre. However, the use of an unpolarized Stokes supercontinuum
for SF-CARS spectroscopy, coupled with highly birefringent optical elements in the
microscope system, may split the supercontinuum into time-delayed orthogonal com-
ponents and thus result in an unwanted degradation in obtained CARS spectra—an
effect similar to that caused by dual-solitons. Therefore, the use of a broadband

polarizer located just after the FemtoWHITE CARS to polarize the supercontinuum
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should effectively eliminate the problem of having split-supercontinua, improving the
spectral resolution of an SF-CARS scan. The effects of using a polarizer on the
spectrum of the Stokes is shown in Fig. 4.4(e). When pumping the FemtoWHITE
CARS with higher powers, a broadband polarizer oriented at zero degrees® causes
significant spectral attenuation and reshaping of the supercontinuum. Despite this
attenuation, as demonstrated in the next sections, the polarized supercontinuum re-

mains sufficiently bright for CARS and FWM applications across a wide frequency

range.

4.5.2 Polarization spectra of the FemtoWHITE 800

Figure 4.5 shows the intensity and polarization spectra of the polarization-maintaining
FemtoWHITE 800 for low (35 mW) and moderate (220 mW) PCF pump powers. By
comparison to the FemtoWHITE CARS, the supercontinuum generated by the Fem-
toWHITE 800 is mostly polarized (closely follows Malus’ Law). With a low incident
PCF pump power, the supercontinuum, while not extensive, is uniformly polarized as
shown in Figs. 4.5(a,b). With a moderate PCF pump power, the spectrum is mostly
uniformly polarized although a sharp polarization slip is observed at 820 nm — 830
nm (Fig. 4.5(d)) and higher wavelengths tend to show a slight shifting away from the
initial polarization state. Because of the polarization shift, the higher wavelengths of
the supercontinuum are susceptible to the large birefringence of the fibre module and
are thus separated in time leading to the creation of the aforementioned dual-solitons.
This then results to a perceived peak doubling in higher frequencies at the CH/OH

region as shown in the generally single-solitonic CARS spectrum and spectrogram of

3The choice of reference angle for the polarizer is arbitrary. For simplicity, we choose 0° as the
angle that matches the peak intensity, as shown in Figures 4.4 and 4.5.
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Figure 4.5: Polarization-dependent spectral intensity of the supercontinuum output
from the FemtoWHITE 800 with low and moderate PCF pump powers. (a) The raw
spectral-intensity polarization map of the supercontinuum with a low incident PCF
pump power (35 mW). (b) Supercontinuum polarization intensity map obtained by
normalizing (a) at each wavelength to highlight the polarization state. (c) The raw
spectral-intensity polarization map of the supercontinuum with a moderate incident
PCF pump power (220 mW). (d) Supercontinuum polarization intensity map obtained
by normalizing (c) at each wavelength to highlight the polarization state. (e) The
raw and polarized supercontinuum spectra from FemtoWHITE 800 at the two power
conditions. The polarization angle is set to 0°, as denoted along the dashed lines in

(a)~(d).
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benzonitrile (3070 cm™! resonance, Fig. 4.3(c,e)). In addition, the polarization of
the supercontinuum is found to be relatively constant across the spectrum and once
further polarized, there is minimal spectral attenuation except at the region of the
polarization-slip (Fig. 4.5(e)). This region corresponds to the (largely inaccessible)
CARS frequency range of 300 cm~! — 450 cm ™!, and is thus mostly inconsequential.

Pumping the FemtoWHITE 800 along its main polarization axis, not only assures
that the output supercontinuum is uniformly polarized, but also prevents the forma-
tion of closely-timed dual-solitons. However, with large enough PCF pump powers,
higher wavelength portions of the supercontinuum become affected by the large bire-
fringence of the fibre module. When doing an SF-CARS scan at the higher CH/OH
frequencies, pumping the FemtoWHITE 800 with weaker powers can minimize the
polarization shifting of the generated supercontinuum and allow more accurate SF-
CARS spectroscopy, as demonstrated in the low-powered use of the FemtoWHITE
800 (Fig. 4.3(c)). Perhaps the future addition of high-quality PCF pump polarizer
and improved polarization alignment may eliminate the polarization shifting in the

FemtoWHITE 800.

4.6 CARS hyperspectral imaging

CARS hyperspectral imaging on an over-the-counter Tylenol tablet is used to demon-
strate the qualitative performance of the two fibre modules. With the suggested oper-
ation of the fibres established through FWM spectroscopy, the FemtoWHITE CARS
is operated with spectral surfing while the FemtoWHITE 800 is operated using a
static 300 mW PCF pump (and polarized along the slow axis). Each 500 x 500

hyperspectral image stack of Tylenol, composed of 960 spectral points and collected
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with a 2 us pixel dwell time, was acquired for a total of 16 minutes. As shown in
Fig. 4.6 two main components of Tylenol were identified which correspond to ac-
etaminophen [36] (most likely the monoclinic form, as will be discussed further in the
next chapter) and a carbohydrate excipient (likely sucrose) [37]. Fingerprint-based
CARS images were generated from the 790 cm ™! resonance of acetaminophen and the
850 cm ™! resonance of sucrose while a CH-based CARS image was generated using a

2920 cm ™! resonance found in acetaminophen and 3050 cm ™ for the excipient.*

4.6.1 CARS spectra

As shown in Figs. 4.6(g,h), the CARS spectra based on the FemtoWHITE CARS
show sharp chemical resonances in the fingerprint while also providing qualitatively
better spectral resolution than the FemtoWHITE 800. The differences in spectral res-
olution are most pronounced near 1500 cm~! where three acetaminophen resonances
peaks are easily resolved with the FemtoWHITE CARS while a single broad reso-
nance is identified with the FemtoWHITE 800. It is unclear if the reduced spectral
resolution we get with the FemtoWHITE 800 is an intrinsic problem with the module,
or simply indicates inferior chirp-matching that can be subsequently optimized. In
terms of CARS spectral strength, the FemtoWHITE CARS generates supercontin-

