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Microscopy techniques have been developed and refined over multiple decades, but

innovation around single photon modalitidms slowed. The advancement of the
utility of information acquired, and minimum resolution availalile seemingly
reaching an asymptoteThe fusion of light microscopy and wsllidied nonlinear
processes hasroken through this barrier ancenabled the cbiection of vast
amounts ofadditional information beyond the topographical information relayed by
traditional microscopes. Through nonlinear imaging modalities, chemical
information canalsobe extracted from tissue. Nonlinear microscopy also can beat
the resolution limit caused by diffraction, and offers up thidienensional
capabilities. The power of nonlinear imaging has been demonstrated by countless

research groups, solidifying it as a major player in biomedical imaging.

Thevalue of a nonlinear imaigpg system could benhancedif a reduction in size
would permit the insertion into bodily cavitiess has been demonstrated by linear
imaging endoscopedhe miniaturization o$ingle photorimaging devices has led to
significantadvancemerd in diagnosics andtreatment in the medical field. Much
more information can be extracted from a patient if the tissue can be imaged in
vivo, a capability that traditional, bulky, table top microscopes cannot offer. The
development of new technologies in optics hambled the miniaturization of many
critical components of standard microscopes. It is possible to combimdinear
techniques withthese miniaturizecelementsinto a portable, hand held microscope

that can be applied to various facets of the biomedicabifi

The research demonstrated in this thesis is based ons#lection, testing and
assembly okeveralminiaturized optical components for use asi@nlinearimaging
device. This thesis is the first demonstration of dibre delivered,
microelectromechaital systems mirror with miniaturized opticshoused in a

portable, hand held package&pecifically it is designed for coherent anttokes



Raman scattering, second harmonic generation, and -woton excitation
fluorescence imaging Depending on the mod#& being exploited, different
chemical information can be extracted frothe sample being imagedThis
miniaturized microscope can be applied to diagnostics and treatments of spinal cord
diseases and injuries, atheroscleromsearch,cancer tumouridentification and a
plethora of other biomedical applications. The device that will be revealed in the
upcoming textis validated by demonstrating all designadt nonlinear modalities,

and later wil be used to perform serialized imaging of myelin ofrggle specimen

over time.
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Introduction to Nonlinear Imaging

1.1 A Brief History of Laser Microscopy

The analysis of biologicdissue has been the focus oésearchers, over many
decades to assist in the diagnosis, treatment and general undetstg of how the
human body works. Living tissue analysis is critical to the understanding of how
diseases, infections, viruses, and cellular mutations affect their hosts, and more
importantly, how to prevent these from spreadingiith the potential of kiling the

host.

The very first laser based imaging systems were relatively crude compared to
G2RI&Qa a ey ddlofeRs@rificant drlvantages ovéeir predecessor,

the visible light absorption microscopes. Not only could a laser based system
selectively excite fluorophores, it was also not limited to wavelength ranges
sensitive to the human eye. The methods used to characterize these fluorescent
microscopes are very similar to the methods usedthis thesis Fluorescent
microscopesare a sigrificant improvement over traditional imaging systems, but it

gl ayQi dzyuAf wmppTI S6KSY al NWAY aAyalée LI GS
dimensional imaging with a laser microscof, called confocal microscopy.

Previously tissue had to be carefully mechanically sectioned and imaged a single

layer at a time; both a time consuming, and cost prohibitive endeavour. The pinhole

Minsky introduced was the key first step to allowing out of focus light to be omitted

from the detedor system, improving image quality and speed of analysis. Despite
iKSaS o0SySTAaitaz O2yF20Ftf YAONR&aO2LR AayQi
tissue, due to the fact that the entire cone of focus is exposed to, and interacts with

a high intensity ield of light. The significant amount of energy deposited into the

tissue can alter the structure and physical behavior of the sample. Fortunately the



results demonstrated in this thesis do not have this drawback as nonlinear imaging
deposits littleor no energy into the sample. The first high peak power laser was
invented in 1962 by Fred J. McClung, using electrically switched Kerr cell shutters,
dubbed Qswitching[2]® LG 61 Ay QG dzyGAf wmopyHI GKIQ
developed. Peter F. Moulton of MIT developed the titanisapphire lasef3] and

this technology has been in use for decades. Many nonlinear imaging techniques
were al perfected with the titaniurasapphire laser, all of these modalities exhibiting
extremely low sample damage due to theearinfrared (NIR wavelength of

operation.

Figurel [4] is an image created by Albert Stolow at the National Research Council

Canada showcasing the significance of a multimodal, nonlinear microscope.

Figurel: Atherosclerotic rabbit aorta. Red CARS signal from lipids, Blue SHG signal from collagen, and green
autofluorescence from elastif4]

The sample clearly shows blue coloureetcond harmonic generatiorSHG from
collagen, theed coloured lipids froncoherent antiStokes Raman scatterinGAR%

and the green coloured autofluorescence from elasfetailed explanations as to
how these modalities are generated, and exploited will be presented in the

following chapters

FTSY(



1.2 Motivation

The ability to resolve subcellular structures is paramount to understanding how

G NA2dza RA&ASFaSa LINPINBaazr FyR RS3INFRS

population. Chemical specificity without the need for exogenous fluorophores would
also lea@ to a deeper comprehension as to what the mechanics of these diseases
are, and how they affect the quality of lifas well as thdifespan of the patient. Two
crucial diseases that would benefit greatly from subcellular resolution, as well as
chemical spcificity are multiple sclerosis (MS), and ischemic heart disease. This is
due to the fact that these diseases are greatly impacted by the presence, and type of
lipids that are present in the tissue, as standard microscopy cannot differentiate

between lipds and noHipid structures.

Globally, ischemic heart disease is responsible for 7.25 million human deaths
annually [5]. This lack of supply of blood to the heart is typically caused by
atherosclerosis of the coronary arteries. It is difficult to identify the risks associated
with individual sections of plaquéwhich is mostly made up of lipidduildup
becausecurrent diggnostic techniquesre only able tadentify the size of the blood
gSaasStQa fdzySyd 2A0K (GKAA AYF2N¥IGA2Y S
flow to the heart by the use of coronary stents, although the majority of
complications from atheroscleragsarise from areas of high plaque buildup, which
does not necessarily correspond to areas of low blood flow. Identification of the
regions of high concentration of plaque is absolutely necessary to begin to save the
lives of the more than seven million pgle who die every year due to this disease. A
diagram showing the progression of plaque buildup can be seégure2 [6].An
imaging system thas able toprovide chemical specificigoulddistinguish between
normal arterial walls and walls that are saturated with plaque. This ability would give
physicians an unstoppable weapon against ischaemic heart disease. Thaf risk
rupture of specific sections could be determined, as well as the composition of the

plaque allowing custom tailored drug therapy potentially saving countless[liyes

0K

LIK e ¢
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Figure2: Depiction ofarteries and plaque builduf6]

As mentioned previously, MS would also greatly benefit from the ability to identify
specific cellular structure from surrounding tissue. MS is one of the most devastating
demyelinating disease®if young adults which affect more than 1.3 million people
globally. Up to 60% of those diagnosed with MS are not able to walk within 20 years
of receiving that diagnosis. Losing mobility is devastating for the individual as well as
G2 GKS LI G syStgmi B4 is a demelhdtifig disease, meaning that the
myelin surrounding the axon of a neuron is damaged, or deteriorating (an entire
neuron shown inFigure 3 [8]). Understanding the mechanisms behind the
destruction of the myelin would give significant insight as to what can potentially be
done to reverse the effects of this disease, or prevent it altogether. In order to
perform these kinds of investigations, a method of in vivo, label free imaging that

can differentiate between different cellular structures must be used.
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Figure3: Depiction of a neurori8]

Multimodal nonlinear microscopy, includirgARSand SHG fortunately are tools

that can accomplish this chemical specific imaging modality. Differentiation between
plaque riddled and healthy arterial walils possible with this technique, as well as
determining the location of myelin with respect to the axon. CARS microscopy can
clearly resolve the lipid rich myelin that degrades as MS tightens its grip. It is for this
reason that | have participated in the development of a miniaturized microscope to
imagemyelin. Specifically, the development of this exoscope was to probe the state
of decay (or regeneration) of the myelin surrounding the axons contained within the
spinal tissue of a rat. The requirements of this study needed a probe that can be
inserted inb a port on the back of a rat, exposing a small section of the spinal
column, while keeping the rat alive and in a healthy stat@s preliminary work
does not provide a full endoscopic solution that would allow the imaging of the
interior of arterial walls necessary to treat atherosclerosis, but it is a stepping stone
to enable true endoscopic in vivo imaging. Many of the hurdles associated with in
vivo, multimodal, nonlinear imaging have been addressed in the design, assembly
and testing of a fibre delered, microelectromechanical systemMEMS scanned

miniature microscope that will be discussed in great detail in this thesis.



1.3 Objectives

The motivation behind this thesis is based on the need for clinicians to determine
the presence antr location of lipids. The advancements presented in this thesis
can be applied to heart disease, but the main motivation is determining the
mechanics of demyelinating diseases, or spinal cord injuries. Performing serialized
imaging of spinal tissue is the only way ftdly understand these demyelination
mechanics. Current spinal tissue white matter imaging techniques involve the
sacrifice  of multiple specimens, reducing the consistency of individual
measurements. When examining the state of decay of myelin, this tgabris very
resource intensive, and introduces large margins of errors since only a brief
shapshot into the myelination state is observed for each experimental specimen.
Alternate serialized, noninvasive imaging techniques like magnetic resonance
imaging (MRI), can only deliver low resolution measurements, and require costly
high-field strength magnets. A slice resolution limit of Omdm restricts the

usefulness of MRI studies of the state of myelination.

The ability to image a single mouse over time witltroscopic resolution, will give
clinicians crucial insight as to the mechanics of MS. Not only will the myelin decay
process be able to be examined in detail, strategies to protect the myelin as well as

regenerative treatments can be observed.

The primary goal of this thesis is to develop a miniaturized multimodal nonlinear
microscope, exploiting CARS, SHG amatphoton excitation fluorescencel PEF
modalities, with the optical geometry allowing photon collection in the epi direction.
This distal endf this miniaturized microscope must have a diameter equal to, or
less than 2.0mm, while maintaining a relatively highumerical aperture NA) to
increase sample power densities and improve thseetioning ability. Careful
selection of fibre delivery deces and analysis of appropriate dispersion

compensation must be done, as well as a critical evaluation of other integrated



miniaturized components. Validation that the exoscope performs according to

design specifications will also be performed once thére assembly is complete.

1.4 Outline

Now that the motivations behind this thesis have been defined, chapter 2 will give
an overview of various nonlinear imaging types. The fundamentals that these
modalities are based upon will also be discussed, \aithrief description of the

nonlinear polarizations, as well the significance of the specific type of electronic
transition associated with each modality. Comparisons to traditional imaging
methods will also be undertaken, and an explanation as to theipacivantages of

nonlinear imaging. A significant portion will also be dedicated to understanding the

fundamentals of the stimulated Raman processes associated with CARS.

Chapter 3 reveals the developments that have made this thesis possible. The
signifcance of the first papers published on CARS, all the way to the first epi
collection of CARS photons will be discussed. Additional milestones associated with
the miniaturization of nonlinear endoscopes will be mentioned, including laser
technology, beam devery, optics and scanning mechanisms. Comparisons to the
various technologies used in these papers will be deduced. This chapter then
focuses on the deded miniaturized components. 4teepth analysis of each and
every one of the selected components vii# made. Detailed explanations of every
test performed on these individual components will be analyzmshcludingwith a
description of the entire setup, from ultrafast photon generation, to photon

capture.

The results of the assembled exoscope are dised in chapter 4. The chapter
begins with independent analysis of the focusing optics, and a ddiaerpackaged

MEMS mirror. Resolution tests as well as biological imaging are undertaken. The



subsequent results are from after the exoscope has been tetely assembled,

with similar resolution test and biological imaging completed.

As anticipated, the final chapter reflects upon the accomplishments, analyzes the
successesas well aghe shortcomings. Shoterm as well as long term plans for the

future employment of theexoscope isliscussed.

1.5 Personal Contribution

The bulk of my work was performed after the initial componentse selected, and

the optics already designed, as this was a group project. The first portion of the
project that | was #iached to was the operation of the MEMS mirror. Since only the
mirror was supplied, the driving electronics and the software needed to be
designed. | researched what was needed in order to make the mirror perform as
required, as well agriting the initid software | also designed and constructed the
high voltagedirect current PQ square wave converter that was required to operate
the MEMS mirrorOnce thedriving componentsvere completed, | was resposible

for the complete testin@nd characterization of each individual mirror.

Once the assembly of the focusing optics was completed by a local company,
preliminary trials combining the MEMS mirror and the optics were performed. | was
responsible for integrating those two componemnigth the current microscopy

system, as well as performing the imaging of the samples.

Following the confirmation that the optics and MEMS mirror performed as
anticipated, | assisted in the assembly of all remaining components into the
exoscope. Once theomponents were installed, | was responsible for confirming the

operation and alignment of all optics contained within the exoscope.

Fibre delivery is a crucial part of the exoscope, and | performed dispersion tests on

the pair of fibres used in the exparents. | also designed and implemented a prism



compressor to compensate for the dispersion encountered within the delivery
fibres. A grating compressor was also used for fibre compensation which was

designed by me, but implemented by anotHenDstudent.

With all components at the university, | had to source and prepare samples for
resolution testing as well as for biological imaging demonstrations. Once suitable
samples were selected prepared, | also performed all the resolution measurements
and imaged may of the various other samples included in this thesis. The sourcing
and preparation of the biological samples were assisted Bilastudent, as well as

by a research associate, who also assisted in acquiring and troubleshooting some of
the images taken.The PhD student also was responsible for maintaining the

generation of the supercontinuum that will be described in the following chapters.
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Nonlinear Processes: Types and Comparisons, Generation Mechanisms
and Advantages

A basic comprehension of nonlinear optics is critical in order to fully understand why
nonlinear microscopy is advantageous, and how it affects the selection of
components that are vital to a nonlinear microscopy system. This chapter will give
an overviewas to what are the benefits of nonlinear microscopy, followed by
detailed descriptions of the individual processes. More specifically, an examination
of the polarization state under intense electric fields will be performed, and how this
gives rise to vaous simple nonlinear effects. Before delving into a description of the
more complex CARS process, an explanation of a standard Raman process will be
given, as it is fundamental to the understanding of CARS. The last nonlinear effect
that will be discusseds supercontinuum generation. It is key to the generation of

the antiStokes wavelengths for our particular CARS setup.

2.1 A Case for Nonlinear Microscopy

The abiliy to perform imaging with threglimensional capabilities has been a highly
soughtafter goal. A popular method that offers thissectioning ability is confocal
microscopy. In this modality, a pinhole is used to reject photons that are emitted
from out of the planeof interest While this does give the ability to view individual
layersof a ample,there is optical interaction within the entire focal volume&his

can cause out of focus areas to become photobleadsd causdissue damage. It
also reduces the available penetration dep#isthe deeper the photons penetrate,
the more likely thg are to be absorbedZ-sectioning is also accomplished through

nonlinear microscopy, using neanfrared photons.

Stimulating thisnonlinear excitatiorfrom wavelengths far from the visible spectrum

ensures fewer scattering events as the light passesuth the tissue, allowing for
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deeper optical penetration before being focused at the region of interest. The water
window shown irFigure4 demonstrates that the absorption of NIR photons within a
sample is quite lowstill allowing deep penetration of the tissue samplésing NIR
photons in combination with muHphoton absorption enableshe emission and
collection of photonsgn the visibé spectrum, while still deeply penetrating the tissue

samples.

Absorption of Liquid Water at 800nm
1000 -+
100 +

10 -

Absorption 1 ' ' o ' '
(1/Cm) 0.1 -

0.01 -
0.001 -

0.0001 -
0 500 1000 1500 2000

Wavelength (nm)

Figure4: The spectral absorption of liquid water, and plotted 800 nm section (red)
When these NIR photons are focused, the optical field intensity increases. Bence t
rate of absorption is proportional to the square of the intensity (reasons for this will
be discussed in the proceeding sections), only when tightly focused will there be
nonlinear interactions. This leads to localization of the generation of nonlinear
photons, with out of focus regions remaining inactive in terms of photon interaction.
Figure5 shows the comparison of a linearly active medium intcst to the small

volume of nonlinear interaction.

