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Abstract

Cancer is a major health problem in the world today. Almost all cancers have a

significantly better chance for therapy and recovery if detected at their early stage.

The capability to perform disease diagnosis at an early stage requires high-resolution

imaging that can visualise the physiological and morphological changes at a cellular

level. However, resolving powers of current medical imaging systems are limited

to sub-millimeter sizes. Furthermore, the majority of cancers are associated with

morphological and functional alterations of cells in epithelial tissue, currently assessed

by invasive and time-consuming biopsy. Optical imaging enables visualisations of tissue

microstructures at the level of histology in non-invasive means. Optical imaging is

suitable for detecting neoplastic changes with sub-cellular resolution in vivo without

the need for biopsy.

Nonlinear optical microscopy based on multi-photon absorption and higher har-

monic generation has provided spectacular sights into visualisation of cellular events

within live tissue due to advantages of an inherent sectioning ability, the relatively deep

optical penetration, and the direct visualisation of intrinsic indicators. Two-photon

excited fluorescence (TPEF) from intrinsic cell components and second harmonic

from asymmetric supermolecular structures can provide complementary information

regarding functionalities and morphologies in tissue environments, thus enabling

premalignant diagnosis by detecting the very earliest changes in cellular structures.

During the past sixteen years, nonlinear optical microscopy has evolved from a

photonic novelty to a well-established laboratory tool. At present, in vivo imaging and
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long-term bedside studies by use of nonlinear optical microscopy have been limited

due to the fact that the lack of the compact nonlinear optical instrument/imaging

technique forces the performance of nonlinear optical microscopy with bulk optics on

the bench top. Rapid developments of fibre-optics components in terms of growing

functionalities and decreasing sizes provide enormous opportunities for innovation in

nonlinear optical microscopy. Fibre-based nonlinear optical endoscopy will be the soul

instrumentation to permit the cellular imaging within hollow tissue tracts or solid

organs that are inaccessible with a conventional optical microscope.

Lots of efforts have been made for development of miniaturised nonlinear optical

microscopy. However, there are major challenges remaining to create a nonlinear

optical endoscope applicable within internal cavities of a body. First, an excitation

laser beam with an ultrashort pulse width should be delivered efficiently to a remote

place where efficient collection of faint nonlinear optical signals from biological samples

is required. Second, laser-scanning mechanisms adopted in such a miniaturised

instrumentation should permit size reduction to a millimeter scale and enable fast

scanning rates for monitoring biological processes. Finally, the design of a nonlinear

optical endoscope based on micro-optics must maintain great flexibility and compact

size to be incorporated into endoscopes to image internal organs.

Although there are obvious difficulties, development of fibre-optic nonlinear optical

microscopy/endoscopy would be indispensible to innovate conventional nonlinear

optical microscopy, and therefore make a significant impact on medical diagnosis. The

work conducted in this thesis demonstrates the new capability of nonlinear optical

endoscopy based on a single-mode fibre (SMF) coupler or a double-clad photonic

crystal fibre (PCF), a microelectromechanical system (MEMS) mirror, and a gradient-

index (GRIN) lens. The feasibility of all-fibre nonlinear optical endoscopy is also

demonstrated by the further integration of a double-clad PCF coupler. The thesis

concentrates on the following key areas in order to exploit and understand the new

imaging modality.

It has been known from the previous studies that an SMF coupler is suitable for two-
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photon excitation by transmitting near infrared illumination and collecting fluorescence

at visible wavelength as well. Although second harmonic generation (SHG) wavelength

is farther away from the designed wavelength of the fibre coupler than that of normal

TPEF, it is demonstrated in this thesis that both SHG and TPEF signals can be

collected simultaneously and efficiently through an SMF coupler with axial resolution

of 1.8 µm and 2.1 µm, respectively. The fibre coupler shows a unique feature of linear

polarisation preservation along the birefringent axis over the near infrared and the

visible wavelength regions. Therefore, SHG polarisation anisotropy can be potentially

extracted for probing the orientation of structural proteins in tissue. Furthermore,

this thesis shows the characterisation of nonlinear optical microscopy based on the

separation distance of an SMF coupler and a GRIN lens. Consequently, the collection

of nonlinear signals has been optimised after the investigation of the intrinsic trade-off

between signal level and axial resolution.