! resonances with signals comparable

uum that can strongly stimulate sub-900 cm™
in strength to those from the 2000 cm™! — 3000 cm™! region. The FemtoWHITE 800

on the other hand, has CARS intensities that strongly stimulate frequencies around

4In Chapter 5, “Application of SF-CARS to pharmaceutical samples,” the excipient (sucrose) is
reported at a frequency of 3085 cm ™! which was based on a retrieved Raman-like spectrum. Here,
the 3050 cm ™! of the excipient is based on the raw CARS spectrum. Retrieving Raman-like spectra
may cause peak shifts that depends on magnitude of the the non-resonant background.
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Figure 4.6: Hyperspectral CARS imaging of Tylenol. (a) Colour-merged CARS image
obtained using the FemtoWHITE CARS showing the 790 cm™! (red) and 850 cm™
(green) resonances of Tylenol. (b) Contrast-enhanced image derived from (a). (c)
Contrast-enhanced CARS image showing the 2920 cm™! (red) and 3050 cm™! (green).
The lower panels (d-f) show the corresponding (d) Color-merged CARS image, and
(e,f) contrast-enhanced CARS images obtained using the FemtoWHITE 800 showing
the (d,e) 790 ecm™' and 850 cm™', and (f) 2920 cm™! and 3050 cm™' resonances
from Tylenol. (g) Raw CARS spectra using each of the two PCFs at regions of
interest 1 and (h) 2, as denoted by squares in (f). The leftmost pair of red and green
vertical lines in (g) and (h) represent the frequencies 790 cm™!, and 850 cm™; the
rightmost pair represents 2920 cm~! and 3050 cm™!, all of which are used to obtain
the CARS images (a-f). Images (a) and (d) show raw (unprocessed) CARS signal
intensities, while images (b-c, e-f) are contrast-enhanced (see Appendix I). The color-
merged images (a,d) were normalized in with respect to its individual color channel
(divided by max value), while the contrast-enhanced images (b,c,e,f) are normalized
with respect to image (c), and are thus directly comparable. The scale bar represents
25 pm.
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3000 cm~! and gradually decrease down to ~ 350 cm™!, although excluding the par-
ticularly strong resonances between 1200 cm~!'-1700 cm~!. From the standpoint of
CARS spectroscopy, the spectrally-surfed FemtoWHITE CARS outperforms the Fem-
toWHITE 800 in the sub-900 cm™! region as shown by comparison of Figs. 4.6(g)
and 4.6(h).

4.6.2 Composite CARS images

Although strong resonances in the CH/OH frequencies can be used to observe chem-
ical contrast, obtaining contrast from weak resonances deep in the fingerprint show
the most notable performance difference between the fibre modules, as shown in the
color-merged Figs. 4.6(a,d) and the contrast-enhanced Figs. 4.6(b,e). With the
FemtoWHITE CARS, we can construct contrasting chemical images based on the
790 cm~! and 850 cm™! resonance of acetaminophen and sucrose, respectively (Fig.
4.6(a,b)). With the FemtoWHITE 800, however, we were not able to create images
that display enough contrast between chemical components as shown in Fig. 4.6(d,e).

This difference in contrast between the chemical images obtained between the fibre
modules can be inferred from the CARS spectra of each compound (Fig. 4.6(g,h))
which were obtained by selecting two regions-of-interests (ROIs) in the sample as

labeled in Fig. 4.6(f). With the FemtoWHITE CARS, the sharp resonance peaks

1 1

of acetaminophen at 790 cm™" and sucrose at 850 cm™" are clearly distinguishable.
Both 790 cm ™! and 850 cm ™! resonance peaks show differing intensity values such that
even with the presence of a strong NRB, are distinct from each other (Fig. 4.6(a)).
By exploiting the dispersive line shape of CARS peaks we can implement contrast-

enhancement protocols (see Appendix I) to generate a chemical image with greater
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detail (Fig. 4.6(b)). With the FemtoWHITE 800, no sharp resonances can be found
in the sub-900 cm™! frequencies aside from the ~ 850 cm ™! resonance of sucrose that
has a relatively low signal-to-noise ratio. Thus, the main source of contrast comes
from the NRB resulting in a monotonic CARS image (Fig. 4.6(d)). As expected,
applying a contrast-enhancement procedure would not yield a useful chemical map
(Fig. (4.6(e)). The low performance of the FemtoWHITE 800, in this case, may be
attributed to the combined effect of sub-optimal spectral resolution which causes the
NRB to overwhelm resonant signals [38], and the generation of weaker Stokes due to
its relatively flat and broad supercontinuum. Increasing the sample concentration and
the pump power may improve the spectral quality observed with the FemtoWHITE
800, but at the risk of inducing sample photodamage.

With regards to the CH-based CARS images (Figs. (4.6(c,f)), we obtained simi-
lar contrasts with either fibre module, however, with poorer spectral resolution and
weaker signal intensity with the FemtoWHITE 800. Overall, pumping the Fem-
toWHITE 800 with modest powers (> 160 mw) works well for hyperspectral SF-
CARS imaging in the CH/OH and silent regions, though somewhat less well in the

fingerprint region compared with a spectrally-surfed FemtoWHITE CARS.

4.7 Summary and conclusion

We have compared two commercially-available PCF modules, the FemtoWHITE
CARS and the FemtoWHITE 800, in view of SF-CARS. Ultimately, both PCF
modules can be used in high-quality broadband SF-CARS hyperspectroscopy. The
FemtoWHITE 800 is more convenient to use than the FemtoWHITE CARS as the

supercontinuum it generates is known to be relatively stable and quickly broadens
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while able to span the fingerprint-to-OH frequencies and thus does not require the
implementation of supercontinuum boosting techniques such as spectral-surfing. The
polarization-maintaining property of the FemtoWHITE 800 allows it to generate a
stable supercontinuum although it comes at a cost as it also facilitates the gener-
ation of closely-timed dual-solitons that may result in ambiguous SF-CARS spec-
tra. The FemtoWHITE CARS, on the other hand, is already manufactured for easy
use in CH/OH SF-CARS hyperspectroscopy. It, however, requires supercontinuum
boosting techniques such as spectral surfing to enable enhanced SF-CARS hyperspec-
troscopy in the fingerprint frequencies. The FemtoWHITE CARS does not contain
a polarization maintaining fibre; therefore, it does not suffer from the generation of
dual-solitons as that of the FemtoWHITE 800. Because the FemtoWHITE CARS
is not a polarization-maintaining fibre, the supercontinuum it generates suffers from
significant intensity loss when polarized. Thus, a polarization-maintaining version of
the FemtoWHITE CARS, paired with a high-quality PCF pump polarizer to mini-
mize the possibility of generating supercontinuum duplicates and with a post-module
polarizer to eliminate remaining duplicates, may yield stronger and more stable su-

percontinuum for broadband SF-CARS hyperspectroscopy.
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Chapter 5