Since this localization of the generation of detectable photons essentially acts like

the pinhole in a confocal microscope, this enables a simiseczioning ability.

11



Different planes of a sample care bmaged at a time simply by translating the

sample parallel to the optical axis.

Not only does the localization of the generated nonlinear photons enablz 3
imaging, it also enables sub wavelength resolution. Since the active focal volume is
dependenton the nonlinear field strength, the field strength can be reduced to
stimulate the nonlinear process within a reduced focal volume smaller than the

excitation wavelength.

Another advantage of using NIR photons to excite electronic transitions within a
sample is that NIR photons encounter few scattering events, as the energy of the
incoming photons is far from the endogenous active (single photon) absorption
band. When compared to visible light, this means that the NIR photons can
penetrate deeper into thesample, and power densities remain high in the tight focal
volume. This means that for all nonlinear modalities, no energy is deposited within
the out of focus tissugat the targeted energy bandYhis makes the incoming light
less phototoxic to the tisge being examined. These properties apply to all nonlinear
imaging modalities, (although with TPEF there is some energy deposited into the

tissue, as it involves real energy levels and the associated decay lifetimes).

@ (b)

T

Figureb: (a) Linear fluorescence interaction volume (Green) (b) Nonlinear interaction volume (Green)

The ability to image individual planes is not the only advantage of nonlinear
microscopy chemical specificity is also enabled through nonlinear imaging
Traditionally, in order to obtain chemical specific structures contained within a

sample, exogenous dyes must be added. Not only could the addition of external
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material affect the internal pycesses of live tissue being imaged, dyes are typically
carcinogenic. For this reason, it is difficult to perform in vivo fluorescence imaging
on living humans. Another obstacle that is present with single photon fluorescence
microscopy is the difficultyof separation of the excitation and emission
wavelengths. As the energy difference between these two bands of frequencies is
not large, filter selection can be quite tedious, and in some cases, impossible. With
nonlinear imaging, the pump photons can besia filtered as they are spectrally
distinct. The absorption of multiple photons (during a single atomic transition) in
nonlinear microscopy is the reason for this advantage, with a comparative excitation
between single photon fluorescence and multiphotdlmorescence pictured in
Figure6 [9].

Fluorescein Two-Photon
J Huorescence Excitation
Sngle-Photon Emission $
Bxcitation A _’——\/\
"LJ—.— l | l |
500 TOD BOO 900 1000 nm

Wavela ngth (~, nm)

Figure6: Fluoresceirsingle photon excitation VS two photon excitation and corresponding emission
wavelength[9]

22. 1T T1 ETAAO 02ahddRAOOAOG ?

The response of a system is said to be nonlinear when the application of an optical
field modiies the properties of the material system. The response of the system also
varies nonlinearly with respect to the input field. Specifically, it is the
polarization,d 0, (dipole moment per unit volume) that varies with respect to the
strength of the apped optical electric field,O 6. In nonlinear optics, the
polarization relationship to the electric field is not a linear series as with linear

optics, but instead it is a power series:

13



(1)
Where] is the permittivity of free space and. is the susceptibilityEquation( 1)
is the basis for calculating the polarization effect when large optical intensities are

present.

When the optical field intensity is high enough, the additional terms in this power
series areincreasingly responsible for the generation of nonlinear effects including
two photon excitation fluorescence, second and third harmonic generation (or even
n-harmonic generation with high enough intensities), sum and difference frequency
generation, intesity dependant refractive indices, optical parametric oscillation,
saturable absorption and stimulated Raman effects (which includes CARS). These
nonlinear effects generate new components of the electric field. The nonlinear
response of the oscillation dlfie dipole moment of each atom is responsible for the
generation of new frequencies. As nonlinear materials are not simply single atoms,
each dipole moment influences its neighboring dipole moment creating a cascading
effect when the orientation of eachtamic dipole is in line with each other. The
time varying polarization is responsible for these generated frequencies and
modifications of the refractive index. Without going into a lengthy derivation (from
al EgStfQa SljdzZ A2y a0 XanbiiGarimedidh S t 61 @S

. e 10 p T 0
“OES'T&) i 10

(2)
As mentioned previously, the variable that modifies the properties of the generated
electric field is the nonlinear polarization term, , which varies depending on the
conditions of the input wave, selected material and orientation. Various specific

nonlinear polarization terms will be derived in the following sections, with the
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general nonlinear polarization contribution for the secondiahird order nonlinear

susceptibilities being given as:

C
—n
o

(3)

(4)

2.3 Parametric VS Nonparametric Processes

An important basic concept of nonlinear opticshe comprehension afhe different
absorptionemission processes, of which there are two. Not all absorbed photons
create equal electronic transitions, depending on the nonlinear process being
exploited. This is significant, as wavelength of the emitted photons can vary
dependng on whether or not the process is parametric or nonparametric. A
parametric process is defined as having the same initial and final quantum
mechanical states. The energy of a photon that is absorbed parametrically by an
electron is only contained in vual levels. This means that there is no time for any
residual energy to be transferred to phonon generation. A consequence of not
having any interaction with real energy levels is that phase matching must be
attended to closelyThe lack of vibrational engy transfer is because the lifetime of
electrons in virtual levels is much less (essentially instantaneous) than their brethren
in excited eigenstates, which is where nonparametric electrons are found. As the
energy of excited electrons can be transferred the material lattice, when the
excited electron eventually decays back down to the ground state, the emitted
photon will have less energy, and be red shifted. This is in contrast to parametric
processes, where there is no energy transfer and the emhigieoton has exactly the
same energy as that which excited the whole process. Understanding which
nonlinear process is being exploited is critical to detection (specifically in filter

selection), as the amount of energy deposited into the sample for a aw@mpetric
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process can be significant enough to shift the wavelengths of the photons by many
nanometers when compared to a parametric procg¢$6]. This heating can also

potentially damage a sample being imaged.

2.4 Second Order Nonlinear Processes : Second Harmonic
Generation

SHG is a second order nonlinear process that involves the absorption of two photons
of equal wavelength, and the emission of a blue shifted photon 7 1 .In

SHG, instead of populating real levels, SHGt®ns find themselves utilizing virtual
states, with the destruction of the two incoming photons, and the creation of the
emitted photon happening instantaneously in a single quantum mechanical process.

The excitation of a SHG process is depictdegare?.

Virtual Level _ __ l _____

w

Virtual Level _ _ 1 _ _ 2w

Y

Figure7: SHG energy level diagrafh0]

To understand SHG, take the input electric f&tlegingth as:

06 0Q &8
(5)
The induced nonlinear polarization of a material is given as a sum of the product of n
nonlinear optical susceptibilities and the corresponding field strength. Specifically
for SHG the inducedonlinear polarization for a material thatis active is:
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(6)
Expanding this ternm equation( 6 ), the created polarization is a function of two

terms that result in distinctly different results:

~ o~
PG

0 0 ¢ .. 00 | ..0Q
(7)
The first term does not contribute to the generation of the second harmonic, but
instead causes optical rectification across the material surface. The reason for this is
that the second time derivative is equal to zero. This means that there is an average
DC polarization created across the material. The second term is what contributes to

the generation of theg photons[10].

2.5 Third Order Nonlinear Processes :

Not only can the exoscope exploit second order nonlinearities, it can also make use
of third order processes. These include the more simple modalities such as two
photon absorption, and potentially third harmonic generation as welLARSn the
following section, we will examinthe mechanics behind the generation of these

third ordernonlinear processes

2.5.1 Two Photon Excitation Fluorescence
One of the simplest examples of a third order nonlinear process is two photon

excitation fluorescence. Like mg other nonlinear processes, TPEF benefits when
compared to linear processes like single photon fluorescence. Instead of a single
photon stimulating an atomic transition, the energy of two photons is
simultaneously absorbed. Typically either light in tiigaviolet spectrum or in the
blue/green region would be used. Instead, low frequency photons (typically in the
infrared spectral range) can be used to promote electrons to a real excited state. A

single photon of the same frequency would not have theuiegd energy to bridge
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the band gap. Two photon absorption can also be useful if the excited state is not
connected to the ground state in a single photon absorption transition. As this
transition involves a real state it is a nonparametric process wehrties allowing

for some vibrational energy transfer before decaying back to the ground state. The

excitation processes of a TPEF event is showigure8 [11].

Excited state

(.l). Vibrational Energy

W Transfer

Virtual Level ——— e e b v < 2(D|'

w;

NS \r*

v

Ground state

Figure8: TPEF energy level diagrdil]

The emitted photon during this process will have slightly less than twice the energy
of the incoming photons due to the nature of electrons residing in real energy levels.
The population of real levels allows for phonons to be created, and energy lost

through molecular vibrations.

2.5.2 Third Order Nonlinear Processes: Third Harmonic Generation
Not surprisingly, THG is the destruction of three photons of equal frequengy (

and the simultaneous creation of a photon three times the frequermxy) (of the
incident photon. Similarly to SHG, the energy levels involved in the transition are
virtual. A significant difference is that noncentrosymmetric as well as

centrosymmetric materials can be THG active. In order to derive the THG
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polarization equation, an asmption of a monochromatic is made, and that the

electric field is given as a sinusoidal input wave.
0 OAT100
(8)

Now whenequation ( 8 ) is substitutedinto the third order nonlinear polarization

equation, the result is:

(9)
Using @A T @trig identity:

(10)
Note thed in the first termof equation( 10), it is responsibléor generating the
THG signal. While the exoscope created for this thesis has not demonstrated
sufficient intensity, or been designed to generate or capture a THG signal, i
conceivable that a future iteration could be designed to incorporate THG imaging

capabilities.

2.5.3 Third Order Nonlinear Processes : Analysis of Coherent Anti -
Stokes Raman Scattering and its Raman Roots
The core functionality of this device is ceadron CARS. In order to fully understand

how CARS works, a description of a standard Raman prosesseded The
following paragraphs introduce Raman scattering, the difference between Stokes
and antiStokes generated photons, as well as the moleculaatitmal modes that

are be responsible for these spectral shifts. This Raman process is fundamental to
CARS, and can be resonantly excited. Examples of a molecular bond that can be
resonantly excited are-8 bonds. Lipids are prime examples of a tissu¢ ighéach in

GH bonds, and is extremelemssitive to CARS microscopy-depth analysis of the
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generation mechanics of CARS, and why lipids are such a good match for this

modality are given in the following text.

2.5.3. 1 Raman Scattering
The recipient othe Nobel Prize for Physics in 1930 was Sir Chandrasekhara Venkata

Raman. He was awarded this honour due to his discovery that when photons of a
specific wavelength pass through a material, an extremely small number of these
photons change wavelengti42)]. Previous to this discovery, it was thought that
photons would only interact with matter by scattering elastically, as seen with

Raleigh scattering, or by complete absorption causing an electronic transition.

There are two relevant methods in which a photon can be inelastically scattered
while temporarily interacting with phonons present in the material structure: The
first method is such that the energy from the incident photon is transferred to the
vibrations of the atomic structure of the material, losing energy as it passes through
the material. The resulting photon is red shifted, or Stokes scattered. The second
method of inelastic scattering occurs when the opposite energy transfer occurs. The
incident ploton acquires energy from the molecular vibrations of the atomic
structure. Hgure 9 [13] depicts the energy bands andsagiated spectrum of both
Stokes and antbtokes scattered photons as well as the elastically scattered Rayleigh

photons. The resultant photon is now blue shifted, or eBtibkes scattereflL4].
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Fgure 9: Rayleigh scattering frequency with the Stokes and aBtokes sidebandfl4]

The energy difference of these scattered photons is equal to the molecular
vibrational energy of the material being examined. It is also significant to note that
different chemical bonds present in a molecule all have distinct vibrational energies.
In geneal, a molecule with n number of atoms has a humber of resonant vibrational
frequencies equal to 36 (unless the molecule is linear, not permitting the
observations of axial rotations. This specific number of vibrations is represented by
3n-5). The simplst types of vibrations that can be found in atomic systems are

shown inFigurel0[15].
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Figurel0: Types of molecular vibrationfl5]
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The frequencies of thesresonant vibrations can spdrom low frequency twisting

and bending modes at energies of about 100¢cio the high energies near 3500

cm' of stretching modes. The larger molecules give significantly more complex
spectra. The fingerprints of these bond specific vibrational energies can be observed
by infrared (R spectroscopy as well, but there are many differences between these
two spectracopic techniques. The main limiting factor of using IR spectroscopy in
biological imaging is due to the high absorption in water of IR and far IR photons,
where wavelengths typically used in Raman spectroscopy can be at the minimum of
the water absorptiom window (408500 nm). This means that samples probed with
Raman spectroscopy can be kept in an aqueous medium, while IR spectroscopy is

not suitable for in vivo biological imaging.

Based on these observations, the power of a Raman scattered ph®toaedibly
apparent Raman photons could be used to identify the chemical properties of an
unknown material or differentiate between biological structures, accomplished
without the need for staining, vaporization or other chemical addition. All of these
processes could potentially damage the sample being observed. If Raman
spectroscopy could be applied to imaging live cells, much information could be
determined about cell dynamics, structure and reaction to external stimulus.
Raman, being the weak effect thitis, would require either very high laser powers
(possibly damaging the specimen) or very high acquisition times (in which the live
cell could be in motion causing significant blurring). If the sample has any innate
autofluorescence (which is typicallyders of magnitude stronger than the Raman
effect), it will overwhelm any Raman photons that are generated. Fortunately there

is a way to resonantly excite this Raman process.

2.5.3.2Coherent AntiStokes Raman Scattering
Coherent antiStokes Raman scatiag is a powerful imaging modality that is a slight

Y2ZRAFAOIGAZ2Y 2F wlYlIyQa &LISOGUNR&aO2LIAO
section, Raman scattered photons are a rare occurring phenomenon. If the intensity

22

STT¥S



of an electric field is high enough, nordar effects can be induced on a sample,
greatly increasing the Raman response. CARS is a third order nonlinearity involving
real electronic molecular transitions. This means that the process is resonant, unlike
a typical Raman transition. The stimulatiof these high intensity photons actually
induces the vibrations of all molecules in the focal region to be in phase with each
other. The increase in Raman response caused by the high intensity optical fields
has a nonlinear dependency on the input pow€&he intensity of the Raman signal is
now tunable based on the input laser power, which is the key fundamental property
of CARS.

Specifically, the generation of the Ramaignal requires three photonswo of
which have the same frequency), the third(n,) is tuned to the vibrational energy
difference of the molecular vibration being probedg)( given by the following

equation:

(11)
Now that a resonant frequendg established, an explanation of the order of photon
interaction will be given. First a pump photon of frequengys absorbed by the
system. This photon resides in a virtual state until a photon of frequendg
incident upon the system. This photon stifates the emission of another photon of
equal frequency, causing an electronic decay to the ground state. The energy of this
electron is not, however, at the same level as when is started. It has gained some
vibrational energy equal tog, due to the enegy difference of the second photon.
Before this electron can lose this additional energy, another photon of frequancy
is absorbed promoting the electron up to another virtual level. The electron then
decays back to the ground state, emitting an &iittkes photon of frequencyas
This process is described by the subsequent equation and the energy level diagram

and process shown iRigurel1[10]:
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Figurel1: Photon interaction and energy level diagram for a CARS profH3ks
It is evident that the antStokes photon generated g&pectrally distinct from both
pump and Stokes input photons. These input photons can be filtered, leaving only
the antiStokes photon to be captured. Now that a basic understanding of CARS has
been given from a photon absorption perspective, a conciseharaatical analysis

will be done.

In order for a CARS signal to be generated, two laser beams at frequerayd

1 1 must interact. Mathematically, this gives rise to a specific nonlinear-four
wave mixing susceptibility that leads to the generatioranofantiStokes photon at
frequency 1 (whose complete derivation is outside of the scope of this

thesis):

Qa’

1
(13)

Where] is the antiStokes generated frequency, N is the number density of

molecules,— is the change of the polarizability of a molecule with respect to the

internuclear distancg, is the inherent resonant molecular frequency dands the

damping costant. A nonlinear response occurs in the system when 7 is
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equal to the molecular resonant frequency . This identity is the basis of why CARS

is a useful tool for molecular imaging. Much like in standard Raman spectroscopy,
the fact that molecula vibrations are indicative of the actual type molecule itself,
CARS can resonantly excite these vibrations. CARS can accurately differentiate
between regions containing the molecule being probed and those where there is an
absence of the specific moleculas the laser focal point scans from one region to

the next.