These phenomena have been theoretically explored in this thesis through formali-

sation and numerical analysis of the three-dimensional (3D) coherent transfer function

for a SHG microscope based on an SMF coupler. It has been discovered that a fibre-

optic SHG microscope exhibits the same spatial frequency passband as that of a fibre-

optic reflection-mode non-fluorescence microscope. When the numerical aperture of

the fibre is much larger than the convergent angle of the illumination on the fibre

aperture, the performance of fibre-optic SHG microscopy behaves as confocal SHG

microscopy. Furthermore, it has been shown in both analysis and experiments that

axial resolution in fibre-optic SHG microscopy is dependent on the normalised fibre

spot size parameters. For a given illumination wavelength, axial resolution has an

improvement of approximately 7% compared with TPEF microscopy using an SMF

coupler.

Although an SMF enables the delivery of a high quality laser beam and an enhanced

sectioning capability, the low numerical aperture and the finite core size of an SMF

give rise to a restricted sensitivity of a nonlinear optical microscope system. The

key innovation demonstrated in this thesis is a significant signal enhancement of a
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nonlinear optical endoscope by use of a double-clad PCF. This thesis has characterised

properties of our custom-designed double-clad PCF in order to construct a 3D nonlinear

optical microscope. It has been shown that both the TPEF and SHG signal levels in

a PCF-based system that has an optical sectioning property for 3D imaging can be

significantly improved by two orders of magnitude in comparison with those in an

SMF-based microscope. Furthermore, in contrast with the system using an SMF,

simultaneous optimisations of axial resolution and signal level can be obtained by

use of double-clad PCFs. More importantly, using a MEMS mirror as the scanning

unit and a GRIN lens to produce a fast scanning focal spot, the concept of nonlinear

optical endoscopy based on a double-clad PCF, a MEMS mirror and a GRIN lens has

been experimentally demonstrated. The ability of the nonlinear optical endoscope to

perform high-resolution 3D imaging in deep tissue has also been shown.

A novel three-port double-clad PCF coupler has been developed in this thesis to

achieve self-alignment and further replace bulk optics for an all-fibre endoscopic system.

The double-clad PCF coupler exhibits the property of splitting the laser power as well

as the separation of a near infrared single-mode beam from a visible multimode beam,

showing advantages for compact nonlinear optical microscopy that cannot be achieved

from an SMF coupler. A compact nonlinear optical microscope based on the double-

clad PCF coupler has been constructed in conjunction with a GRIN lens, demonstrating

high-resolution 3D TPEF and SHG images with the axial resolution of approximately

10 µm. Such a PCF coupler can be useful not only for a fibre-optic nonlinear optical

probe but also for double-clad fibre lasers and amplifiers.

The work presented in this thesis has led to the possibility of a new imaging device

to complement current non-invasive imaging techniques and optical biopsy for cancer

detection if an ultrashort-pulsed fibre laser is integrated and the commercialisation

of the system is achieved. This technology will enable in vivo visualisations of

functional and morphological changes of tissue at the microscopic level rather than

direct observations with a traditional instrument at the macroscopic level. One can

anticipate the progress in fibre-optic nonlinear optical imaging that will propel imaging
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applications that require both miniaturisation and great functionality.
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Chapter 1

Introduction

Humans have always desired to explore the macrocosm and the microcosm that cannot

be captured directly by our retinas. An optical microscope has been one of the most

fundamental instruments to visualise microstructures since Leeuwenhoek in 1673. In

particular in life sciences, optical microscopy today is a fascinating tool to provide

incredibly detailed views of living cells and document the dynamism of life [1, 2].

Confocal scanning microscopy proposed by Minsky in 1955 [3] has been a

renaissance for the traditional microscopy technique by achieving a three-dimensional

(3D) view [4]. Since the invention of two-photon fluorescence microscopy in 1990 [5],

this magic technique based on nonlinear optical phenomena has revolutionised the

fields of optical microscopy because of its ability to image deep tissue and produce

inherent optical sectioning [6–8]. Not surprisingly, these might be just the inception of

a transformation that microscopy will experience in the coming years.