Application of SF-CARS to

pharmaceutical samples

5.1 Chapter preface

Chapters two and three describe my work towards the development and study of our
PCF-based CARS microscope. I have shown that we can extend our microscope’s
spectral access while improving signal strength through non-standard and creative
approaches in pumping our PCF. In chapter four, I have discussed the use of two dif-
ferent PCF modules for SF-CARS and show how to minimize possible complexities
that may arise in the resulting CARS spectrum. The three previous chapters thus
detail the experimental development of an advanced PCF-based CARS microscopy
system. Much of the development of CARS microscopy is motivated by potential ap-
plications in biomedicine. Our lab, however, is interested in exploring non-biomedical

applications, with a particular interest in materials science. This chapter describes
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exploratory applications of our microscope system through the imaging and spec-
troscopy of pharmaceutical drugs. In some ways, this work is a demonstration of the
current advantages and limitations of our technique. One minor aspect of technique
development included in this chapter involves the addition of detection of CARS sig-
nals in the backwards direction. This is an important (if somewhat rare) capability
for CARS imaging and characterization of optically-thick samples, and one that we

had not previously implemented.

This chapter is based on work we published in ATP Advances [1], a poster pre-
sentation at a conference held in Switzerland (Advanced Photonics 2018)[2], and a
conference held in San Jose, California (CLEO 2018) [3]. The work does not strictly
follow chronologically from the previous chapter, as the research presented in this
chapter established pharmaceutical samples as interesting test samples for our micro-
scope system. We subsequently used such samples when continuing to develop our
experimental platform, which is why they are included in the previous chapter (see

Figure 4.6).

5.2 Introduction

5.2.1 The potential of SF-CARS for pharmaceutical imaging

There is a nascent application of CARS microscopy to pharmaceutical drug analysis,
an application that has been dominated by traditional analysis techniques based on
spontaneous Raman scattering [4]. Raman spectroscopy offers a high degree of accu-

racy and sensitivity in pharmaceutical drug identification; however, acquisition times
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are considerably long and performing chemical mapping typically takes a few hours
merely yielding images with low spatial resolution [5]. Furthermore, the technique
suffers from strong unwanted fluorescence from drug samples and thus may require the
use of less standard laser wavelengths [6]. Nontheless, Raman spectroscopy performs
exceptionally well when only a few spectra are needed for analysis. An example of
such an application is the spot analysis of high-purity bulk sample analysis for foren-
sic applications [7, 8]. CARS microscopy, on the other hand, can acquire images
at high speeds with sharp spatial resolutions. Thus, chemical compounds are seen
well-separated in heterogeneous samples. Since CARS is a non-linear optical process,
requiring three beams to interact intensely at a small spot, its strict focal-excitation
confers advantages in 3D chemical imaging. Furthermore, since the anti-stokes sig-
nal is well-separated in colour from fluorescence, the latter is not parasitic like it is
with spontaneous Raman techniques, but can even be used as a concurrent imaging
modality. Therefore, CARS microscopy can be used as an efficient chemical imaging

technique alternative to Raman for pharmaceutical drug analysis [5].

5.3 Experimental Upgrades

For this work, I updated our setup by changing the backwards-channel (i.e. “epi-”)
detector from a multialkali PMT (Hamamatsu H10723-01) optimized for collecting
light at 300 nm — 600 nm, to a GaAs cathode PMT (Hamamatsu H7422-50), efficient
at 500 nm — 850 nm, resulting in the enhanced detection of anti-Stokes at fingerprint
frequencies. Routing of epi-signals was improved by using a more appropriate dichroic
beamsplitter (Semrock FE776, see Appendix B for more details) that is placed before

the microscope objective which allows the transmission of anti-Stokes corresponding
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Figure 5.1: Additional microscopy information. (a) Setup showing the placement
of the PMT used in detecting scattered laser light. (b) Setup showing the use of
Immersol and the generation and detection of the epi-anti-Stokes.

to the deep fingerprint frequencies (50% Reflection at A4g < 780 nm, corresponds to
frequencies > 320 cm™!). A PMT was added (Hamamatsu H10721-01) to detect laser
light scattered by the sample (Fig. 5.1(a)) and provides a transmission-like image.
The detection of scattered light in this manner appears to be novel. It is relatively
cheap and easy to implement and it offers great convenience to the experimentalist
as it provides topographic information during an experiment when no other signals
(such as SHG, CARS or TPEF) can be observed, thus allowing the experimentalist
to easily find areas of interest that may be otherwise shrouded in darkness.

The spectral surfing algorithm has also been upgraded by adding cubic-interpolation
fits, whereas before we used linear fits. The improved algorithm results in smoother
HWP movements, improved experimental repeatability, and generally improves spec-
tral surfing. Additionally, laser powers used for the experiments were lowered to less

than 15 mW for the pump/probe and a maximum of 20 mW for the Stokes; both
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as measured at the sample plane. The pump power used here is significantly weaker

compared to our previous works, e.g., >100 mW [9] and >50 mW [10].