A very suitable type of tissue for CARS imaging are lipids. Lipids contain high
concentrations of @ bonds, and consequently generate considerable CARS
photons, with high contrast. The moleculgibration (stretching mode) of the-8
bonds can be resonantly excited when it equals the difference between the pump
and the Stokes wavelengths. Since the contrast is based on the intrinsic vibrational
properties of the molecule itself, there is no nead add any exogenous
fluorophores or tags. This can allow viewing of dynamic cellular processes, with high
time resolution. Lipid droplets are frequently imaged by CARS microscopes, since
they are primarily made of triglycerides and sterol esters, whyglctally have a high
concentration of €H bonds. In addition to imaging cellular lipid droplets, CARS is
exceptionally good at imaging myelin. Myelin is largely composed -&0%0 lipids

which, as mentioned previously, typically contain a high concentradifdGH bonds.

There are different types of CARS that offer their own specific advantages, while the
fundamental antiStokes wavelength generation mechanism remains unchanged.
Femtosecond CARS denotes the use of a femtosecond, transform limited pump and
stokes beam. This setup offers the highest possible peak powers, and consequently
the most intently generated CARS signals. If peak powers are high enough, this can
actually lead to an increase in the generation of nonresonant CARS background. This
is simpy due to the fact that the spectrum of femtosecond pulses (hundreds @) cm

is much larger than that of the Raman band being probed (~18).cihe only way

to reduce the bandwidth of the laser pulse is to increase the pulse width. This results
in lower peak powers, but also reduces the nonresonant background. This was
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actually found to increase the sigAal-background ratio. Cheng et al. showed that
using a 23 ps pump laser source was actually the optimal pulse width to maximize

the signafto-backgroundatio [16].

It is possible to combine the advantages of both picosecond, and femtosecond CARS.

This can be accomplished by keeping either the pump or stokes as a femtosecond

pulse, while broadening the pulse width of the oth# the picosecond regime

(called the probe pulse), this is called multiplex CARS, demonstratejune 12

[17]. Sincethe spectral overlap is defined by the narrow bandwidth probe pulse, the
ALISOGNYt NBIAZ2yaAa 2F GKS FSY(i2aSO02y R LldzZ &S
LldzfE &S R2y QG 3ISYSNIGS | y2ytAYSENI aAdylfo ¢
while one beam stilhas high peak intensities. The region of spectral overlap can also

be tuned to resonantly excite other molecular vibrational modes. The pulse widths

that we use in the exoscope setup can exploit the multiplex CARS advantages, as a

femtosecond pump, and picosecond Stokes are used.

100 fs
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—

Figurel2: Depiction of the spectral envelope of a picosecond pulse interacting with a femtosecond pulse in
multiplexed CAREL7]

2.6 Generation of the 1030 nm Stokes Beam
This section describes a nonlinear process that is related to imaging indirectly. This is

a complex nonlinearity that is used to create a spectrum of white light from a
photonic crystal fibre RCIlrin which the 1040hm Stokes beam is picked from. This

supecontinuum (SC) allows only a single laser source to be used for CARS imaging.

26



The phenomenon of supercontinuum generation was first experimented with in the
1970s by Alfano and Shapiro in borosilicate glass. They focused a picosecond pulsed,
frequencydoubled neodymium:glass laser into a small piece of silica and were able
to successfully generate a white continuum from 40D nm albeit with very high

pulse energies (;nJ). This work progressed from bulk material to silica fibres as the
propagation distane could be very long and confinement area was extremely small
thus increasing the interaction length, and the opportunity for the nonlinear
processes to create the spectral pulse broadening. A diagram of the spectrum of an

ultrafast pulse as its propagati throughout a PCF is showrHigurel3 [18].

(a) Spectral Evolution (b) Temporal Evolution
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Figure13: Temporal and spectral evolution of an ultrafast pulse propagating through a RGF

Typically,the SC generation process stangth a femtosecond pulse that is
O2Yy&aARSNBR | KA3IK 2NRSNJ &2 orpaflehg/ubually KS  LIdzf & ¢
forming two asymmetric peaks on eitherd& of the pump centreThis high order

soliton then breaks down and fissions into its fundamental solitofise SC spectra

generated in PCFs does not reflect only the profiles of individual sdlgsion(as

this would be represented by multiple distinct peaks), but instead has a flatter
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profile. S can become the dominant SC generating effect as the envelope of light

moves further away from theero-dispersion wavelengtfzDW.

Crossphase modulation offers up similar broadening characteristics as SPM, but
instead of the frequency shift being séfiduced, it is an external field that drives
this variation. Instead of two pump photons mixing together, a pump and, say
another photon generated by the initi#ur-wave mixing FWM) process (or via a
myriad of other processes) can interact producingiidnal frequency components.
This essentially creates a cascading generation of new frequencies as Iphgsas

matching is maintained

Stimulated Raman scattering is yet another avenuetl@ redshifting of the SC

photons the mechanics of which witle discussed in the following chapter

2.7 Conclusion

Based on the preceding text, it is evident that in order to perform imaging with
chemical specificity, a single photon based system is impossible to use for live tissue.
Nonlinear microscopy achievethis chemical specificity without the need for
exogenous dyes, while keeping the excitatemission wavelengths spectrally
distinct for ease of filtration. Tissue damage is also kept at ddeel because ahe

small or even nofexistent energy transfeto the sample. Zectioning is achieved
since the nonlinear signal is only generated within a small focal volume. The
mechanics behind each type of nonlinear processes have been discussed, with
SYLKI &A@l yKR® gffect the polarization state of material system, as well

as the significant difference between parametric and nonparametric processes. A
background of Raman scattering has been given, with the critical details of how
CARS photons are generated. The information presented allows thetiealeof

samples imaged in the following section.
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While not all nonlinear processes have been discussed in detail, all nonlinear
processes that are relevant to the exoscope have baddressed Based on the
information contained within the previous texit is obvious as to why nonlinear
microscopy offers significant advantages over linear microscopy. Vit not be

quite so obvious, is actually how to implement the nonlinear modalities. The topic of
the following chapter is how these nonlinear proocesshave been applied to

imaging, and how to overcome the difficulties wargtiwith high peak power pulses.
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CARS Endoscopy: The Advancement and Miniaturization of CARS
Imaging, Component Selection, and Anticipated Performance

The following chapter will disclose the enabling technology related to the
miniaturization of a CARS microscope. It is important to note that this is not an
extensive investigation into the history of all CARI&ted discoveries, but includes

only a reviev of milestones that are pertinent to this thesis. Specific emphasis will
be placedon the analysis of the individual components that make up the exoscope.
Finally, the theoretical performance of the exoscope will be calculated, including the

anticipated xial and lateral resolutions.

3.1 CARS: From Spectroscopy to Imaging

CARS had been demonstrated as a successful tool to enhance Raman scattering in
spectroscopic applications, such as gas [#0] and flame [20] molecular
composition studies as early as 1973, although limited to a resolution of about 20
pum. This resolutionirhit has little negative effect on spectroscopic studiesfdct

CARS is well suited to perform chemical composition studiemiorm samples. It
glrayQi dzydAft ftyz2ad F RSOFRS 1 GSN GKIG GKA
CARS as a contrast mechanism was applied to imaging biological {%li€EBhe
system used an argeion modelocked laer to pump two different dye lasers. The

first laser contained a rhodamine 6G dye, with a tuneable output betweer6265

nm, with 250mW of available average power, while maintaining psulse at 80

MHz. The second laser contained a(dicyanomethylee)-2-methyl6-(para
dimethylaminostyrypdHpyran dye, was tunable between 6200 nm, and
produced 150mW of average power while maintaining anp8 pulse width at 80

MHz. The use of lasers within the visible spectrum produced the first published

images sing CARS shown iRigure 14 [21], despite the high nomesonant
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background signal produced as a consequence of using visible light. It is also
important to note that the pump and stokes weret collinear. This crodseam
geometry overlapped in a very small portion of the focal volume of each beam,
resulting in low spatial resolution, poor phase matching conditions and consequently

low sensitivity.

Figurel4: CARSmages of RO soaked oniorskin cells, with the lasers are tuned to resonantly excite the 2450
cm™* band of the RO [21].

The second major publication centred on CARS as an imaging modality was primarily
an attempt to reduce the nomesonant background that plagued the sensitivity of

the previous CARS setup. This was accomplished by Zumbush et al. by using near
infrared waveéngths to stimulate the CARS process. The reduction in energy per
photon of the longer wavelengths made exciting real energy levels less probable,
reducing the occurrence of electron promotion to these levels. This work was based
around a femtosecondisgpphire laser tuned to 85%:m, which was split and a
portion sent to an optical parametric oscillator which red shifted the wavelength to
1.1-1.2 um. The difference in these wavelengths meant that bond energies from
26003300 cm™ could be resonantly excite Both wavelengths were overlapped

temporally and spatially, and focused by a high NA (1.4, 60X) microscope objective
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onto live bacteria (show ifrigurel15), with the CARS signal being collected in the

forward direction[22].

Figurel5: CARS images of unstained, live cells, including (a) Shewanella putrefacid»®0, with the Raman
shift at 2878cm-1 being resonantly driven and (b) HelLa cells. The bright regions are mitochondria rich in
aliphatic GH bonds at 2913 cih[22].

The collinear optical geometry in conjunction with thegiNA meant that phase
matching conditionsvere more easily met (due to the larger cone of wave vectors,
and small interaction volume), increasing the CARS sensitivity. The small interaction
volume as a consequence of the use of a high NA objective alsotntieat 3D
sectioning was made possible, further increasing the usefulness of this new imaging
modality. The use of near infrared beams also had additional benefits, including
lower photodamage and a reduction of Rayleigh scattering, allowing deeperlsamp

penetration.

One of the remarkable properties of CARS that was exploited by all previously
mentioned discoveries is its coherent nature. This is in contrast to standard Raman
scattering, as Raman photons are emitted in all directions. The generation
mechanics of CARS and its coherent natweze discussed by Potma et ah their

2000 paper Jecificallythey investigatedhe intensity distribution of a CARS signal
within a diffracted limited volumg23]. Further work was msented by Cheng et al.
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in 2002. It was demonstrated that the radiation pattern of CARS photons is
extremely dependant on the structure of the surrounding material, mainly the size
and shape of the adjacent objects and environment, as well as the nonlinear
susceptibility of the object itself. The object being imaged had a significant impact
on whether or not the generated CARS signal would propagate in the forward, or epi
direction [24]. If the sample being investigated is vemn, the radiation pattern is
quite directional, and almost of equal magnitude in the forward versus the
backward direction. As the sample increases in thickness, there is constructive
interference in the forward direction (as the phase mismatch is redyjcand
destructive interference in the backward direction (as the phase mismatch is large),
reducing the available signal for epARJ10]. Based on thibservation the
generation of CARS photons in the dpection would seem to be impossibieth

thick samples There are, however, three mechanisms that allow for collection of
photons in the backward direction. Cheng demonstrated the first, that when the size
2T GKS a0l dGSNAy3a 20 &8®©is indompletd Westfudtive Sy 2 dz3 K
interference in the backward directiof25]. The second source of egenerated
LK2id2ya fASa sA0GKAY RA&AO2yGAYydAGASa 2F (KS
changes rapidly, which wassdussed in the paper on fomrave mixing in optical
microscopy by Potma et al. in 200P3]. The final generation mechanism is not
related to the coherent generation of photons, it in fact is simply backscattered
forward-propagating CARS photons, scattered by differences in the refractive index

of the material.

All three of these epgeneration mechanisms were demonstrated by Cheng et al.
They were able to successfully collect CARS photons in thdimggition which is
critical in the development of an endoscopic CARS microscope. Cheng used two
picosecond, phastocked Tisapphire lasers running at 8®IHz, one producing
pump photons at 69840 nm, while the other produced Stokes photons at 7300

nm. The use of dual picosecond pulse trains meant that the system could resolve
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sharper Raman spectral features, being able to distinguish between molecular bonds

with closer vibrational energy signatures in the fingerprint reg&ij.

The previous work on advancing CARS microscopy techniques all require a
significant amount of capital to be spent on laser systems. A single ultrafast laser is a
costly piece of equipment, and a single source system could reduce the barrier to
entry for CARS. Not only would this enable more laboratories to perform chemical
specific imaging, but it also could bring CARS imaging closer to the bedside.
Murugkar et al. addressed this challenge, developing a CARS microscope system
requiring only a singleource. In order to generate the second wavelength required
for CARS, a PCF was used to generate a supercontinuum. Trafisfdet, 800nm

light from a Tisapphire laser was split into two distinct arms, one for the pump and
one focused into a PCF. THXCF had custom tailored dispersive properties,
specifically two closely lying zedispersion wavelengths, situated on either side of

the input 800nm light. The generated output light was blue and red shifted, creating

a supercontinuum with a peak at 1040n, suitable for use as the Stokes beam. The
supercontinuum was filtered with a barghss filter around the 1040nm
wavelength, and recombined with the pump beam and directed toward the sample.
The temporally and spatially overlapped beams of light sigfaflg resonantly
excited the CARS process, resulting in the chemically specific images of unstained

dorsal root rat axons shown Figurel6[26].
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Figurel6: Mouse axons, with surrounding bright myelin, with a node of Ranvilenoted by the arrow26].

3.2 Limitations of CARS

It would seem that the usefulness and applications of CARS as an imaging modality are

endless, and while this is almost true, there are many reasons why the spread of CARS into
YFEAYAGNBFEY YSRAOAYS AayQid & LINRfSsgclod itl a 2y S Y
is evident that CARS has been successfully used in ex vivo expericémsgh the

transition to performing in vivo experiments is not an easy task. This is due to the many

complications that arise when dealing with a dualvelength, nontiear modality.

The most apparent difficulty that plagu€ARSs the requirement for a pump and a Stokes

beam to resonantly excita Raman shift. Getting both of these beams to overlaphbin

space and time has proven to be quite a substantimbstacle The fact that these

gl @St Syaaka |NBE aSLINYiIiSR o6& bHBHan yY YSrkya GK
ignored if a detectable CARS signal is to be generaieel.difficulty rises if an endoscopic

CARS probe is being developed, as high NA miniaturized aptidamously susceptible to

spherical aberrations. These aberrations can be dealt with iftremlitional componentsor

specific care is given to the engineering of the optics.

Related to tle overlapping of the two beam#he generation of said beams itsa amain
NBIFrazy GKFd /! w{ KFayQi 0SSy RSLI2&SR (2 G4KS 0
peak powers must be present in order to generate CARS photons. Traditionally, these peak

powers are generated witthe famous titanium sapphire laser. iaithis laser is the clear
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choice for researchers, due to the high power availability, wavelength tunability, and
adjustable pulse widths, its operation requires highly qualified personnel, and is incredibly

bulky. Fibre lasers have begun addressing #sisd, but CARS still remains in the laboratory.

Even if these fundamental difficulties are overcome, there are adbstacles that will be
present whether in the lab, or by the bedsiddnfortunately, a nosresonant background is
everpresent. This backgund signal can overwhelm weak CARS signals, if there are a
significant number of these ofesonance transitiondn some situatins the signal to noise
ratio can be mcrease by modifying the polarizatiolhs CARS is a parametric process, phase
matchingconditions must be met. This can make detecting CARS photons from a biological
sample quite tedious, as it introduces another variable that must be optimized. Typically,
biological samples are much more difficult to image than a bulk sample, or micrespher
One of these reasons is due to the need to fix the samples in order to maintain their
structural integrity over longer imaging periods. Through personal experimentation, it was
determined that the standard fixation media can add additional FWiMtwo-photon
signals, or even solubilize the lipids that are being prolieis. for this reason that careful

consideration must be given to the selection, processing, and care of biological samples.