This chapter serves as an introduction to nonlinear optical endoscopy, an emerging

stream in research fields of nonlinear optical microscopy that aims to develop a

miniaturised device for in vivo nonlinear optical imaging. The chapter also describes

the objectives and the arrangement of the thesis.
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1.1 Introduction to nonlinear optical endoscopy

To date, nonlinear optical microscopy has become an indispensable laboratory tool of

high-resolution imaging of physiology, morphology, and cell-cell interactions in thick

tissue and in live animals. It fills a niche for biological imaging as the best non-

invasive means of microscopic imaging modalities [5–8]. Therefore, nonlinear optical

microscopy has found extensive applications in biology and medicine, particularly in

neuroscience and cancer research [8–11]. However, at present applications of nonlinear

optical microscopy to in vivo imaging are limited to situations that involve tissue

excision for observations on the bench top. To date a key technology for in vivo

applications in human subjects and minimally surgical procedures is an endoscope that

overcomes the physical limitation and remains great functionalities as well [12–14]. As

a consequence, to further extend the applications of nonlinear optical microscopy, a

nonlinear optical endoscope will be a soul instrument that combines the advantages

of both nonlinear optical microscopy and endoscopy to permit cellular imaging within

hollow tissue tracts or solid organs that are inaccessible with a commercial optical

microscope.

To develop a nonlinear optical endoscope that is actually a miniaturised nonlinear

optical microscope, it is of importance to understand the fundamentals of nonlinear

optical microscopy and its technique challenges, which will be introduced in the

upcoming subsections.

1.1.1 Nonlinear optical microscopy

Optical microscopy can be distinguished between linear and nonlinear optical effects.

Traditional optical microscopy, including confocal microscopy, is based on single-

photon processes, in which light-matter interactions have a linear dependence on the

incident light intensity. Using high-order light-matter interactions involving multi-

photon processes, nonlinear optical microscopy is fundamentally different and therefore
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exhibits unique imaging properties.

There are several major optical nonlinear effects used in biological imaging,

including multi-photon absorption, higher harmonic generation, and coherent anti-

Stokes Raman scattering (CARS). Among them, fluorescence excitation under two-

photon absorption is the most popular method to generate imaging contrast. Since the

two-photon process requires two photons to interact simultaneously with a molecule

and the two-photon excitation cross section is normally 40 orders smaller than that

under single-photon excitation [7, 15], a femtosecond pulsed laser in the near infrared

wavelength range is used to localise excitation light in space and time. Compared with

its single-photon counterpart, multi-photon fluorescence microscopy takes advantages

of intrinsic 3D resolution, greater penetration depth with less phototoxicity, and

enhanced spectral flexibility.

In addition to multi-photon fluorescence, second or third harmonics can occur

when ultrashort pulses interact with biological tissue to generate harmonics of the

laser frequency [16–18]. In second harmonic generation, two photons simultaneously

interact with noncentro-symmetric structures, producing visible photons at exactly half

of the excitation wavelength [19]. As opposed to multi-photon absorption, harmonic

generation is a coherent (phase-preserving) process, and therefore produces highly

polarised and predominantly forward-directed radiation rather than isotropic emission.

This feature can be used to visualise intrinsic structures without exogenous labeling as

well as determine the absolute orientation and organisation degree of protein structures

in tissue.

Another nonlinear optical process used for biological microscopy is CARS, which is

a chemically specific nonlinear imaging technique and sensitive to molecular vibration

states [20]. Different from the contrast caused by fluorescence emission and harmonic

generation, inherent molecular vibration signals contain molecular signatures that can

be used for identifying biochemical components in tissue. CARS microscopy has proven

useful for mapping lipid compartments, protein clusters, and water distributions in

tissue.
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All these nonlinear optical imaging techniques offer unique approaches to visualise

tissue structures three-dimensionally with high-resolution and non-invasive means. In

particular, the combination of two-photon excited fluorescence (TPEF) and second

harmonic generation (SHG) has stimulated new insights and information about the

cancer research [21–24]. TPEF from intrinsic fluorophores (such as NADH and

Flavins) and SHG from extracellular matrix (such as collagen and microtubules)

provide complementary information on general tissue morphology, redox state and fibril

orientation. Therefore nonlinear optical microscopy will be an effective alternative to

standard histopathology by producing nonlinear emission spectra and images at the

cellular level from deep tissue.

A schematic diagram of a typical nonlinear optical microscope is shown in Fig. 1.1.

The femtosecond pulsed laser source is usually a Ti:Sapphire oscillator with a tunable

wavelength range over 700 – 1000 nm. The beam is scanned by the xy scanner (usually

a pair of galvanometric mirrors) before focused by the microscope objective.