5.3.1 Samples

Common over-the-counter tablets, 500 mg para-acetylaminophenol (an analgesic,
commonly known as acetaminophen or paracetamol), 200 mg generic ibuprofen (a
nonsteroidal anti-inflammatory drug), and 5 mg cetirizine HCI (an anti-histamine),
were purchased from a local pharmacy. A tablet of acetaminophen and ibuprofen were
pulverized, mixed, and re-compressed in a pellet press in order to prepare a flat sur-
face that contains chemical components in the drug mixture suitable for quick CARS
imaging. Acetaminophen and ibuprofen, in powder and compressed form, have simi-
lar textures and whitish colors; thus making each drug challenging to identify using
standard microscopy techniques. The sample mixture is then mounted on a micro-
scope coverslip, alternately with and without a drop of Immersol W 2010®) (Zeiss).
The Immersol acts as a non-dissolving index-matching medium (an advantage over
the use of water) and sandwiches the coverslip (Fig. 5.1(b)) thereby improving the
spatial resolution of our microscopy experiments. The Immersol did not show signif-
icant interaction or diffusion with the sample, and its signature 820 cm ™! vibrational
resonance was not observed at the scanning depths within the sample. Additionally,
a cetirizine sample was prepared by cutting a tablet in half. The cetirizine sample,
in dry and unprocessed form without the use of Immersol, was then directly placed

on a coverslip for 3D hyperspectral CARS microscopy as shown in Fig. 5.1(a).



CHAPTER 5. APPLICATION OF SF-CARS TO PHARMACEUTICAL .... 117

5.4 Results and discussions

5.4.1 Hyperspectra of the drug mixture

A mixture of acetaminophen and ibuprofen along with their ezcipients (i.e., non-
medical adjuncts) are indistinguishable when observed under normal (white) light
illumination. However, CARS imaging based on characteristic peak signatures from
these pharmaceutical drugs can help discriminate between each drug. Fig. 5.2 shows
CARS images obtained from the hyperspectral data of the drug mixture, acquired in
under 15 minutes with a scan speed of ~ 5 cm™!/s (5 um/s delay stage speed over a
span of 4350 um). The spectral information, both raw CARS and Raman-retrieved,
shows the intermixing of chemical compounds at the 1 to 2 um scale; yet chemical
maps can be generated by spectral unmixing, i.e., by subtracting CARS images at
different frequencies.

A sucrose excipient is identified based on a strong 850 cm™' peak [11] (shown
in red in Fig. 5.2(a)). Acetaminophen and ibuprofen were individually identified
based on their vibrational spectra around 1500 cm™! — 1700 cm™!. Acetaminophen
contains at least three strong carbonyl vibrational modes in this region [12, 14], and
thus manifesting as three peaks; ibuprofen contains only one strong C=C vibration
at 1608 cm~! [13, 15-17]. Acetaminophen provides strong contrast at 1620 cm™*
(green in Fig. 5.2(b)) while ibuprofen provides contrast based on its asymmetric CH

stretching at ~ 2870 cm™! (cyan in Fig. 5.2(d)) [13].
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Figure 5.2: Hyperspectral image of the acetaminophen-ibuprofen reconstituted mix-
ture. 120 pm x 120 pm CARS images of (a) sucrose (red), (b) acetaminophen (type
[; green), (c) acetaminophen (type II; blue) and (d) ibuprofen (cyan); with corre-
sponding CARS (blue line) and retrieved Raman-like spectra (black line) based on
each respective regions of interest (yellow box). Arrows in the spectrum of (a-d) de-
note known resonances in these samples [11-13]. Color-contrast of the panels were
improved by subtracting images at the frequencies labeled on top of the panels. The
hyperspectral image consists of 500 x 500 pixels and 444 spectral data points scanned
from 0 cm™! up to 3500 cm ™! with a pixel dwell time of ~ 5.7 us, and a total stack
acquisition time of 15 minutes.
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5.4.2 Acetaminophen polymorphs

Interestingly, a compound with similar CARS response to acetaminophen (peak at
1620 cm™1) was also found showing additionally strong contrast at 1650 cm™! (blue
in Fig. 5.2(c)). Spectral analysis of these two compounds suggests that they are
known acetaminophen polymorphs—having the same chemical composition but dif-
ferent crystal structure. The former has closely spaced peaks in the 1500 cm™! — 1700
ecm ™! region (Fig. 5.3(a)) with a strong characteristic 1234 cm™' peak (Fig. 5.3(b))
arising from aromatic C-O and C-N vibrations [12, 14]. This suggests that the species
with the strong 1620 cm™! contrast is more likely to be the monoclinic polymorph
(type I) [12]. The latter has slightly more separated peaks in the 1500 cm™! — 1700
cm~! region with a stronger 1650 cm ™! peak (Fig. 5.3(a)), suggesting that it is likely
to be the orthorhombic polymorph (type II) [12]. The apparent peaks in the silent
region (2000 cm™! — 2600 cm™') as shown in all the Raman-retrieved spectra in Fig.
5.2 do not match known vibrations in these samples and are attributable to the highly
undulating supercontinuum at this region and artifacts associated with imperfectly-
obtained non-resonant background scans used in the Raman retrieval process. With
the identified chemical compounds, a composite CARS image is generated as shown
in Fig. 5.4.

Despite the limitations in spectral resolution (= 25 cm™') and spectral noise of the
microscope system, the results provide strong potential for dynamic chemical poly-
morph imaging with simple SF-CARS hyperspectroscopy. This is particularly useful
in samples like acetaminophen where the orthorhombic polymorph is preferred over
the monoclinic polymorph due to its high compression stability for tablet production

18].
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Figure 5.3: Raw and retrieved CARS spectra of acetaminophen. (a) Raw CARS
spectra from Figs. 5.2(b,c), normalized to the 1620 cm™' and 1650 cm™' peaks,
respectively, with the 1500 cm™! to 1700 cm™! region highlighted. (b) Retrieved

Raman-like spectra from the CARS spectra of Figs. 5.2(b,c) highlighting the slight

intensity difference at 1234 cm ™!,

5.4.3 3D CARS with cetirizine

Cetirizine is an antihistamine that is typically taken orally in small doses. In tablet
form, most of the mass of cetirizine functions as bulking material. For example, a 500
mg tablet would only contain 5 mg of the active ingredient while the rest is excipient.
In contrast to the heterogeneous and abundant distribution of acetaminophen and
ibuprofen in tablets, observing a pulverized or powdered form of a cetirizine tablet
would yield little to no CARS signals of the active ingredient because cetirizine can
only be found as a thin coating on the tablets surface as shown in the cross-section
CARS image in Fig. 5.5(a). The cetirizine coating measures 5.3 £ 0.9 pm thick.
The inner bulk of the tablet shows a strong resonance at 2920 cm™! attributed to
the C-H stretch vibration from the collective mixture of carbohydrate excipients.