The final, and perhaps the most detrimentdpectto performing CARS imaging in the epi
direction is the photon generation mechanics. As CARS is a coherent process, the majority of
the photons propagate along theamevectoras the excitation wavelengths. There typically

is only constructive interference of CARS mmat in the forward direction, except in a few
cases. Interfaces (index of refraction changes) between objects and wavekdingth
objects do not have complete destructive interference in the backward direction, although
this is not the most significant scce of epigenerated photons. The majority of photons

that propagate in the backward direction are mainly due to backscattered, forward
propagating photons in thick samples. The consequence of these generation mechanics is a
sharp reduction in the availéd photons for epietection; approximatelyonly 10% of

generated CARS signal is in the backward direction.
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3.3 Miniaturized CARS Exoscope: Enabling Technologies and
Overcoming Limitations

Now that the historyand limitationsof CARS imaging have beestablished, a brief
description of the function of the major components of a nonlinear microscope
system will be given as well as what components must be scaled in order to create a
miniaturized version. The primary goal of this project ibablein-vivo imaging of

the spinal column tissue in a live rat.

The firstcomponentthat all nonlinear microscopy systems must have is an ultrafast
laser source. Ideally, the source has wavelength as well as pulse width tuneablility.
This flexibility in the pulse wild allows for fine control over the bandwidth of the
stimulated Raman process. Wavelength tuneablility can vary the resonance
frequency being probed, allowing alternative chemical bonds to be resonantly
excited. As long as there is a method to deliver thigrafast pulse train to a

miniaturized microscope, the laser source does not have to be scaled down.

The second significant element in a microscopy system is the scanning assembly.
Typically, benchtop microscopes utilize galvanometric scanners to dteebg¢am

from one edge of the field of view to the other. It is imperative that the scanning
system be decreased in size, as in a miniaturized probe the scanner is contained

within the head of the endoscope itself.

Another significant component to a micrxy system is the focusing optics.
Typically, a mulkelement optic with diameter in excess of 1.2 is used for this
purpose to minimize aberrations. The focusing system must be reduced in size in
order to be included in a miniaturized microscope, whihaintaining a high NA. A
method to collect the generated photons must also be included in a benchtop
system. Typically photons are focused either directly intphatomultiplier tube

(PMT), or into a multimode fibre, and then sent to the PMT. The capture geometry
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for a miniaturized system must include a muitode fibre, as the delocalization of

the PMT allows for an even further reduction in size of the probe.

There is only one componetiat is unique to a portable miniaturized microscopy
system. It is necessary due to the impossibility to deliver the pump wavelengths to a
portable probe by free space optics. This hurdlevercome bythe use of fibre

optics.

The discoveries that makel @f these aforementioned miniaturizations possible are
discussed in the following section. Details as to what components were chosen for

the exoscope are also given, as well as the specific reasoning for selection.

3.3.1 Photon Delivery

3.3.1.1 Photonic Crystal Fibre Fundamentals
Nonlinear imaging is extremely sensitive to laser pulse duration. This is due to the

fact that the amount of nonlinearly generated photons has a quadratic dependence
on the intensity of the pump lightTherefore,it is ideal to lave the pulse width at

the sample to be as close to transfoiimited as possible. In order to minimize the
pulse width, it is important to understand why the pulse broadens in the first place.
Performing a Fourier transform on a short pulse from the temapalomain to
frequency spectrum generates a large frequency spread. This relationship dictates
that the shorter the pulse, the more frequency components make up the pulse
envelope[14]. It is known that the velocity of a wawevelling through a medium is
wavelength dependant. This is caused by the wavelength dependence on the index
of refraction of a material. In normally dispersive materials, the closer the
wavelength to the absorption band of the material, the slower theevestraveld12].

This causes the high energy photons in a packet to lag behind the low energy
photons and is what causes the sigraht GVD If GVD is not compensated for, the

nonlinear signal generated would be extremely Wear not present at all.

Traditionally, all silica fibres are used to transport photons from one location to

FY20KSNE SAGKSNI 20SN) t2y3 RAaGlyOSa 2N AT
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exoscope will not have a fixed location; therefore fregace beam delivery is out of
the question. A delivery fibre must be used, and dispersive effects must be paid
special attention. In standard singheode silica fibre, the ZDW is at approximately
1310nm, with the dispersion curve shown Figurel7 [27]. This value is relatively
constant for all silica fibres (this value can be modified slightly with the introduction
of dopants). The wavelengths of interest for CARS are nowhere near thenh310
that would introduce little dispersion as the pulses propagate along the fibre. At
either side of the ZDW, either Raman shifts, -sedidulation, or soliton propagation

are respondile for the modulation of the temporal profile of the propagating pulse.
These effects, like the ZDW are also constant at specific wavelengths. If the ZDW
point and the dispersion plot could be tailored, the temporal broadening effects on
the pumping waveingths could be diminished. Fortunately fibre fabrication

techniques have led to developments in dispersion tailoring.
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Figure17: Dispersion profile of a standard SME7]
The fabrication process otadard step index telecom fibre has been perfected
over the course of its thirty plus years in existence. This has given the ability for
researchers to easily play with the physical structure of the fibres itself. If the
refractive index difference betweethe core and the cladding could be achieved by
creating a photonic band gap surrounding the core, instead of having slightly
RAFTFSNByYyG 3FflraasSas GKS LINRPLISNIASa 2F (KS

idea was introduced in 1974 by Kaisedakstle, but was not physically possible until
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1996 after fibre drawing techniques had matured. This was a pivotal moment in
fibre design, when PCFs were first created. PCFs are similar to normal fibres, but are
made of a single type of glass, with peilimtioles that run longitudinally along the
fibre, with one air hole in the centre replaced with silica. This defect is the core,
which causes a localized increase in refractive index (in comparison to tgapair
surrounding matrix) and allows for wave jpagation through normal total internal
reflection. An image of the first PCF used by Ranka et al from 2000 to produce
broadband SC generation is showrFigurel8 [28]. If the holediameter, the pitch
(distance from the centre of one hole to the adjacent) and even the packing
structure of the fibre is altered, the resulting dispersive and wave guiding properties
will change. The ZDW of these fibres can be shifted to the red orltreedr even

creating more than one ZDW.

¢KS oAfAGE (2 aKATFTU GUKS %52 2F GKS RSt AGSN
a PCF for photon delivery. In order to maintain a high quality imaging system and
diffraction limited focus, singlenode propaation is obligatory. With standard
singlemode fibre EMH, this singlenmode confinement is achieved by keeping the
core diameter low (<1@um), and each fibre is only suited to propagate a discrete
wavelength range. Now since the magnitude of the nonlireféects suffered within

the delivery fibre is intensity dependant, a larger core diameter would reduce these
unwanted effects. As a resultthe unique properties of PFCs can increase the core
diameter while maintaining singlmodality across all wavelgths for which fused

silica is transparent. This is accomplished by engineering a cladding with a small air
filling fraction resulting in a low index contrast fibre. The effective index of refraction
that is experienced by the passing wave is modified Basethe wavelength of light
passing through the structure. For shorter wavelengths, the effective refractive

index of the cladding shifts towards the normal refractive index of §iigh
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Figurel8: Scanning electron microscope image of the core and surroundingjap cladding matrix of a PCF
(28]

3.3.1.2 Photonic Crystal Fibre applications in Endoscopy
Fibre optics have been widely used as an optical transmission medium for various

types of microscopy, including confocal, fluorescent, optical coherence tomography,
and other in vivo imaging applications. The inherent flexibility of fibres allows for the
distribution, and collection of photons to areas not easily (or sometimes impossible)
attained with freespace optics. The mobility associated with fibre delivered probes
could have great impact on the functionality of CARS, enabling chemically selective,
in vivo imaging of human patients. A significant amount of work has been performed
on the development of a nonlinear endoscope for single modality imadinduat

clad photonic crystal fibreDCPC)-gradientindex lens GRIN lens focusing as well

as a 1DMEMS scanner has been combined to successfully image stained nucleic
acids (TPEF) as well as the collagen from rat esophagus [(EHQhis work was
important in the development of a multimodal microscope, although does not
address the challenges associated with working with a matrelengths modality

such as CARS.

The first attempts at obtaining a CARS image through means of fibre delivery was
performed in 2006 by Evans et al. This work was performed as a proof of cotwcept,

demonstrate that CARS images could be obtained through fibre delivery, in this case
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an SMFE The laser source used was a passively ntocdkeed Nd:Y Vg that put out 7

ps transform limited pulses at 106d4m. The pump wavelength, generated by an
OPO, wa tunable between 78920 nm, resulting in a 5ps pulse width. The
temporally broad pulses induced little spectral broadening effects within the 0.12
NA, 5.6um core diameter fibre. The SMF was coupled to a set of miniaturized
optics, and the imaged polysene beads shown iRigurel9 were generated by the

scanning of a three dimensional piezo st8#].

Figurel9: CARS image of polystyrene beads, with fibre dela@pump and Stokes beanj81]

In parallel, work was being performed with shorter pulse widths by Wang, et al. at
Purdue University, investigated the differences between SMF, and PCF delivery.
Specifically, they were trying tguantify the SPM and GVD effects generated by the
propagation of these shorter pulses through the different delivery fibres. Their laser
system consisted of twdksapphire lasers that output ps, and Jps pulses for the
pump and stokes respectively. Ttrals were performed on two 1m long fibres: an
SMF (NA=0.13) and a PCF (NA=0.05). While the 2 psigpBses suffered very little
SPM and GVD while propagating through the PCF (<1% pulse broadening¥sa 200
pulse encountered significant spectral broadteg, widening from 5 to 18m. Based

on that observation, it is clear that in order to use femtosecond pulses; pre
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compensation must be done to counteract fibre generated nonlinearities. The SMF
fibre also induced significant spectral broadening to theszoump pulse. Additional
wings were produced in the autocorrelation trace, corresponding to a pulse width of
3.1ps. When the pump and Stokes beams were delivered by the SMF, the CARS
intensity was only half of that when compared to the PCF delivered Bt This
discovery is not surprising, although quantifying the reduction in CARS intensity was
an important step in understanding the benefits of using PCFs as a photon delivery
method. The use of PCFs in conjunction witltgsecond pulses (although with
macro optics) allowed Wang et al. to obtain the epi images of myelin shown in

Figure20.

Figure20: Bright strands of myelin, surrounding the dark axon of a neuf82]

Spectral pulse broadening is not the only unwanted nonlinear effect generated
within the delivery fibre. As the pump and Stokesabes are temporally and
spatially overlapped within the fibre, FWM during propagation is possible, and was
demonstrated by Balu et al. in their 2010 paper. Picosecond pulses in conjunction
with PCFs (DCPCE and LMA20) were used for this experiment. Bogump and

Stokes beams were temporally overlapped, and focused into the PCFs. An alarmingly
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high anttStokes signal was observed. The figemerated FWM and CARS intensity
from dimethyl sulfoxide are plotted iRigure21 for the LMAZ20.
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Figure21: FWM signal generated within PCF delivery fibre (square) for comparison with the CARS signal
obtained from DMSO (circlgB3]

It was theorized that the generation mechanism was not from pkaséched
Raman mechanisms, but possibly by fibre impurities through stimulated Raman
pumping, with incoherent anibtokes photons scattered by the pump bedB3].
This observation was critical to the design parameters of the exoscope, as the
excitation and collection path must be kept discrete to avoid saturation of the CARS

signal with the fibregenerated FWM.

3.3.1.3 In-Depth Analysis of the Implemented Fibre Delivery System
Choosing a fibre for the delivery of multiple wavelengths with high enough peak

powers to induce nonlinear effects is not trivial. A fibre with a high operational
threshold power must be singi@mode for al wavelengths of operation, have low
bending losses while maintaining a high coupling efficiency is critical. Two fibres
were selected for preliminary investigation, a dual clad photonic crystal fibre

(DCPCF), and a large mode area (LMA) fibre.

The DCPCHRNKT Photonic)enmark) was the first fibre to undergo testing. A DCPCF
is very similar to a regular PCF, with the exception of an additional cladding layer
surrounding the traditional holey structure. The physical structure of a cross section

image of theDCPCF used is demonstratedrigure22 [34] with the solid silica core
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surrounded by the first cladding, a honeycotiike lattice of air gaps. It is easy to
observe the secondary cladding layer, the dark ring surrounding this entire
waveguide structure. The cladding surrounding the solid core acts as asiodée

fibre for multiple wavelengths, while the secondary cladpdand the rest of the
internals act as a multimode fibre. It was proposed that this single fibre could be
used as a delivery fibre for the pumping wavelengths, as well as a collection

mechanism for the generated nonlinear photons.

Figure22: Microscope image of a DCP[3H]

Utilizing this norstandard fibre introduced a new set of challenges. The large core
and cladding diameter meant that telecom tools could not be used to prepare this
fibre. Traditional stripping and cleaving methods could not be applied. An attempt
to chemically strip the jacket with sulphuric acid was made, although this weakened
the mechanical strength of the fibre, causing it to break easily. The complex

structure d the multiple arrays of air holes also made it almost impossible to cleave
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without shockwaves travelling through the silica, fracturing the delicate matrix of air
holes. The fibre was sent to OZ Optics (C@amadato be terminated. The fibre tip
was hated, collapsing and sealing the air holes, and end capped with a portion of
solid silica. With both ends of the fibre cable terminated, attention was turned to

dispersion compensation.

There are various methods used to compress ultrafast optical pudsesthe two

that were focused on are prism compressors, and grating compressors. The end
result of these two compression mechanisms are the same, but vary in
implementation. Both function by supplying anomalous GVD. For a prism
compressor this is accomptisd by spectrally separating the beam of light by a
standard prism, allowing the path length that each frequency of light travels to be
altered. This spatial dispersion is thereby converted to temporal dispersion. Based
on the geometry of the prism compresr, a positively chirped incoming beam can
become negatively chirped, with the lower frequency components lagging behind
the higher ones. A diagram of a four prism compressor setup and subsequently
shorter optical pathway for the lower frequencies candaen inFigure23[35]. This
negatively chirped pulse can then be coupled to a normally dispersive element (such
as aphotonic crystal fibre), reversing the chirp that was introduced by the prism
compressor. This method enables transform limited pulses immediately after

travelling through a normally dispersive medium.

W

Figure23: Typical prism empressor setug35]
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As mentioned previously, a grating compressor operates under the same principle as
a prism compressor. Instead of using the effective refractive index change
experienced by various wavelengths passing tigtowa dispersive medium, the
spectral diffusion is accomplished by the HuygEnssnel principle. Each periodic
ruling on the grating can be treated as a point source. The reflected light will then
either have constructive or destructive interference, withe reflection angle
depending on the wavelength, and spacing of the rulings (as well as the reflected
order of interest). This relationship is modeled by the following equation, when the
incident light is normal to the grating surface:

QOB+ & _

(14)

This relationship causes longer wavelength light to have a smaller diffracted angle,
while the shorter wavelength light has a larger diffracted angle. With the correct
system geometry, this spatial dispersion can be transforme@raporal dispersion;

two examples of this are depicted gure24[36].

L
A
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Figure24: Typical grating compressor (1) Grating (2) Mirf86]
Both prism compressors and grating compressors have their own set of advantages
and disadvantages. While the grating compressor physically takes up less space per
amount of chirp required, it also introduces more losses from the modes not
captured by the second grating, reducing the available power for nonlinear imaging.

Before any compressor setup can be selected or designed, the effective dispersion
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introduced by the DABF must be measured. A 3f¥Jong, 26mW of 800nm pump

light was focused into the DCPCF with a 10X microscope objective lens. The
measured dispersion introduced by the DCPCF was 7560@rfd the maximum
dispersion that could be introduced by the prisompressor was measured to be
61000 4. According to calculations, with a transfodimited input pulse, the output
should have been 583 fs. This was not the case, as the autocorrelator measurements
varied from 2.45.4 ps depending on coupling conditiori3ue to the nature of the

RdzZl £ Of IR FAONBT Al 6 ayQi LI amolledcor& 1 2
Inevitably, there was light coupled to the outer core, creating two effective
dispersions, for which could not be compensated. As the exesawgs not
designed to use the outer core, the DCPCF was placed aside, and attention was
focused on the LMA&O fibre (NKT Photonics, Denmark), as this fibre only had a

large, single core facilitating simple dispersion compensation.