The excipients did not show any remarkable peaks at frequencies below 2000 cm ™!
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Figure 5.4: Composite image from 120 pm x 120 pm CARS images of sucrose (red),
acetaminophen type I (green), acetaminophen type II (blue), ibuprofen (cyan), and
overlaid with the scattered laser light channel (gray).
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Figure 5.5: 3D CARS imaging of a cetirizine tablet. (a) A cross-section CARS image

in the cut plane. Cetirizine (650 cm™!, green contrast) is measured to be 5.3 + 0.9

pm thick encapsulating the excipient (2915 cm™!, red contrast). The hyperspectral
image consists of 500 x 500 pixels and 525 spectral points, scanned with a 2.9 us
pixel dwell time, and collected in ~ 9 minutes. (b,d) Raw CARS and (c,e) retrieved
Raman-like spectrum of cetirizine and the excipient in regions of interest marked in
(a). (f) 3D image (60 pm x 60 pym x 25 pm) of cetirizine (650 cm™!) with 109 z-
stacks (230 nm increments) and acquired in & 4 minutes. The thickness of cetirizine
in this region is measured to be 3.8 = 0.6 um. The pump power used for imaging

was 8 mW. Multimedia view: https://doi.org/10.1063/1.5027273.1.
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most likely due to low chemical concentrations and the weak pump powers (<8 mW)
required for this application in order to avoid sample photo-degradation.

3-D SF-CARS microscopy of a whole, unprocessed caplet form of cetirizine is
shown in Fig. 5.5(f). The experiment was designed to probe a volume of 60 ym x 60
pm x 25 pm at the 650 cm™! resonance of cetirizine and at the 2920 cm ™" resonance
of the excipient. Attempts were made to image through the cetirizine layer to the
inner tablet bulk, but in all efforts, only a thin layer of cetirizine was measurable, and
a negligible signal from the inner excipient bulk was detected. Excessive scattering
and radiation trapping are presumed as the primary causes, and this obstacle was
not overcome even with the application of index-matching oil. With further analysis,
the cetirizine layer based on the 3-D CARS scan was measured to be 3.8 + 0.6 um
thick, which is more than a micron thinner than that obtained with a cross-sectional
cut-tablet scan of 5.3 + 0.9 pum. The current setup can probe only 3.8 pum deep into
such dense samples, and the sub-surface CARS signal is significantly weakened due to
a combination of factors such as scattering and laser penetration depth, epi-detection
geometry, use of low laser powers, and possible absorption of anti-Stokes signal in the
surface layer. The use of longer wavelengths to increase penetration depth and further
optimizations of the microscopy setup (e.g., use of longer working distance, high N.A.
objectives, beam optimizations) can possibly enhance the 3D imaging capabilities for

highly scattering powder samples such as pharmaceuticals.
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5.5 Summary and conclusion

SF-CARS microscopy using a spectrally-surfed PCF Stokes supercontinuum has been
applied to chemical mapping and 3-D imaging of chemically unprocessed pharma-
ceutical drug tablets using laser powers that are relevant for pharmaceutical anal-
ysis. The results show that SF-CARS can provide spectral information similar to
that of multiplex-CARS and may provide imaging speeds similar to those of single-
frequency CARS and stimulated Raman scattering [18]. Active pharmaceutical in-
gredients can be easily identified due to their inherent high concentration present in
the drug preparations—a condition that is favorable to CARS microscopy. Chemical
polymorphs are distinguishable in acetaminophen samples, enabled by broad hyper-
spectral acquisition and adequate spectral resolution, and pharmaceutical excipients
can be easily identified based on their concentration and dominant CH vibrational
response.

Continued development of this technique should focus on improving the spectral
quality to enable straight-forward comparison with Raman spectra and to focus on
deeper imaging in tablets and large materials, perhaps by moving to longer pump
wavelengths—as is becoming more common in other CARS microscopes [19, 20].
Furthermore, rapid chemical imaging in three-dimensions should allow for improved
evaluation of chemical-constituent particle sizes, thereby enabling potential forensic
applications such as in tracking the manufacturing origin of a particular drug (phar-
maceutical or illicit). Such abilities are likely to find applications in counterfeit and

black-market drug identification.
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Chapter 6

Thesis summary

I have developed a world-class multimodal CARS microscopy platform based on spec-
tral focusing of a PCF-derived supercontinuum Stokes source. Before this work,
similar systems were mostly only able to probe the silent-to-CH/OH vibrational res-
onances, and only had limited access to the fingerprint region by using a wholly
different pump wavelength. Through the collective efforts in Dr. Slepkov’s lab, we
can now easily probe the vast chemically relevant vibrational spectrum from 350 cm ™!
up to 3500 cm ™!, without needing to tune the pump wavelength away from 800 nm,
making our microscope one of the most simple to use, highly capable CARS hyper-
spectroscopy systems in the world. Importantly, the cost of building our microscope
system is relatively cheaper than other CARS microscopes since it only uses a single
pulsed laser source, making the system much more accessible to a wide variety of
groups that need such characterization equipment.

The PCF module I mainly used in this thesis, the FemtoWHITE CARS, was
primarily designed for implementing CARS microscopy in the CH/OH frequencies. By

tailoring the fibre’s pump pulse through dispersion, which results in weaker pulse peak
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powers, we are able to generate supercontinuum useful for CARS in the fingerprint
frequencies. Furthermore, by applying a novel dynamic supercontinuum generation
scheme, we were able to generate brighter supercontinuum for spectral focusing CARS
across a wider range of frequencies. These modifications have allowed us to use the
FemtoWHITE CARS beyond its commercial specifications and have used it for CARS

microscopy at fingerprint frequencies as low as 350 cm™1.