Figure25 demonstrates the intensity cross section of the L@@ fibre of which the
dispersive properties needed to be experimentally determined. An approximation of
the dispersive properties is shown kilgure26, demonstrating normal dispersion for
both the 800nm and 1030nm wavelengths. 30nW of the 300fs long, 800nm
pump beam was focused into the LM2A by a 10X microscope objective lens. The
output pulsewidth was measured with an autocorrelator, and determined to be

1.331ps.
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Figure25: LMA20 intensity distribution profile[37]
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Figure26: LMA20 dispersion profiléorange)[38]
The effective GVD was calculated using the following formula:
"y "y '
X& w
(15)

Cl oxog®i
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Wherel is the GVDYY is the final pulse width in fSY is the input pulse width. The
compressor system must compensate for both the dispersion of the fibre, as well as
any other positively dispersive elements in the system. The resultant sum of all

positively dispersive elements is:

f OX og@ Yp tQ
(16)

¢l TLUUR'D

The compressor system must introduce anomalous dispersion equal to the normal

dispersion created by all the optical elements contained within the GVD calculated.

Due to size constraintsn the optical bench, the use of a prism compressor was not

possible. It was hypothesized that the amount of power reduction in a grating
O2YLINB&aaz2N) aedaidsSy g¢g2dzZ RyQli o6S aS@OSNBE Sy2dza
signal; therefore a grating compressor svehosen to modify the GVD of the pulse.

The equation used to determine the group delay dispersion (Gich is the GVD

per centimeter of grating separation) is as follg\#9]:

Qe

n:
(>
o)
o
il

(17)
i p ¢ 0 iATH® &
Where_is the input wavelengthpis the speed of light in a vacuuifjs the grating
parameter representing the spacing of the rulings, aing the incident angle. To

calculate the grating separation distance),(d simple division of the GMby the

GDD is necessary.
TULRP
——
PCOTE
(18)
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ChH op@d
With the grating separation distance set to approximgt8l69cm, the separation

was finetuned until a transform limited, 10G3s pulse out of the LMR0 was

acquired.

3.3.2 Optics

3.3.2.1 Literature Review of Focusing Systems
The reduction of aberrations in optics is crucelen for single wavelengths in

attempting to resolve the smallest possible features. When a mmdiielength
imaging modality such as CARS is being performed, the chromatic aberrations create
an even more substantial barrier to obtaining high quality images. If the input pump
and Stokesvavelengths are not overlapping in space, a reduction of generated CARS
photons will occur, possibly natreating a CARS signal at all depending on how
severe is the overlap mismatch. The cause of these aberrations is due to the fact
that the index of refaction in a material is wavelength dependent. When dealing
with closely spaced wavelengths, as in a single photon fluorescence system, the
slight aberrations affecting the system do not cause catastrophic failure. The large
separation between the excitath wavelengths (>200m) means that effects of
chromatic aberration must be taken into careful consideration. As this microscope is
to be used as an epi photon collecting device, the wavelength of the collected
photons must also be considered in the desighere are two plausible methods to
accomplish this goal: a custom fabricat&RINsystem, or a series of miniaturized
optics. Both of these methods are well suited for a multimodal exoscope, with the

GRIN lens offering a slight size advantage.

GRIN lenss were used in a 2006 paper by Fu et al. in conjunction with a DCPCF to
perform TPEF, or SHG imagid@]. The lack of a requirement to perform CARS
imaging allowed Fu to use an off the shelf GRIN lens. The effects of cloomati
aberrations were not as critical to these single wavelength modalities, as there was

no need to overlap a pair of beams. In order to perform CARS with a GRIN lens,
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careful consideration must be given to the design of the focusing optics. Saar et al.
were responsible for pushing the limits of nonlinear endoscopy by developing a
GRIN lens system used for CARS micros@ypugh the size of the entire unit was

still relatively large In order to combat the inherent chromatic aberrations present
with a sindge GRIN lens, their objective lens system was composed of a pair of GRIN
lenses, with a diffractive optic sandwiched in between. The lens system had an NA of
0.3, a working distance of 150m and an outer diameter of 1.4nm, capable of
producing high qualy images as demonstrated Figure27. This resulted in kateral
resolution of <2um, and an axial resolution of 645m [41]. The main difference
0S506SSy {IINR& RSOAOS IyR GKS SE2a02LJS
d0KSYS® { I I NRA& siZsB10AGmn yrieticzRIB®Rdiote. This

increased thalimensionsof the probe significantlyendering itquite unsuitable for

P
(p))

insertion into any small cavity.

Figure27: Surface enhanced Raman image of subcutaneous fat as demonstrated by Saaf4it]al.

The alternative to a GRIN lens system is simptyraaturized objective, which was
demonstrated by Wang et al. in 2006. Although the lens system employed was not
ideal for the inclusion in an endoscope as the proximal end of the objective still
included macroscopic lenses, the tip of the probe was a nieBemm, with a

working distance of 20um. The quality of the lens system of the miniaturized
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objective was not as high as the dual GRIN lens system mentioned previously in the
axial resolution (11.4um), although it outperformed in the lateral resolutio(0.86
pm). The miniaturized objective lens also was capable of producing high quality

CARS images of rat myelin as demonstratdeigure28[32].

Figure28: EptCARS image of rat myelin acquired by Wang e{22]

3.3.2.2 Implemented Focusing Sy stem
A miniaturized objective lens system was selected to focus the pump and Stokes

beams. While slight performance gains could have been achieved with using an
achromatic GRIN lens system, it was not worth the expense to have a custom GRIN

setup made.

The exoscope design has a requirement that the distal end of must not have an
outer diameter greater than 3nm. This is based on the maximum size of the
laminectomy that can be performed on the rat spinal cord. Based on this
prerequisite, the internal optis of the exoscope could have a maximum diameter of
2 mmwhile still maintaining a high NA of 0.6 and a long enough working distance of

400um while still attaining submicron resolution.

Combatting chromatic aberrations with these tight geometrical casts required
careful consideration when designing and assembling the optics. The chosen design
includes several lenses with varying focal lengths ranging from 3.0 mm BK7 glass for

input light collimation down to a combination of SF4 and FK51 glass ahm8
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diameter for a five times pod¥lEMS beam diameter expansion (to fill the back
aperture of the focusing optics), for chromatic aberration correction at both pump
wavelengths and sample focusing. All of these optical elements are coated with
broadband ati-reflection coatings with a reflection of less than 1% over-6636

nm on both air/glass surfaces, the simulated reflectance charts can be ségyuie

29.
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Figure29: Coating deposited on all focusing optics in the exoscope
This low reflection per surface is made possible by a custom four layer deposition of
alternating hafnium oxide and silicon dioxide. This entire @bt8&ystem is capped
off with a 100um glass window to protect the optics and allow for water/specimen
immersion. Simulations that were performed on the optical system indicate that it
will be a diffraction limited focus. The ray diagram of the entire sysie shown in

Figure30.
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Figure30: Internal ray diagram of the exoscope
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3.3.3 Filter
Another crucial optical component is the dichroic mirror that allows the excitation

light to be separated from the emitted light. Light destined for the PMT is reflected

off of the dichroic mirror and focused into a multimode fibre, while the excitation

wavelengths pass through unimpeded. This component is also critical to removing

any anticipated fouswave mixing component that is generated within the delivery

fibre, as mentioned previously33]. A reflection of greater than 9% over a

wavelength range of 40000 nm and transmission of greater than 99% from 800

1036nmA & | O02YL)X AaKSR 06& Y2NB GKFy wmnn | €f34GSN
giving a total thickness of 8.849 uwBMV Optical Technologieanada The

manufactured @hroic mirrors were tested at the optical assembly lab. At an

incidence angle of 45°, the transmission of a A&®diode laser was experimentally

determined to be 92.3%.

3.3.4 Scanning Mechanism

3.3.4.1 Literature Review of Scanning Systems
Photon delivey and concentration and optical filtration are only three of the four

key elements in developing a miniaturized microscope. Developments and options in
scanning methods and their application to nonlinear miniaturized microscopes have
been investigated by amy groups. The simplest method to scan and collect blue
shifted photons is by moving the sample stage one step at a time. This is not a
suitable technique to obtain video rate imaging, as current fsgeed, high
precision scanning stages cannot cover taguired 100x100 pm field of view with
adequate refresh rates. This technique had been applied to early iterations of
endoscopic probef31] but merely used as a proof of concept for other aspects of

miniaturized nonlinear imging.

A possible candidate for vivo endoscopic applications is a fier@unted piezo
tube actuator. This was the scanning method of choice for the GRIN lens system
used by Saar et al. The delivery fibre was inserted into a miniature (Rthp

ceramic pezoelectric actuator, and scanned in a spiral pattern at the natural
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mechanical resonance of the piezo tuld]. This gave a frame rate ofHz, which is
the natural resonance frequency of the piezo tube which cannot be fieoli
restricting the scanning ratl2]. The geometry of the entire system was still rather

large, with a probe tip >10x10 mm.

A scanning mechanism thatnst only limited to its resonance frequency is a MEMS
reflecting system. Fu et al. used a single axis MEMS mirror (shokigure31) in
order to demonsrate their PCF nonlinear endoscop#0]. Although there was still

the need to translate the sample stage on one axis, this still improved the image

acquisition time, paving the way for twadimensional scanning systems.

t Magn Det WD ——— 500m

Figure31: The single axis MEMS mirror used by Fu et al. in their nonlinear endosptjje

Various twedimensional MEMS reflectors have been used in miniaturized
microscopes. The first high frequencyasning assembly used for mujthoton
microscopy was demonstrated by Liu et al. in 2008. The system employed was a
MEMS mirror from the Fraunhofer Institut Photonische Mikrosysteme, capable of
being driven at 2.475 kHz and 19.608 kHz for each axis independl each other.

The resultant frame rate was 24 Hghich is at the bottom end of frame rate in
order to be consideredideo rate[43]. Video rate imaging is highly sought after for
many reasonsThese includistant visual feedback for the observer, a reduction in
blurring of dynamic cellular processes and a reductioerndire frameblurring (due

to breathing, or the heartbeat of the specimen) when performing in vivo imaging.

Similar mirrors have been usech iother miniaturized endoscopkke probes
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including the 2009 GRIN system demonstrated by Tang et al. with their MEMS
scanner shown irFigure32, soldifying MEMS scanners as robust, highly capable,

versatile beam directing devic$2], suitable for inclusion into our exoscope.

- e s 1 |
200 pm

Figure32: A two-dimensional MEMS scanner used by Tang e{42]

3.3.4.2 In-depth Analysis of the Implemented MEMS Scanning Systems
In order to create a minimally invasive, portable scanning CARS exoscope, a laser

scanning system that is extremely small, robust, produces large scan anglegland

frame rates is crucial. High frame rates are important to this project, as the end goal

is to image live animals. Simple things like the beating heart of a rat, or micro
Y2@0SYSyita Ol dzaSR o0& GKS FyAYlfQa oNBFGKAY3
ALISSR ' OljdzZAaAGA2yY AayQi LRaaraotSeo ! a9a{ ol
duty as it fulfills all of those requirements. The fabrication of MEMS borrows the
manufacturing process almost entirely from the semiconductor industry, utilizing
singlecrystal silicon and similar etching techniques. This enables the fabrication of

extremely intricate moving parts, while maintaining an incredibly high degree of

accuracy. The same manufacturing techniques are used to deposit metals to

facilitate electricalconnections, as well as on the 5@0n diameter reflecting

surface, giving a >80% reflection for the pump and stokes wavelengths. Single crystal

silicon has proven to be incredibly durable. It has excellent elastic and fracture
mechanical properties as the are no grain boundaries, making it a perfect material

of construction for high stress elements, such as the torsional springs of a MEMS

mirror [44].
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The torsional springs are only half of the driving mechanism in the haomon
oscillations of the MEMS mirror. An initial force must be present to displace the
reflecting surface from its rest state, before the torsional spring can act on the
system. This is an electrostatic foréggure33 (a) shows a microscope image of a
mirror chip, whileFigure33 (b) shows the engineeg diagram45], with a close up

of the electrostatic combs iRigure33 (c).

Figure33: Images of the MEMS used in the exoscope (a) Microscope image (b) Engineering digdiidic)
Closeup of the driving combs

In order to generate the electrostatic force, there are combs on both the stationary

mirror frame, as well as the oscillatory mirror section. The combs extend out into

the space between the frame, and the mirror, alterimat between frame and

mirror, while never touching. High voltage is applied to the stationary frame. The

TN YSQa O2Yoa O2yRdzOG GKAA @2t GF3ST F2N¥A
extended conductors. According to Coulombs law, this electric fieldpwitluce a

force, acting on the mobile combs, subsequently deflecting the mirror. This applied

voltage is a DC square wave, and for the fast axis of the mirror (inner set of driving
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combs) has an electrical operating frequency ofkB&, while the slow axi®uter

set of driving combs) has an electrical driving frequency of 2.5 kHz. During the zero

g2t 43S KFHtF 2F GKS Rdzié 080t Ss (GKS YANNEND
to the rest position, until another pulse arrives sending the mirrorhe obpposite

direction. The driving waveforms for the slow and fast axes can be séegure34.
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Figure34 (a) MEMS fastxis electrical driving waveform (b) MEMS slow axis electrical driving waveform

A gimbal suspension allows 2D scanning, both axes operating independent of each

other. Both axes of the mirror are driven as close as possible to their natural
resonance freqg y O& (G2 YFIEAYAT S GKS YANNRNDRE aldly |
These mirrors will not operate by simply applying the maximum voltage at the
eigenfrequency. The amplitude of oscillation must be increased incrementally.
Specialized softwarwas develope and run from a fielgprogrammable gate array

(FPGAto sweep from a high frequency (low mechanical oscillation amplitude) to

the eigenfrequency. The start frequency is approximately three times the resonance
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frequency for both the slow and fast axes, hvit sweep time of 10 seconds and a

duty cycle of 50%. A typical characterization curve for both slow and fast axes is

plotted in Figure35.

30

20 ‘

(a) Fast Axis Frequency Sweep

Angle of 10
Deflection
(degrees) 0

33.5 34 34.5 35 355
Driving Frequency (kHz)

16

(b) .,

12

10

8

Angle of

Deflection

(degrees) 4
2 \-\.\.
0

2.55 3.05 3.55 4.05 4.55 5.05
Driving Frequency (kHz)

5.55

Figure35: Frequency sweep and corresponding oscillation angle for the (a) fast and (b) slow MEMS axes

A voltage amplification circuit was also constructed to increase the 5.0 V provided

by the FPGA to the operating voltage of therror. A schematic of the voltage

amplifier is shown inFigure36 s A U K GKS aLISOATFTAO

LJI

NI YS{GSNA

operational amplifier (op amp). G&ful consideration needed to be taken in order to

reduce the slew rate of the fast axis to maintain consistent sinusoidal oscillations of

the mirror. Op amps from Apex Microtechnolo@ySA)were used as the slew rate

at the required frequency and input tage was >100//ps. A potentiometer was

used to tune the output voltage allowing the same op amp to be used for both slow

and fast axes.
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Figure36: (a) Electrical high voltage amplification circyt) Operational amplifier specific configuration
The electrical driving square wave has an amplitude o¥ 3@r the slow axis and 65
V for the fast axis. This corresponds with a sinusoidal mechanical oscillation
frequency of ~2 kHz for the slow axis arilskHz for the fast axis. When combined
these parameters result in a mechanical oscillation of848 degrees and a
corresponding Lissajous scanned ~100x1®dield of view. A pair of prototype, DIP
packaged MEMS mirrors were supplied by the Institut Phisicthe Mikrosysteme.
After initial testing and successful scanning trials, ten mirror chips for exoscope use

were ordered.
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3.4 Assembly of Selected Miniaturized Components

The assembly and alignment of the miniature optics provided a significant challen

The optics located within the front end of the exoscope (barrel) had to be precision

aligned. The high number of optical elements and size constraints of the barrel,

would not allow for any precision adjustments to be made once the optics were
cementedinto place. Instead, extremely tight tolerances on the machining of the

stainless steel were necessary. Once the focusing optics, as well as the end capping

window were installed, the barrel was tested independently with a dudinia

packaged (DIP) MEMSirror. Upon confirmation that the chromatic aberrations
GSNBY Qi RSONAYSydGlrt G2 GKS FoAfAGe G2 3ASyS

entire system could begin.