With improved access
to a wide range of frequencies, we have demonstrated CARS hyperspectroscopy of
pharmaceutical drugs, liquid chemicals, and biological samples.

The use of such supercontinuum generation enhancing schemes may not only be
limited to the FemtoWHITE CARS. The use of a polarization-maintaining fibre ver-
sion of the FemtoWHITE CARS, paired with spectral surfing or even the use of
a new fibre altogether, with or without the need of supercontinuum boosting tech-
niques, may perhaps generate stronger and more stable supercontinuum for broad-
band, fingerprint-to-CH/OH CARS hyperspectroscopy. This thesis establishes a base-
line of comparison for future technical advances in such source development, while

suggesting certain opportunities for improvement of spectral characteristics both of

new broadband sources and of CARS hyperspectroscopy data.



Appendix A

Dispersion

This section contains material that may be useful in introducing the concept of dis-
persion of light.
From the introduction, it was shown that ultrashort pulses can be modelled using

a Gaussian field which can be written as [1]
E(t) xx Eye % ¢i@tht) (A1)

where Ej is the amplitude of the electric field, « is a parameter that represents the
temporal width of the field,! w is the frequency, and 3 is known as the linear chirp
parameter (or the frequency-time slope of the pulses as shown in Fig. 1.8(f) and can
be written in units of cm™!/fs). Equation A.1 is a condensed form of the more general
equation of the field

E(t) ox Ege'k== (A.2)

In terms of FWHM, o = %-
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where k is the wavenumber and z is the displacement. Here, w contains higher order

frequency components such as ft.

dw
Y dk?

The rate of change of the frequency with respect to wavenumber, i.e. is known
as the group velocity, vg. For monochromatic light propagating through a vacuum,
the group velocity is simply equal to the speed of light, i.e., vg = ¢. In a dispersive
medium with a refractive index, n, the group velocity slows down by a factor of n, i.e.,
vg = ¢/n. For ultrashort light pulses? propagating through a vacuum, each frequency
component of light travels at a speed of vg = ¢. However, when propagating through
a dispersive medium, the index of refraction becomes a function of the frequency, i.e.,
n = n(w), and each frequency component propagates with speed v(w) = ¢/n(w), and
thus, colours of light separate in space.

d2w

, Sie» 18 called the group velocity dispersion

The derivative of the group velocity, i.e.
(GVD). The GVD essentially describes the rate the group velocity separates with

respect to the refractive index.?

A.1 Normal and Anomalous Dispersion

Figure A.1 shows the a materials refractive index as a function of frequency. Nor-
mal dispersion regions are regions where n increases with frequency while anomalous

dispersive regions are regions where n decreases with frequency.

2Ultrashort light pulses inherent possess a range of colour components or frequencies.
3Since k = nko, where ko is the wavenumber in vacuum.
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Figure A.1: Normal vs anomalous dispersion. Figure and caption modified and
adapted from ref [2].



Appendix B

Optical filters

This section contains essential optical filters used in the microscope system. The
filters described here are ones that we use to give our CARS microscope access to
fingerprint frequencies. Most filters we use are 1”7 diameter filters and 25 mm x 35
mm filters (fitted inside the microscope). Most of the filters were obtained through
Semrock, Thorlabs, and Chroma. Both Semrock and Chroma supplies high-quality
edge-pass (short-pass or long-pass) filters while Thorlabs supply good quality band-

pass filters.
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Semrock FF01-937/LP : Beam combiner

The Semrock FF01-937/LP was used in an early version of the microscope system as
a beam combiner. When the filter is oriented at 45°, it effectively becomes an 840

nm long pass filter.
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Figure B.1: Transmission property of FF-01-937/LP. The data can be generated using
the MyLightTool after selecting the filter part number : FF01-937/LP-25 from the
website, https://www.semrock.com/.
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Chroma T810lpxr : Beam combiner

The Chroma T810lpxr is used to replace the Semrock FF01-937/LP beam combiner
for the latest version of the microscope system. It is effectively an 818 nm long
pass filter therefore allowing > 818 nm (>275 cm™!) of the supercontinuum to be

transmitted and be used as Stokes.
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Figure B.2: Transmission property of the Chroma T810lpxr oriented at 45°. The data
can be generated from https://www.chroma.com/products/parts/t810lpxr.
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Semrock SP01-785RU : Foward-detection filter

The Semrock SP01-785RU filter is used as a transmission filter positioned in the
forward-direction (placed after the microscope condenser, before the PMT routing
optical fibers) which allows < 778 nm (> 350 cm™!) of forward-generated anti-Stokes
to be transmitted and detected by a PMT. However, additional filters, such as the
Thorlabs FESH0950, are needed alongside the SP01-785RU to eliminate transmission

fringes coming from the supercontinuum Stokes at wavelengths > 950 nm.
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Figure B.3: Transmission property of the Semrock SP01-785RU. The data can be
generated using the MyLightTool after selecting the filter part number : SP01-785RU
from the website, https://www.semrock.com/.
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Semrock FF776 : Epi-detection filter

The Semrock FE776 filter is used as a dichroic filter positioned in the epi-direction
(placed before the objective) which allows < 790 nm (> 160 cm™!) of epi-generated

anti-Stokes to be reflected and detected by a PMT.
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Figure B.4: Transmission property of the Semrock FF776 oriented at 45°. The
data can be generated using the MyLightTool after selecting the filter part number :
FF776-Di01-25x36 from the website, https://www.semrock.com/.
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Thorlabs FESH0950 : Forward-detection cleanup filter

The Thorlabs FESH0950 filter is used as a filter to remove unwanted supercontinuum
leakage in the forward direction. The filter allows transmission of wavelengths < 950

nim.
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Figure B.5: Transmission property of the Thorlabs FESH0950. The data can be
accessed by selecting the transmission data from the Thorlabs website.


https://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=6082

Appendix C

Pump/Stokes polarization and

CARS intensity

The anti-Stokes intensity can be written as I4s o |x1111|*1ps(cos?p+ 15 sin*¢) where
¢ is the angle between the pump and Stokes beams and p is the depolarization ratio [3].
Use of co-polarized beams (¢ = 0) will generate an anti-Stokes, Ias o< |x1111|* 1215,
while use of orthogonal pump and Stokes beams will generate (a weaker) anti-Stokes,

Iis o< p2|x1111 |2 1215 since p < 1.
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Appendix D

Other setup details

D.1 PMT and shutter control

Four PMTs (Hamamatsu H10720 / H10723) are connected and controlled by a USB
multichannel device (MCCDAQ USB-3101). The multichannel device can supply
a voltage range from -10 V up to +10 V, however is limited to 1.0 V to prevent
overloading the PMT. Supplying the PMT with 0.7 V gives optimal SNR; above 0.7
V, the noise is amplified leading to signal degradation. Additionally, the multichannel
device is also used to control the pump and Stokes shutters by supplying 0 V (False)

or +5 V (True). See Figs. D.1 and D.2 for more details.

D.2 Galvos and PMT readout

The galvos are responsible for deflecting both the pump and Stokes beams along
two axes. They are controlled by a high-speed multifunction input/ouput (IO) de-

vice (National Instruments, PCI 6110), which sends a software-generated raster scan
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H10720 / H10723 PMT
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Figure D.1: Connection of the PMTs and shutters to USB multichannel device (MCC-
DAQ USB-3101). Figures adapted and modified from Hamamatsu and Measurement

Computing.
Pin Signal Name Pin Signal Name
PMT1 «1 VOUTO 9 VOUT1 — PMT 2
2 NC 0 NC
PMT3 «—3 VOUT2 1 VOUT3 — PMT 4
4 NC 2 NC
5 AGND 3 AGND
6 NC 34 NC
7 NC 5 NC
8 NC 36 NC
9 NC 37 NC
10 AGND 38 AGND
11 NC 39 NC
12 NC 40 NC
13 NC 41 NC
14 NC 42 NC
15 AGND 43 AGND
16 NC 44 NC
17 NC 45 NC
18 NC 46 NC
19 NC 47 NC
20 AGND 48 AGND
21 DIOO 49 SYNCLD
Pump shutter €+ 22 DIO1 50 DGND 1 Pump and Stokes
Stokes shutter €—+23 DIO2 51 NC shutter ground
24 DIO3 52 CTR
25 DIO4 53 DGND
26 DIO5 54 DIO CTL
27 DIO6 55 DGND
28 DIO7 56 +5V

Figure D.2: Diagram view of the MCCDAQ USB-3101. Figure adapted and modified

from Measurement Computing.


https://www.hamamatsu.com/resources/pdf/etd/H10723_TPMO1064E.pdf
https://www.mccdaq.com/pdfs/manuals/USB-3101.pdf
https://www.mccdaq.com/pdfs/manuals/USB-3101.pdf
https://www.mccdaq.com/pdfs/manuals/USB-3101.pdf
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waveform. The multifunction 1O device is also responsible for acquiring PMT signals

(voltage) at rates up to 5 x 10% samples per second [4].
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Figure D.3: Connection of the PMTs and Galvos to a high-speed multifunction in-
put/output device (National Instruments PCI-6110 with BNC2110 adapter). Figure
adapted and modified from National Instruments.


http://www.ni.com/pdf/manuals/370980a.pdf
http://www.ni.com/pdf/manuals/372121f.pdf
http://www.ni.com/pdf/manuals/372121f.pdf

Appendix E

Software developed for microscope

control and data analysis

To aid with data acquisition, I wrote two software packages coded in LabView and
Python 3. These software packages allow the synchronization between multiple in-
struments and can produce data significantly faster for my research purposes. For
example, performing a high-resolution CARS calibration scan, such as in Fig. 2.3,
may take several minutes to hours since for each delay stage position, a spectrum
must be collected and then later collated and analyzed. By automating this proce-
dure, a CARS calibration scan now merely requires a minute of alignment and a few
minutes (usually less than ten) for the computer to acquire and analyze. The same is
true for spectral surfing, without the aid of these software packages, spectral surfing
would be a formidable task.

I have made these software packages open-source and accessible through Github.

e https://github.com/JeremyPorquez/MicroscoperPython
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e https://github.com/JeremyPorquez/microscoper-LabView

Porting these software packages for use in other microscope systems require chang-
ing commands related to device movement and acquisition, therefore requires some

knowledge of Python, LabView and in some cases, C programming.


https://github.com/JeremyPorquez/microscoper-LabView
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Figure E.1: Screenshot of the microscope control software written in

code can be accessed on Github.

3]0

S L]

Intensity (a.u.)

)l

e Y

0 AN

SO [ re— TR

x=800.62 y=8566.31 FWHM=4.9 nm

]

400 600

A € + Q=

[Set Home Offet]

2 man [

800 1000
Wavelength (nm)

2 @

1200 1400 1600

127001

port Message

e o2

146

i ey
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Python. The

The MicroscoperPython is a Python version of the microscope software package.

It requires Python3 to operate. The user interface is programmed using PyQt5. This

version is the most updated version since Python is a fully open-source environment

and thus many aspects are customizable.


https://github.com/JeremyPorquez/MicroscoperPython
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Figure E.2: Screenshot of the microscope control software written in LabView. The
code can be accessed on Github.

The MicroscoperLabView is a LabView version of the microscope software pack-

age. It requires a minimum version of LabView 2012 to operate.


https://github.com/JeremyPorquez/microscoper-LabView
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Stage calibration software
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Figure E.3: Screenshot of the stage calibration software written in Python. The code
can be accessed on Github.

The stage calibration software takes a spectrogram that is generated through
MicroscoperPython or MicroscoperLabView. The user can change parameters, filter
the data, and remove outliers so the software can generate a calibration function. The
vertical axis of the spectrogram represents the difference frequency and the horizontal

axis represents the delay stage position.


https://github.com/JeremyPorquez/MicroscoperPython
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Spectral surfing calibration software
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Figure E.4: Screenshot of the stage calibration software written in Python. The code
can be accessed on Github.