As the assembly process was performed off site in a clean room, tba&pphire

laser wasnot viable for alignment. Instead, a 7%0n diode laser was used. The
diode laser was coupled to the LMA20 delivery fibre by a 10X microscope objective
(with a transmission of 53%), and then connected to the collimating lens. The
collimating lens was lotad within a separate aluminum mount that would be
connected to the body. Once the collimating lens assembly was in place, the folding
mirror and the dichroic mirror were also cemented into place and a dummy reflector
was placed instead of the MEMS mirrfar simplicity of alignment. The optical
alignment of the main section ahe exoscope could be completedithout the
additional complications the barrel would introduce. After ensuring the diode laser
beam was on axis, the dummy reflector was replacedh wie MEMS mirror. As it is
critical that the 500um reflector of the MEMS mirror reflects the most amount of
light as possible, it has full three degrees of freedom. The transmission of the 720
nm laser light through the body of the exoscope remained law,46% (it is
important to note that this transmission number does not include the barrel and the
many optical elements located within), regardless of the adjustments made to the

various fine position controlling hardware. It is important to note that doethe
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extremely small size of the internal optical pathway of the exoscope, there is no
possible way to obtain direct power measurements in between optical components.
It was theorized that the removal of a pinhole (located after the collimating lens)
would increase the throughput of the exoscope body by >10%. This would
potentially see the reflective surface of the MEMS mirror overfilled, a risk that was
deemed necessary in order to maximize the power output of the system. The

removal of the pinhole sawhe output efficiency increase by 12%.

Figure37: Photograph of the barrel housing the focusing optics

With the internal components of the body fully aligned, the barrel (seeRigure

37) was added. Three adjustment screws attaching the barrel to the body allowed
fine tuning of the transmission and alignment of the laser beam. Potentially due to a
slight offset of the collimating lens (this component was cemented into place making
the postion impossible to alter with respect to the fibre tip) or some problems with
the internal alignment of the barrel optics, the output of the barrel tip was slightly
off axis. No amount of adjustments with any of the alignment screws could alter the
amountof this optical offsetFigure38 demonstrates the following simulations, and
the effect on the optical beam path: Lateral displacement of the inflare with

respect to nominaas well as a 1 degree tilt in the barrel optics.
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nominal design

50um displacement of fiber

1 degree tilt of front end barrel

Figure38: Simulations performed with various misalignments

With all adjustment screws firmly in place, and the cavitylestathe assembled

exoscope (as depicted Figure39 (a) and (b)) could leave ttedean room, and begin

testing.

Figure39: (a) Computeraided design image with excitation (red) and emission (blue) pathways (1) Collimating
lens housing (2) Turning mirror (3) MEMS mirror (4) Dichroic mirror (5) Barrel (b) Photograph oktiezepe
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3.5 Photon Collecti on and Capture

A critical component to the exoscope function is the ability to efficiently capture

photons of a desired wavelength for specific imaging modalities. Following the
y2yEAYSENI @ 3ISYySNIGSR LK2G2yQa 22&NySe ol O
process starts with the collection fibre. The& mm diameter of the multimode fibre

selected acts as a photon bucket, allowing the capture of photons scattered away

from the focal point. The multimode fibre also has low losses over a broad

wavelength rage, from 3001200nm, with an NA of 0.39.

As mentioned in 3.3, there is a dichroic filter to selectively direct blue shifted
photons to the collection fibre, although this does not completely extinguish 100%
of the excitation wavelengths. If left as, ithe excitation photons would greatly
overwhelm any of the blue shifted photons which need to be detected. In order to
sort this out, additional filters wereadded prior to the entrance of the PMT.
Specifically, a band pass filter centred at 64b (ET645 ChromaTechnologylUSA
was used for CARS imaging. The spectral transmission curve is sheigur@40 (a)
[46]. The spectral transmission curve of the filter (680SP) usedafbimaging
modalities to extinguish the excitation beams is displayedrigure 40 (b). An
additional short pass filter is used for SHG imaging, with cut cfB&hm (Z485SP,
Chroma Technology, USA)
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Figure4(: (a) Spectral transmission filter used for CARS imag@&] (b) Spectral transmission filter used for
SHG imaging
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Immediately after the modality specific filters was the PMT, to convert photon
energyto electric current. Two PMTs were used, the first a H7422 from Hamamatsu
(Japan,) with the sensitivity plotted irFigure4l1 A. It is important to no¢ that the
H7422 is blind in the 800m region, requiring the laser to be tuned to <76f in

order to complete the transmission measurements of the USAF target. Part way
through the development of the exoscope, a new PMT was acquired due to the
quantum eficiency degradation of the H7422. The replacement PMT, a Hamamatsu
R3896, was sensitive in the titanisdnl LILIK A NS r@tive operating wavelength
making the USAF TX imaging simpler to obtain, while stressing the necessity of
filtkering out all of the pump photons before nonlinear signal detection. The

sensitivity and quantum efficiency of the R3896 can be seé&ingure4l B[47].
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Figure41l: PMT sensitivity (aHamamatsuH7422(b) Hamamatsu R389p17]

3.6 Entire System Description and Analysis

All of the individual exoscope components have been discussed in detail, but it is
only half of what is required in order to generate a CARS signal. A method to
generate two ultrafast laser pulses, overlapping in both time and space is critical to

the CARS imaging modality. This section describes the entire system and how these
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two wavelengths are createdrigure42 will be referenced heavily in the following

segment.
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Figure42: Entire nonlinear imaging system setup

The entire process begins at (1), the titanium sapphire laser. In order to eliminate
back reflections into the laser cavity, we have an isolator (2). A half wave plate (3) in
conjunction with a polarizing beam splitter (4) allow for alternative experimémts

be performed outside of the CARS setup. Another half wave plate (3) and polarizing
beam splitter (4) are used to control how much power is sent to either the pump or

the Stokes arm.

For the Stokes arm, a half wave plate (3) is used to control theipati@mn before

the beam enters a prism compressor (5), which ensures a transform limited pulse
before being focused by an aspheric lens (Thorlal&) having a focal length of 4.5
mm. (6) into the supercontinuum generation PCF (7). A collimation lengdir@)ts

the supercontinuum towards a notch filter (9), before hitting the final component in
the Stokes arm, a half wave plate (3) which controls the polarization before

recombination with the pump beam.
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As for the pump arm, the path length, and relatipelarization to the Stokes arm
must be considered. The relative polarization is controlled by another half wave
plate (3), while a network of mirrors are used as the delay line. A telescope system
of lenses (10) allows the beam diameter of the pump armmatch that of the

Stokes arm, before recombination at a dichroic mirror (11).

Both beams are now collinear, overlapping in both space, time and having matching
polarizations before being focused by a 10X lens (12) into the LMAZ20 fibre (13). The
beams oflight pass through the exoscope (14), and can be collected in either the
forward or backward directions. For the forward collection geometry, either an air
objective (20x, Mitutoyo, Japan), or a water objective (60X, Olympus, Japan) (15)
collimates the bem before being spectrally separated by the filter system at (17).
An achromatic lens focuses the nonlinear signal into a multimode collection fibre

(16), and that fibre is connected to the PMT (19).

For the epi collection geometry, the backscattered lightollected by a multimode
fibre (16) which is connected to a spectral filter (17) that is located on the body of
the PMT. For both forward and epi, the output of the PMT is converted to a discrete
TTLlike pulse by a discriminator (20) (Ortec, USA) teefoeing handed off to an
FPGA and computer system for event counting and image reconstruction. This
entire setup is how CARS photons are generated, and it is obvious that the optics
involved in the creation of these nonlinear signals is not trivial, thet ability to
transmit ultrashort optical pulses to a portable exoscope is clear, due to the ability

to deliver, and collect photons via fibre optics.

3.7 Anticipated System Performance

There are two significant resolution measurements that affect peeformance of
any microscope system, the lateral and axial resolution. The lateral resolution is the

ability to resolve adjacent objects in theYXplane, while the axial resolution is the
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ability to resolve structures in the Z plane (enabling three disn@mal imaging
capabilities). In order to calculate the lateral resolution, an understanding of how a
point source is resolved is imperative. A plane wave of light is not in fact a plane
wave at all. According to the Huyge@SNB a y St t N y Othuttdd point ¢ S IS NEB
of a wavefront, at a given instant, serves as a source of spherical secondary
wavelets. The amplitude of the optical field at any point beyond is the superposition
2F | ff 0K §23.Sheadsud $fithss ieitémeans optical waves cannot be
simply treated as plane waves. They must be considered as individual sources,
constantly emanating spherical waves. This has a profound impact on the ability to
resolve objects that are smaller than the wavelength ditligsed to illuminate the
sample. Instead of being able to illuminate a single spot, an airy disk (s&guire

43 [48]) is created around the object. The surrounding artifacts are created by
either the constructive or deconstructive interference of the light that diffracts as it
passes through the circular aperture of the lens system. In order for a microscopy
system tobe able to fully distinguish between two adjacent objects, the Rayleigh
criterion is used49]: The images are resolvable if the minimum of one point source
is at the maximum of the adjacent point source. Any closer and theyatr able to

be resolved as distinct objects.

Measurements to determine the Rayleigh criterion are demonstrated in chapter 4,

while the calculation to estimate the diameter of the spot size is given as:

]
Q P& G

(19)
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Figure43: Point spread function and corresponding airy digi8]
The lateral resolution, while similar to the axial resolution, is the ability to resolve
distinct sources in the Z plane. As the purpose of #x¥sscope is to perform
nonlinear imaging, and nonlinear processes are quadratically dependent on the field
intensity at the focal plane, the resolution in the Z plane is a function of intensity. In

order to calculate the axial resolution, the following edjon is used49:

p&le
00
(20)
Where _ is the wavelength in the medium, in this case water , 1 is the

excitation wavelengthg is the index of refraction of the medium and 0 is the

numerical aperture of the objective lens.

For these calculationdyA=0.6,_=800 nm, and ¢=1.33 resulting in an estimated
lateral Resolution of 813im, and an estimated axial resolution of 3um The
calculated value for the axial resolution coincides quite well with the pn3
obtained through simulations performed by the optical designer. The lateral
resolution measurements however, differ slightly. This could be due to the
simulation including clumatic effects Experimental investigation of these values

will be completed following chapter.
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In summary, this chapter has given a synopsis of the progression of CARS from a
simple spectral analytical tool, all the way to a powerful chemical specifiginga
modality. The technologies that enable CARS probe miniaturization have also been
described. Specifics into the particular components that have been used in the
exoscope, as well as their operation and characterization have been discussed,

ending withan anticipated performance analysis.

With an unlimited budget, the components selected might have been slightly

different, possibly resulting in improved system performandevo multiwatt laser

sources would have been ideal for producing the maximum GA&RSI possible, but

a system at half the cost performs quite adequately, as demonstrated in the

following chapter. The selection of the included components (based on the reviewed
technologies) maximized the possibility of obtaining a CARS signal frora surajie

laserbased system. Chapter four demonstrates the culmination of the assembled
YAYALFGdzZNAT SR O2YLRySyia FyR (KS SE2a02L350Q3

imaging through examination of the results obtained.
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Results and Comparison

4.1 Introduction

All of the experiments undertaken for this thesis will be described in detail in the
following chapter. The first main section focuses on an assessment of what is
referred to as a benchtop setup. The benchtsph ONR 4 02 LJSQa f A3IKG A&
free-space optics, without the LM20 delivery fibre. Only a DIP packaged MEMS
mirror in conjunction with the barrel, are the only components tested. The second
main section describes the tests performed on the completssembled exoscope
including the barrel, integrated MEMS, dichroic mirror, and fibre connectors. The
experiments on either setup are similar, starting with the simplest, but still quite
significant: determination of the physical size of each pixel. TB&iSitive
microspheres are then examined, followed by CARS sensjidgstyrene
microspheres. Lateral axial resolution measurements are performed on these beads,

followed by various biological and crystal samples.

4.2 Benchtop Performance Analysis

4.2.1 Pixel Calibration
The complex nature anids extreme sensitivity to optical misalignment means that

testing as many individual pieces independently was vital to the success of the
project. Once all of the lenses were placed inside the barrel (compdraming the

lens assembly), it was necessary to confirm that aberrations and resolving power
were within operational limits. It is important to note that due to the lack of a
dichroic mirror and epi collection fibre on this preliminary test setup, onlygesan

the forward direction were possible. A diagram of the setup is shoviAigare44.
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Figure44: Entire nonlinear imaging system setup with DIP MEMS mirror (13) and barrel only (14)

The first sample that was imaged was a 1951 United States Air Force (USAF) target
(Edmund Optics, USA). The purpose of this sample is to calibrate the pixel size of the
imaging system. The sample consists of sets of three opaque lines, diminishing in
sizein a fractallike pattern towards the centre of the sample, showrFigure45 (a)

[50]. The first glance at the USAFgat through the exoscope barrel can be seen in
Figure45 (b), exposed with white light and being detected by an IR camera (Sony,

Japan), demonstratinthat there are no obvious issues with the optical alignment.
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Figure45: (a) 1951 USAF resolution target diagrgs®] (b) White light transmission image through the barrel
of the USAF target

Following this rudimentary demonstration, thE-sapphire laser was tunetb 720

nm (as the PMT used is blind at 8aén), and the power reduced to be 1/BW
average power at the sample. This power was low enough to not cause any damage
to the USAF target. A water drop was added to the tip of the exoscope, with the
purpose of bridging the gap between the focusing optics and the target. The USAF
target was placed upside down onto the water drop. The smallest element (six) on
the smallest goup (seven) was the area of interest, with a line spacing of 228 line
pairs/mm, corresponding to a line thickness of fu2. Once that area was in the
field of view, an optimal focus was achieved by moving the sample vertically in
1.0pm increments. The tmasmission image of the USAF target, as well as the
intensity cross section of the line collection of group seven, element six can be seen
in Figure46. Thereare no significant image distortions, except for some conical
distortion effects where the right side of the image is rotated counter clockwise. This
is a known artefact caused by the 45 degree angle between the slow axis of the
scanning mirror andhe incoming laser light. This has since been corrected for in
software processing. The distance between the two dark minima (corresponding to
the centre of the dark lines) is equal to 32.175 pixels. When compared to the known
width and spacing of the les, a calibration factor of 0.13@m per pixel was

determined. Following this fundamental calibration, a test to confirm basic
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operation and transmission of the crucial wavelengths was made. The first nonlinear

imaging that was performed was of fluorescdrgtads.
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Figure46: (a) 720nm transmission image of the smallest resolution bars of a 1951 USAF target (b) Intensity
cross section of group 7 element 6 markers

4.2.2 Resolution Measurements

4.2.2.1 Two Photon Excitation Fluorescent Microspheres
1.0um Fluoresbrite yellow green microspheres (Polysciences, Inc., USA) were

chosen, as their excitation and emission spectra (showrrigure 47 [51]) are
suitable for TPEF with the 800 nfrsaphire source. The TPEF beads were diluted,
then spin coated onto No. 1 cover slips (Fisher Scientific, USA)lén to reduce
natural bead coalescence. The 800 nm laser light was reflected off of the MEMS
mirror (80% transmission), and directed toward the back aperture of the barrel (64%

transmission). The resultant average power at the sample was 28 mW.
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Figure47: Single photon excitation emission curve for the Fluoresbrite microsphdBdg

The reconstructed image of the beads is showirigure48, and was confirmation

that the optics were in sufficient alignment to produce high enough power densities
to create a TPEF signal from microspheres near the designed resolution limit. The
high power densities actually created a problem in terms of sample burning since
0KS AYF3AS NBO2yailiNHzOGA2Y &2FG6F NB GKFEG 61 &
feedback, the time for data acquisition was actually quite lengthy. In early TPEF
microsphere imamg (and CARS microspheres imaging), many beads were burned
before a suitable image or measurement could be taken. Lateral resolution
measurements were also taken from thed4e0 um fluorescent microspheres. A
Gaussian curve was fit to an intensity profilet of a single bead. THell width at

half maximum FWHM was determined to be ~1.3 um. Obtaining these nonlinear
signals and measurements from a single input wavelength is almost a trivial task
when compared to mulivavelength nonlinear modalities. €generation of CARS
photons is a much more difficult endeavoult was first tested with standard

microscope objective oil.
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Figure48: TPEF image of 1um Fluoresbrite microspheres

4.2.2.2 @herent Anti -Stokes Raman Scattering Generation Microspheres
Microscope objective immersion oil is an excellent sample for CARS imaging. It is

designed to exhibit low autfluorescence, and its high concentration eHbonds

generates a strong CARS signal.

HsC.__CHs

HsC CHj
CHs3 CHj3

Figure49: Chemical structure of the microscope oil used for CARS signal verificggjn

A drop of 1,3,5Triisopropylbenzene microscope objective ddlympus Japan)
(chemical structure shown iRigure49 [52]) was placed onto a No. 1 cover slip. The
sample was exposed to 38 mW of the 800 nm pump, as wéllGaaW of the 1030

nm Stokes beam. The optical path delay between the two arms was minimized, and

with both beams overlapped temporally and spatially, the resultant spectrum in

77



Figure 50 was observed. This initial confirmation of spatial overlap at the focal

volume was not a trivial result to obtain. The many unknowns (including the

temporal delay, relative polarization orientation, sample height, power d&ssi

and 650nm collection) all had to be modified independently, with absolutely no

feedback. Once a peak in the background noise of the spectrometer was observed,

the relative polarizations of the two pumping beams were aligned with a- half

waveplate orthe Stokes arm. The presence of the peak at 650 nm confirms that the
OKNRBYIFGAO FOSNNI GA2ya 2F (GKS ol NNBf gSNByQi
the generation of CARS photons. After the confirmation that a CARS process is

indeed possible with thdarrel, it was necessary to demonstrate the CARS imaging

capabilities.
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Figure50: CARS spectrum obtained from microscope objective oil

The first CARS bead sample imaged with the benchtop setup was a 20 um Polybead
microsphere (Blysciences, Inc., USA). Polybead microspheres are a monodisperse
polystyrene microsphere. Polystyrene is a suitable candidate for CARS photon
generation as there are numerous-HC bonds located throughout the chemical
structure shown inFigure51 (a) [53]. These microspheres were spin coated onto a

No. 0 cover slip and exposed to 28 nofMpump light, as well as 800 uW of Stokes
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light. The difference between the two pumping wavelengths was tuned so that the
aromatic GH bond vibrations of the polystyrene beads were resonantly excited at
3045 cm. The captured image of the microspheresshown inFigure51 (b), and
based on this result, it is clear that there are no fundamental flaws affecting the
spatial overlap of the pump and ste& beam. This also confirms proper operation of
the MEMS mirror and image reconstruction. Axial resolution measurements were
also performed on CARS microspheres. 4.5 um Polybead microspheres were
prepared in the same way as the 20 um beads. Once placettheomicroscope
stage, the beads were exposed to 28 mW of pump light and 800 pW of Stokes light.
The entire sample volume wastannedthrough at1.0um intervals. The resultant

axial resolution was 12.74 um.

(@)

Tt

Figure51: (a) Chemical structure of polystyrerig2] (b) CARS image of 20n polystyrene microspheres

4.2.3 Biological Samples
In order to properly exhibit the imaging capabilities of the exoscope, suitable

samples must be carefully chosen to appropriately exploit a specific nonlinear
mechanism. The samples selected must have appropriate feature sizes for a 70x70
um field of view, have a high enough structural density (to facilitate the
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backscattering of forwa propagating CARS photons), and exhibit minimal
structural decay while maintain consistent photon generation for an entire imaging
period. These parameters must all be satisfied while using appropriate mounting
medium that does not generate, or contriteg very little to the nonlinear
background. For this reason paraformaldehyde could not be used as a standard
fixing agent and alternatives were investigat&lscovering biological samples that
would demonstrate the fine imaging capabilities of the exoscegms one of the
most difficult aspects of this project. For reasons that will be discussed in the
following chapter, the larger than designed axial resolution would blur thick

structures in the biological samples.

4.2.3.1 herent Anti -Stokes Raman Scatering : Myelin
Now that all fundamental attributes of the exoscope have been confirmed, the ex

vivo imaging capabilitgould bedemonstrated, starting with a 0.6ym thin section

of a fixed dorsal root from a yellow fluorescent protein mouse (Jackson Liabpra
USA). This sample was mounted onto a microscope slide, with a No. 1 coverslip
mounted on top of the dorsal root. The sample was imaged with the coverslip on
the bottom, again with a water drop to bridge the gap between the barrel and the
coverslip. A this is ayellow fluorescent protein YFP mouse, the axons exhibit
fluorescenceat a peak of 530hm. The lipid rich myelin surrounding the axons
remains unstained, and can be isolated by capturing CARS photons. The bright lipids
associated with myelin can be clearly seerFigure52. A 645nm notch filter was

used to only capture CARS photons. When the Stokes beam was blocked, the signal
disappeared entirely, confirming that the photons being captured are indeed CARS
photons; the photons generated byFP were being completely extinguished by the

notch filter.

Acquiring this image (as well as all following biological images)vea§icult task
The combination of the lack of uniformity of the sample thickness, inability to
observe the sample optidgl to determine areas of interest, unknown sample

guality, and slow speed of image acquisition made all biological imaifjed in
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this chapterdifficult to obtain. Quite often, a CARS (or TPEF or SHG) signal was
visible, without any desired structurengwn. The field of view was painstakingly
translated until eitherone of two conclusions were made. Eithedaage enough
sample was scanned determining the sample, or preparation method was bad or
until the desired structure came to view. The need for eatmmersion also
provided an additional hurdle to these losgrm imaging trials. While modifying
one of the many parameters mentioned above, the water drop connecting the
exoscope with the sample slide would slowly evaporate causing an index mismatch.
This would shift the focal point, reducing the acquired signal, often making the
correlation between the parameter being modified and the result unclear. As this
was setup as an inverted microscope, replacing the water drop also was a difficult
manoeuvre toexecute without making contact with the microscope slide and

moving the sample.

Figure52: Forward CARS image from label free myelin in fixed dorsal roots of a moisews denote label
free myelin strands

4.2.3.2 Two Photon Excitation Fluorescence : Axons
The YFP stained axons were imaged following the myelin. The peak of two photon

excitation of YFP is known to be ~97f [54], where the nominal operation of the

titanium-sapphire laser rests arodr800nm. The laser was tuned as red as possible,
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attaining modelock at a maximum of 87@m. Fortunately, this wavelength was long

Sy2dAK G2 SEOAGS GKS ,Ctzx ItiK2dzaAK GKS &aA3dy
CARS experiments, the axon strand$igure53 can still be identified. Finally, the

laser was tuned back to its native 8@dn for SHG imaging of unlabeled rat tail

collagen. Collagen Baa native second harmonic signal as it is highly-non

centrosymmetric, and possesses a tremendous nonlinear susceptibility.

A

X

—
Figure53: TPEF image of YFP labeled axons excited an®7,0vith a singleaxon denoted by the arrows

4.2.3.3 Second Harmonic Generation : Collagen
A 0.5mm thick sample of tail collagen was prepared similarly to the dorsal root. The

wavy typel collagen is clearly visible Figure54. The completion of the biological
imaging was confirmation there were no obvious issues that would render CARS

imaging impossible. The final assembly of the components could be performed.
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Figure54: SHG image of unlabeled rat tail collagesith an individual strand indicated by the arrows

4.3 Fully Assembled Setup

A primary significant difference between the previously demonstrabetchtop
setup and the fully assembled setup is the fibre delivery. Before any imaging could
be performed, a transform limited pulse had to be delivered to the sample. This was
a nontrivial aspect of the exoscope, as with the first fibre that was invastig)
(DCPCF) ended up with a dispersive profile that was incredibly difficult to
compensate for (a further discussion on this topic is made in the following chapter).
Also, as it turned out, the pointing of tHig-sagphire laser output was not consistent
over tens of minutes. As the distance between the laser and the fibre was large, any
slight change in the pointing of the laser would result in a loss of coupling efficiency
out of the LMA20. Close attention needed to be paid to the quality of mdaieking

as well as the pulse to pulse stability. Floating the optical table seemed to reduce

the instabilities, making possible the following measurements.
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4.3.1 Pixel Calibration
As with the benchtop setup, the fully assembled exoscope was testedhattd SAF

target to determine the resolving power of the exoscope in the forward direction.
The negative prehirped 800nm pump beam from theTisapphire laser was
coupled to the LMAO0 fibre, then to the exoscope. A water drop was placed on the
tip of the exoscopgand the glass USAF target was placed marking side down making
contact with the water. The sample height ang positions were modified until the
smallest features of the resolution target were in focus. The average power at the
sample was 16nW, which vas attenuated after the target by a 680n short-pass
filter (Chroma Technology, UsA here was no need to tune the laser to 72 as
with the benchtop setup, as a different PMT was used (Hamamatsu R38B96)
PMT hasa quantumefficiency that is greatethan 40% at 800m. The smallest
features (group 7, element 6) are resolvedrigure55 (a). Asthis is the same target,
and the same group and element used in the benchtop pixel calibration, all line
dimensions are the same. An intensity cross sectigriated in Figure55 (b), and

when compared to the actual line thickness, a calibration factor of Ourh8er

pixel was obtained.
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Figure55: (a) 800nm transmission image of the smallest resolution bars of a 1951 USAF target (b) Intensity
cross section of group 7 element 6 markers
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4 .3.2 Resolution Measurements

4.3.2.1 Two Photon Excitation Fluorescent Microspheres: Axial Resolution
Following the USAF calibration, the performance of the exoscope was further

examined by determining the axial and lateral resolutions. TPEF sensitive 1.0 um
diameter fluorescent microspheres (Polysciences Inc., USA) were spin coated onto a
#1 cover slip. 80@im light from the femtosecond laser was negatively chirped to
compensate for the dispersion introduced by the LA delivery fibre. After being
coupled to the LMA0, light was sent to the exoscope, with an average power of 15
mW at the sample. The transmission efficiency through the exoscope was 47%. The
spin coating of the beads reduced the natural occurrence of bead coalescence as
seen inFigure56 (a). For beads that were in focus across the FOV, the intensity
profile was plotted. A Gaussian curve was fit to this profile (showfigare56 (b))

and the bead size was found to be 0)94. It is important to note that in contrast

with the acquired benchtop images, the fully assembled exoscope allows for photon
collection in the epdirection. The generated photons were either generated in the
backwards direction or forward propagating photons that were backscattered.
These photons then entered back through the exoscope tip and subsequent lenses,

reflected off of the dichroic mirroand directed to the multimode collection fibre.
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Figure56: (a) TPEF excitation of 140n Fluoresbrite microspheres in the epi direction (b) Lateral intensity
profile of a single 1.Qum Fluoresbrite microsphere
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4.3.2.2 Two Photon Excitation Fluorescent Microspheres: Chromatic
Aberrations

The second set of fluorescent microsphere measurements were performed with a
sample of 4um rainbow microsplres (Bangs Laboratories, IN0SA), coated with
eight different fluorescent dyes indaling FITC, PE, HExas Red, PEy5, PEy7,
APC, ARCy7, and Violet 1. The reason for the plethora of dyes is due to the fact
that these beads were used in determining the chromatic aberrations of the
exoscope, necessitating fluorescence over a widetaian spectrum. A plot of the
excitation bands of these fluorophores is showrFigure57. It is evident that these
beads will provide single photdifuorescence from 37875nm and consequently a
TPEF mechanism could be exploited for the wavelengths of interest fronto300
1000nm.
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Figure57: Complete spectral plot of all fluorophores fixed to thepn rainbow microspheres

Unfortunately, the amount of peak power available at the sample of the Stokes
beam alone was not enough to produce a detectable TPEF signal. The pulse
broadening that occurs in the delivery fibre in conjunction with the low power
availability out of the spercontinuum is to blame for the low peak power
availability. Fortunately, the inherent tuneablility of the-SEpphire laser facilitated
imaging the rainbow microspheres with a longer wavelength. It was possible to tune
the Tisapphire to 966m before node locking was no longer maintainable for these

aberration measurements.

As was previously prepared, the beads were diluted, and mounted on a #1 coverslip.

Three separate experiments were performed to determine the severity of the
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chromatic aberrations,tarting with the change in axial resolutiofibhe sample was
exposed to 0.8nW of 800nm light. The rainbow microsphere sample was placed on
0KS &l YLXsS aidlFl3asSs 6A0GK + 6 GSNJI RNRLI 6 NARIAY
and the coverslip. The bead samplas stepped through the focus of the exoscope
at 5 um intervals until only background noise was visible, collecting photons in the
epi direction. The three dimensional stack of these images is showigime58. A
lateral profile of a single bead on each image was taken, with the maximum intensity
of each plotted against the Z position. A Gaussian curve was fit, in order to
determine the FWHM as wedls the peak intensity location. The same procedure
was implemented, with the same field of view while exposing the sample to the 960
nm beam It was determined that the peak location of the 80 axial resolution

was at 100.9um, while the peak of the 96@m axial resolution was at 102j¢m, a

difference of 2um.

Figure58: Axial resolution image stack (a) 8@0n excitation wavelength (b) 960 excitation wavelength
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The second chromatic aberration measment was the lateral displacement. The
most in focus frame from the previously analyzed Z stack was taken, and a lateral
intensity profile was obtained in both the X and Y directions. A Gaussian curve was
fit to both the 800nm and 960nm plots, and it was determined that the peak
shifted by a total of 0.Jum in the X direction, and 0.2@m in the Y direction. The
beads that these experiments were performed on are displaydeignre59 (a) and

(b). The correspondinigorizontaland vertical intensity profile plots of both the 800

nm and 960nm measurementgelative to the edge of the framare shown irFigure

60.

Figure59: Lateral chromatic aberration images (a) 8afh excitation wavelength (b) 960 nm excitation
wavelength
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Figure60: Lateral chromatic aberration intensity plots (&60nm horizontal (b) 800 nniorizontal (¢) 960 nm
vertical (d) 800nm vertical

4.3.2.3 herent Anti -Stokes Raman Scattering Microspheres
Similar to the benchtop experiemts, the CARS imaging started with 20 um, 4.5 pym

and 2.0 um polystyrene beads. These beads were spin coated onto #1 coverslips.
The aromatic &1 bonds in all of these beads have a strong peak at 3070wdmen
resonantly excited. Again, it is crucial tote that the images shown ifigure61

have been collected in the epi direction.

Figure61: EpiCARS microsphere images (a) 2@ (b) 4.5um (c)2.0pum

CARS axial resolution measurements were performed on a series of 2 microsphere

samples. Photons for this resolution measurement were also collected in the epi
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direction in a similar fashion to the EP chromatic axial resolution measurements,
although with al.0umstep size due to the decreased bead size. For the entire data
set, a line profile of a single bead was taken at each Z step. The maximum intensity
was identified, plotted and fit with a Gasian curve, shown irrigure 62. The
resultant axial resolution was determined to be 1548n. This concludes the
resolution measurements and charactation of the exoscope, onto the

demonstrations of the biological imaging capabilities of the system.
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Figure62: Axial epi CARS resolution plot

4.3.3.1 Two Photon Excitation Fluorescence
¢2 0S3AAY ( kesvivs BidogiGRimdgitg a stained tissue sample was

selected. The tissue was from a mouse lung, perfused with fluorescein (Life
Technologies, USA) in Fluoromount mounting medium (Sigglahiach, USA). In order

to attain the required concentration of dbrescein in the vasculature, the mouse
was anesthetized, followed by a fluorescein injection. With all blood replaced by the
fluorescein solution, any portion of the mouse could be used as a suitable TPEF
candidate. Mouse brain tissue was the first samyded, although the fine structure

of the brain vasculature underwent rapid degradation and was not suitable for use.
The lung tissue, however, turned out to be very robust and held up well to imaging.
Thin samples that would reduce this blurring, and @mgently increase the
interface-generated epi CARS were the obvious choice for improving the quality of

the images recorded.
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The section of lung tissue was placed between a microscope slide, and a #1

coverslip. The package was placed coverslip side dovtin,awvater drop bridging

the gap between the exoscope tip and the coverslip. The sample was exposed to 18

mW of the 800nm pump beam. The generated TPEF signal was collected in the epi

direction, with the excitation wavelengths filtered out by a shortpéker (Chroma

¢ SOKy2f23ex !'{!10d ¢KS Fftdz2NBaoOSAy GKIG KIR
vasculature can clearly be seenkigure63 (a). The vaculature rich alveolar walls

are clearly visible, surrounding the void of the alveolar cavities. A confocal image of

the same sample is also shownRigure63 (b) for comparison, demonstrating the

same fluorescing alveolar wall vasculature.