The spectral surfing calibration software is similar to the stage calibration soft-
ware. It takes a spectrogram that is generated through MicroscoperPython or Mi-
croscoperLabView. The user can change parameters, filter the data, and remove

outliers so the software can generate a spectral surfing calibration data. The vertical


https://github.com/JeremyPorquez/MicroscoperPython
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axis of the spectrogram represents the half-wave plate angle and the horizontal axis

represents the difference frequency.



Appendix F

Different image acquisition

methods for CARS

Acquiring higher quality CARS images can be done by prolonging scan times which
can be done in several ways, two of which are acquiring dense hyperspectral data
and acquiring multiple images at a certain vibrational frequency. Figure F.1 shows
these two aforementioned methods. Figure F.1(a) is a high-quality CARS image of
DMSO and benzonitrile acquired by taking single frames (500 x 500-pixel images) at
a DMSO resonance at 2910 cm~! and a benzonitrile resonance at 2230 cm~!. Each
frame took 2 seconds to acquire yielding a total image acquisition time of 4 seconds.
Figure F.1(b), reproduced from Fig. 2.4, was acquired by taking a 200 x 200-pixel
hyperspectral image that spans a wide range of frequencies yielding a total acquisition
time of 9 minutes. Even though the higher quality CARS image (Fig. F.1(a)) was
acquired in significantly less time, knowledge of the resonance locations of the sample

must be known beforehand. Alternatively, high-quality CARS images can also be
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obtained from a single frame in a hyperspectral image through noise reduction and

contrast enhancement procedures as detailed in Appendix I.

Figure F.1: Multimodal CARS images of benzonitrile, DMSO, and cellulose fibre. (a)
500 x 500 pixel multimodal CARS image where single frames were taken at discrete
frequencies, 2230 cm ™! and 2910 cm™! to generate the benzonitrile (blue) and DMSO
(green) color maps, respectively. Similarly, a frame was taken from the SHG channel
to generate the cellulose fiber color map (red). (b) Reproduced from Fig. 2.4; a 200
x 200 pixel multimodal CARS image obtained from a 900 frame CARS hyperspectral
data where the DMSO color map was generated from an average of 13 frames centred
at 2910 cm™! and the benzonitrile color map was generated from an average of 12
frames centred at 3070 cm™1.



Appendix G

Raman retrieval via time-domain

Kramers-Kronig Relation

Much of the mathematical techniques in this section can be found in the textbook,

Mathematical Methods for Physicists by George B. Arfken.

Theory

The susceptibility can be written as any function in terms of its modulus and phase

X(@) = [x(w)]e ) (G.1)

And in using the property of logarithms

ln(X(w)) = ln‘x(w)} +ip(w) (G.2)

With In(x(w)) analytic in the upper-half of the complex plane. The susceptibility

can be extracted by taking the contour integral, with a pole at w’ = w such that
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%M —r | leSC) (G.3)

w —w w —w
where P denotes the principal value—the value obtained in first revolution of the
contour. The second term is due to the contour integral having a clockwise direction.
The first term, on the right-hand side of the above equation can be expanded such

that

j{ln(x(w))dw’ _ P/M P ¢( ) dw iﬂln(x(w)) (G.4)

w —w w —w w —w

(X w)) dw’

——>— , is equal to zero since it is analytic

Note that the complex integral, f
and circles the exterior of the contour (see Cauchys integral theorem [5]) thus we can

write

P/w ' gi(d _)w —imln(x(w)) —0
P/WHP/M—WQMX@)\ ~|—i¢(w)> =0 (G.5)

Pl /L P [ A i (infxw)] - o)

By equating both real and imaginary parts

o) = 2P | Ifx(@)]d (@.6)

™ w —w
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n|x(w)| = Lp [ 2L @)

T w —w
In CARS, the imaginary part of y(w), is closely related to the Raman lineshape

by first approximation at the resonance, i.e. Qr = wp — wg [6, 7]

X(w) = T, (G.8)
Therefore,
]Raman X Im(X(w)) (Gg)
and
Im(x(w)) = |x(w)]sin(¢(w)) (G.10)
Therefore
I Raman 0X= {Mw)‘sm(%P/W) (G.11)

Due to the length of the actual code, a flowchart is shown instead that follows the
implementation of Liu et al. [8] is shown in Fig. G.1. However, a more recent work

by Camp et al. can be accessed in ref. [6].
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Figure G.1: Flowchart of the Raman-retrieval algorithm based on the Kramers-Kronig
transform closely following the algorithm by Liu et al. [8].



Appendix H

Some considerations for spectral

surfing

Spectral surfing is first implemented by acquiring a calibration curve through a power-
dependence scan of the Stokes spectrogram as shown in Fig. H. As the pump delay
stage moves, the spatial overlap of both pump and Stokes beam correspond to a
difference frequency, wp — wg. A certain condition for powering the PCF, controlled
by a HWP-polarizer pair, generates a Stokes that strongly stimulates the difference
frequency which corresponds to the yellow dots. A computer automatically solves this
HWP angle through a cubic spline fitting function based on the data (yellow dots).
To perform spectral surfing in a consistent manner, it is important to consider
the stability of the laser oscillator. Most important to consider is that the oscillator
should be operating properly in a mode-locked condition. Secondly, the bandwidth,
duration, and the wavelength of the PCF pump pulse should be adjusted in order to
obtain a smoothly traceable spectral surfing curve. Also shown in Fig. H.1 are differ-

ent obtainable spectral surfing calibration curves with different PCF pump qualities.
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With a high PCF pump bandwidth and decreased pulse duration, or in the unfor-
tunate case when an imperceptible CW breaking (not highly mode-locked) occurs,
spectral surfing becomes difficult to perform as shown in Fig. H(a). By decreasing
the laser bandwidth and increasing the pulse duration, a spectral surfing curve can be
established such that it can trace difference frequencies as close to 1900 cm™! (or the
945 nm ZDW) as shown in Figs. H.1(b,c). This allow