Figure63: Fluorescein perfused mouse lung tissue (a) Epi TPEF excited atn8Q0) Confocal microscope
image for reference

4.3.3.2 Second Harmonic Generation
When compared to TPEF, the generation of SHG photons is similar as they involve

two pump photons to create the blue shifted nonlinear signal. This is where the

similarities end, as the SHG process is parametric, while the TPEF process is not. This

subtle dfference results in the emission of photons that are exactly equal to double

the energy of the incoming pump photons. No energy has been absorbed by the
GA&d&adzS aGNHz2OGdzZNBE® LYFIAYy3I Ydzad 0SS LISNF2NXYS

capture these higheenergy photons in the epi direction. The sample that was
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chosen was potassium dihidrogen phosphate (KDP). KDP crystals are popularly used
as frequency doubling elements for lasers, used in elegptic modulators, @
switches and many other nonlinear opapplications. For exoscope testing, various
sample preparations were tested. The method that generated a strong nonlinear
signal and periodic structure was attained through pulverization of the crystal
followed by dissolution into water. The aqueous sa@uat was placed onto a #1
coverslip, allowing the water to evaporate. The sample was placed on the
microscope stand, with a drop of water between the coverslip and the exoscope tip.
3.5 mW of the 800nm pump light was scanned across the sample surface. The
generated SHG was captured in the epi direction, with an additsimait pass filter
(Chroma Technology, USA) to block out any unwanted nonlinear signal. The
longitudinal structure of the KDP crystaldisplayed inFigure64 (a). Confirmation of
G§KS ONEadll f QasdembngtiaiedSnFiguieddifzd tihdzidage was taken
with a white light transmission microscope with a 40X objective. The ability of the
exoscope to capture SHG photons in the epi direction is clearly visible bagki on
image alone, although since the goal of this project is to perform in vivo imaging of

biological tissues, a biological collagen sample was also imaged.

Figure64: KDP crystal (a) Epi SHG excite®@®nm (b) White light transmission image at 100X magnification
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There is plenty of collagen in mouse tail tendons, ideal for SHG imaging. A tendon
sample from a mouse tail was sourced, and placed on a #1 coverslip, with a second
coverslip placed on topThe sample was placed on the microscope stage and
exposed to 12nW of 800nm pump light. Preparing the mouse tail collagen proved

to be quite difficult, as it was very dense and firm. Slicing a thin, even section

provided a significant challenge, with thest image displayed irigure64.

Figure65: Epi SHG image of mouse tail collagen

4.3.3.3 herent Anti -Stokes Raman Scattering
The culmination of the work on the development of this exoscope is in the

demonstration of the CARS imaging capability in the epi direction. Careful selection
of a sample is incredibly critical primarily due to the retion of the CARS signal in
the epi direction. Various samples and preparation methods were attempted, with
two samples providing adequate images to prove the functionality of the exoscope.
The first sample cultured for its localized lipid droplets was iymibic 3T3L1 cells
(ATCC, USA) differentiatedo adipocytes. Adipocytes are specialized cells that have
high concentration of lipid droplets, primarily used as a cellular energy storage
device. Traditionally adipocytes were imaged with exogenous dyasas Oil Red O

[55] or Nile Red[56]. In addition to only allowing indirect observation of-@éxo

fixed samples, the structure of the lipid droplets could be modified by either the

addition of thedye or the fixation process. CARS has been a very important imaging
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modality when observing lipid droplet concentration, growth patterns and
determining functions beyond energy storage, and will serve as an excellent

platform for exoscope demonstration.

The method of preparation followed the differentiation protocol demonstrated by

/[ { wdzoAyQa LI LISNI 2y LISH ITRAadipgesinerd fixedy R
via a methanol solution and mounted within a chambered cover gifide. The
vibrational mode of the @& bonds at 284%m™ contained within the adipocytes is
resonantly excited by the frequency difference between the pump and the Stokes
wavelengths. The adipocytes were exposed tori of the 800hm pump beam, as

well as 0.6mW of the 1030nm Stokes beam. The generated CARS signal was
collected in the epi direction. The pumping wavelengths and any other unwanted
signal is extinguished with a 68n band pass filter with central peak at 648n
(ChromaTechnology, VT, USA) while allowing the epi collected photons to reach the
PMT. Illlumination solely by either the pump or the Stokes wavelengths results in the
disappearance of the lipid droplets, demonstrating that CARS is the primary source
of the deteced signal. A graphic of the differentiation process is displayétdgare

66 [58] and helps explain the images obtainey the exoscopeFigure67 displays

the adipocyte cells in a mixture of states, mature adipocytes as well as some in the
intermediate state. The mature adipocytes making up the majority of the image with
the large lipid droplets, while the immature adipocytes still containing smépel

droplets (seen as smaller bright regions) that have not yet accumulated into a larger

mass.
Preadipocyte Lipid Mature Adipocyte
/ Droplets
s ; Big Fat
o Dex / MIX / Insulin® o Insulin / Glucose Lipid Globule
(Early Stage) (Intermediate Stage) (Late Stage)

Figure66: Adipocyte differentiation proces$58]
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Figure67: Epi CARS image from cell membraagand lipid droplets(b) of unstained adipocyte cells

The second image sample was human orbital tissue, specifically adipose tissue that
is similar to the differentiated embryonic adipocytes. The larger feature size, and
upgraded pump compression gratings (and perhaps the sample quality) were
responsible forthe increase in available pump power and subsequent CARS signal
and enhanced SNR when compared to the embryonic adipocytes. The same fixing
and mounting procedure was followed for the orbital cells as the differentiated
adipocytes. In order to obtain thenages demonstrated ifigure68 (a), the orbital
sample was exposed to W of the 800nm pump beam, as well as 0.62W of

the 1030 nm Stokes beam. Focomparison purposes a standard, white light
transmission microscope was used to image the same sample. The image shown in
Figure68 (b) used a 100X agnification objective (with a similar field of view as the

exoscope), an&rigure68 (c) used a 20X magnification objective for reference.
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Figure68: Human orbital fat tissue (a) E@ARS image (b) For comparison: White light transmission
microscope image at 20X magnification (c) For comparison: White light transmission microscope image at
100X magnification

It is clear, based on the prior evidence of images and resolution measursrtieatt

the exoscope is a fully functioning multimodal imaging tool. The TPEF, CARS and SHG
images obtained with the barrel and fregpace optics confirmed that there were no
glaring errors with the assembly of the miniaturized lenses. These images also
confirmed the successful operation of the MEMS mirror, and the subsequent image
capture and reconstruction process. The completely assembled exoscope also
demonstrated similar quality images of the same modalities. It is important to note
that the CARS images$tained from the fully assembled exoscope have a lower SNR
due to the inherent weaker generation of eBARS photons. These images are not
the last that will be taken with the exoscope. Further experimentation with
alternative samples will be done, as Was trials with different laser sources. These

future plans will be examined in the following chapter.
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Discussion

When examining what was accomplished in this thesis, first, a larger picture must
first be analyzed. It is easy to get caught up in the specialized technologies employed
in order to accomplish the CARS imaging that was previously demonstrated, while
losing sight of the potential substantial medical applications this device could
accomplish. One such potential applicatiomispinal cord disorder research. Spinal
cord disorders have lifelong consequences, often having disastrous impacts on the
patients andheir families. These disorders can occur through traumatic events such
as fractures, or penetrating injuries that cause damage to the white matter
contained within the spinal column. This white matter facilitates the transfer of
electrical signals descdimg, or ascending the spinal column. Depending on the
severity of the effect on the conduction of these electrical signals, these traumatic
events can lead to severe paralysis. Another significant source of spinal cord
disorders is MS. Again, this is da@ a devastating disease, as MS is progressive,

irreversible and has no treatments to reverse progression once onset.

While animal models of spinal cord injuries and MS have been developed, there is
limited understanding as to the progression of tissue s over time. Current
methods applied to the histological examination of lab animals involve the sacrifice
of multiple specimens. This only allows for a brief snapshot of the state of the white
matter within the spinal column. Serialized examinationsrotme could offer a
significant increase in the understanding the progression of medical therapies
applied to spinal cord disorders. This is accomplished byimasive therapies such

as magnetic resonance imaging, although with limited resolution cépedi The
exoscope demonstrated in this thesis allows for minimailasive, chronological
examinations of a single specimen with microscopic accuracy, all while enabling the

observations of morphological and chemical changes within the tissue.
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Althoughthis thesis does not directly address the problems associated with spinal
cord injury, it demonstrates that these kinds of images are possible. The actual
purpose of this thesiss to develop a fully functional miniaturized microscope that
enablesTPEF, I9G, and CARS imaging. As anticipated, the bulk of the work centred
on sourcing and testing appropriate components suitable for ultrafast beam delivery
while maintaining as small as possible footprirall of this needed to be
accomplishedwhile managing tamaintain high peak power pulses with little net
negative chromatic effects. Sourcing appropriate samples to exploit the
aforementioned modalities proved to be more of a challenge than was anticipated,
the same goes for the debugging of the system to iasesthe quality of the images.
These challenges were met, and the first major step toward a fully endoscopic,

multimodal nonlinear microscope was successfully demonstrated.

5.1 Summary

This section will summarize the results obtained in previous chapaa,explain

possible improvements that can be made on the microscopy system in order to
increase image quality. Sources of the reduction of quality of the focusing system
will also be discussed, as well as a review on the functionality of the key

componerts.

The first issueaddressed was the method of photon delivery. This aspect was
crucial to the success of the project; if ultrafast light could not be delivered
efficiently to the exoscope, the quality of the exoscope optics would be irrelevant.
The DCEF was the first fibre that was investigated, with a prism compressor used as
the compensation mechanism. The difficulty in focusing the pump beam into the
inner core of the DCPCF made difficult work compensating for the dispersion
encountered within the ibre. The two discrete core paths that the pump beam
could travel down resulted in an impossible compensation geometry, the two very

different effective dispersions encountered in the fibre resulted in two pulse widths
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separated by greater than an order ohagnitude. The LMA&0 used as an
alternative did not have this drawback. The pump and stokes were either coupled to
the core, or scattered out of the cladding making dispersion compensation straight
forward. The LMAO0 performed very well throughout thexperiments and imaging

executed in this thesis.

Another component that performeduccessfullyonce installed, was the MEMS
mirror. The robustness of single crystal silicon allowed the system to operate for
many hours on end without any loss of deflectimagnitude. The actual installation

of the MEMS chip, however, led to further difficulties. The miniaturized housing that
the MEMS was inserted into left much to be desired in terms of how well seated and
secure was the chip. This lack of a secure restlagepfor the MEMS also meant
that the ability to finely control the X, Y, pitch and yaw was almosteastent. The

final placement of the mirror was based on macro movements, and largely on luck.
The uncertain placement of the MEMS mirror also had thetended consequence

of having one of the electrical contacts intermittently bridge a connection to the
body of the exoscope. Fortunately only one of the contacts made this connection
and the entire system did not have to undergo disassembly and the lgntitess

of realignment. This electrical shegircuit could be prevented by coating the rear of
the MEMS mirror with an insulating adhesive. The issue of the fine positioning of the
MEMS is a more problematic issue, and would require-desggn of the busing
section of the exoscope. Regardless of these setbacks, the MEMS still managed to

perform its duty as a twalimensional scanner with consistency.

The MEMS mirror was not the only element that had a problematic install into the
miniaturized optical busing. While the barrel individually performed as expected, it
was difficult to obtain an on optical axis output with high output power. Due to the
miniaturized nature of the probe, the transmission efficiency or the optical deviation
that individual compnents imparted on the system could not be analyzed. An
additional source of error impacting the output angle of the barrel could also be the
position of the input fibre. Unbeknownst at the time of assembly, the company that
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connectorized the LMAR0 had vey little control over the lateral position of the
fibre tip. This was assumed to be correctly placed in the exact centre of the ferrule,
thus the collimating lens had ne¥adjustment built in. Based on this observation, it
is possible that the very fir®ptical component could be responsible for the optical
output angle shift. An off axis optical beam could also be responsible for the
increased axial resolution that was observed, as well as the chromatic aberrations
that were reported. Additional pinhek built into the design of the exoscope could
have given the ability to identify an off axis beam path. A method to monitor the
power after every optical component or reflection would give extremely valuable
information to the alignment of components. Osech possible solution could be a
miniaturized reflector that would be inserted into the beam path of the exoscope to

direct the beam out of the miniaturized cavity to an external power meter.

All of these previous difficulties that occurred during thesambly of the exoscope
could directly have an effect on the quality of the images obtained, as well a
potential reason why the axial resolution measurement was off when compared to
the designed value. Reducing these inaccuracies would most certainlyviengite

acquired images, whether they are of microspheres, crystals, or biological tissue.

5.2 Future Work

Performing CARS imaging of lipid rich tissues is only the first half of the project
intended for the exoscope. Now that it has been successfullyahstnated, in vivo

trials will be performed on the spinal tissue of a live rat. Not only will the lipids
contained within the white matter be illuminated, but genetically encoded
fluorescent proteins will be excited. These combined modalities will reveal t
chemical changes in myelin and axons when various treatment strategies are being
experimented. There are two experiments planned to investigate the rate of
degradation of spinal cord myelin. The first is based on a contusive traumatic injury

model. Firs a rat will be anesthetized, and a neurosurgeon will expose the dorsal
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spinal cord at the thoracic level via a laminectomy. A guide tube will be inserted into
the cavity made by the neurosurgeon, allowing the insertion of the exoscope tip.
Following thissurgery, a fluorescent dye will be injected into the rat, allowing the
exoscope to illuminate the surface vasculature of the dorsal spinal cord. The
vasculature will serve as a landmark, ensuring the probe is directed toward the same
location for multiple imaging sessions. The spinal column will be mechanically
injured, and CARS images of the myelin will be acquired, over many imaging
sessions. The second experimental method is done by using a focal demyelination
model. The rats will be prepared in a simitaanner to the previous method, but
instead of blunt trauma causing the damage, a solution of lysolecithin will be
injected into the spinal cord. This causes rapid degradation of the myelin, while
leaving the axons intact. The demyelination process wiliionitored over the first

3 days, while the progression of remyelination that occurs from abel#t days

post injury, will also be examined.

The techniques learned imaging the myelin of a live rat can also be applied

elsewhere. With little to no change® the hardware, chronological imaging of

different organs of live specimens can also be performed. The applications of this

I NE [[dzZAdS ONRIR YR &AAIYATFAOFLYyOGd b2G§AOS ¢
qualification that the organism being imaged haol be a lab rat. It is quite

conceivable that this very instrument could be brought to the bedside, and used as a
multi-photon imaging probe. These applications could range from surgical

interventions, to disease diagnosis.

While these myelination trialsra being investigated, a second iteration of the
exoscope will be built. Lessons learned from the first assembly will be applied, and
special attention will be given to the location of the fibre tip within the LMA Q a
ferrule. Further improvements on thisxoscope will reduce the optical aberrations

of the system in a second iteration. Signal collection will be improved by using a
more sensitive PMT. In the far future, further miniaturization will be done, perhaps
modifying the beam geometry to only havesimgle reflection off the MEMS mirror
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making a 90 degree probe. Inserting the MEMS mirror in between the optics of the
barrel could also reduce the size of the exoscope, although this would increase the

difficulty of fabrication and alignment.

A future gplication of this further miniaturized probe could be in atherosclerosis
research. While the size of the current exoscope would not fit inside a human artery,
it is conceivable that further miniaturization would allow artery insertion. Giving
physicians lte ability to extract morphological and chemical data from the inside of
an artery could significantly reduce the amount of human deaths caused by blood
flow reduction. Although with current bulky laser sources, this dream of a bedside
multimodal endoscopes impossible. Fortunately, much work is being done to
develop a femtosecond fibre laser [28]. Trials will be performed with this setup,
which will reduce the footprint of the entire system, bringing multimodal nonlinear

imaging closer to a clinical apgtion.
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