Fig. 1.1: Schematic diagram of a nonlinear optical microscope. (a) Ultrashort pulses from a
Ti:Sapphire laser having a repetition rate of 80 MHz and a pulsewidth of approximately 100
fs. (b) Pulses have a bandwidth of approximately 10 nm. (c) Fluorescence is isotropically
emitted, whereas optical harmonic is mainly forward-directed.
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1.1.2 Challenges in nonlinear optical endoscopy

Applying a bulk nonlinear optical microscope for in vivo monitoring and diagnosis

remains a challenge. The development of nonlinear optical endoscopy that permits

nonlinear optical imaging under conditions, in which a conventional nonlinear optical

microscope cannot be used is obviously an absolute prerequisite. The core concept is to

develop miniaturised nonlinear optical microscopes, which can be applied to epithelial

tissue or internal organs of living bodies, rather than examine excised tissue with bulk

nonlinear optical microscopes on a bench top. With the advances in optical fibres,

micro-optics, and micro-mechanics, this field has been expanding at an incredible

speed in the past five years. Although rapid progress has shown the promising

landscape, efforts for both instrumentation and knowledge of fibre-optic nonlinear

optical microscopy and endoscopy are still in an early stage. To achieve the final aim

for in vivo applications of nonlinear optical endoscopy, there are several key challenges

summarised in the following.

Multiple imaging modalities. As we have mentioned in Section 1.1.1, the multi-

photon excitation, higher harmonic generation, and CARS can have fundamentally

different insights to accomplish selective visualisations of components inside tissue.

More importantly, they are usually simultaneous processes under the illumination with

ultrashort pulses in conventional nonlinear optical microscopy. Therefore, combinations

of multiple nonlinear optical imaging modalities in an endoscope can be of great utility

for studying biomedical events in living bodies and drive the progress in nonlinear

optical endoscopy. Although there has been a number of fibre-optic nonlinear optical

microscopes developed since its first demonstration in 2001 [25], the imaging contrast

mechanism is primarily relies on TPEF [26–30]. There has been no report on fibre-

optic SHG microscopy before the research undertaken in this thesis. The difficulty in

developing fibre-optic SHG microscopy is due to the fact that SHG has polarisation

anisotropy and the emission wavelength does not fall into the operation windows

of conventional fibre-optic components. Furthermore, imaging theory has not been

studied to understand the coherent optical imaging process through fibre-optic SHG
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microscopes.

Sensitivity. As an imaging technique for in vivo applications, the great challenge in

developing nonlinear optical endoscopy concerns its signal level after the integration

of fibre-optic components for miniaturisation. This challenge primarily arises from

a single-mode fibre (SMF) which is typically used in fibre-optic nonlinear optical

endoscopy [25–27]. A key problem with using an SMF is its limited ability for efficient

excitation delivery and signal collection. On the one hand, ultrashort pulses (∼ 80 – 200

fs in duration) through an SMF experiences severe temporal and spectral broadenings

due to group-velocity dispersion, self-phase modulation, and self-steepening [31],

leading to significant reductions in the efficiency of nonlinear excitation and penetration

depth. On the other hand, a low numerical aperture (NA, ∼ 0.1) and a small core

size (∼ 5 µm) of an SMF make the fibre sensitive to optical aberrations in imaging

systems and therefore limit the collection efficiency of the nonlinear emission at sample

sites. Furthermore, the small fibre core acting as a confocal pinhole blocks multiply

scattered photons outside the focal volume in biological tissue, resulting in less photons

contributing to the imaging formation. An alternative fibre is a multimode fibre that is

superior for signal collection as a result of its relatively greater NA and large core size.

Unfortunately, multiple spatial modes from multimode fibres cannot be focused to a

near diffraction-limited spot to produce efficient nonlinear excitation for high optical

resolution. For these reasons, the use of appropriate fibres hence is the heart of the

endoscope design.

Scanning mechanisms. Although optical fibres allow for remote delivery of light

to a given spot, they have to be combined with a scanning mechanism to form

a two-dimensional image. Proximal and distal methods are two common scanning

mechanisms used for endoscopy. Proximal scanning involving a pair of galvanometric

mirrors and a fibre bundle can offer a stationary and ultra-small endoscope probe [29].

However, the lateral resolution is restricted by the crosstalk and the size of pixels in the

fibre bundle. Distal scanning is achieved by driving mechanical resonance vibrations of

the fibre tip or scanning the laser beam at the fibre end with a micromirror [30,32]. The
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current problem of these scanning units is they are bulk and slow. To be applicable

in nonlinear optical endoscopy, the miniaturised scanning mechanisms should have

compact sizes below 3 mm and rapid scanning rates for studying fast activities and

elimination of photobleaching.

Mechanical flexibility. The main advantage of nonlinear optical endoscopy over

conventional nonlinear optical microscopy is its mechanical flexibility arising from a

compact arrangement. In addition to working as a stand-alone tool, a nonlinear optical

endoscope should be sufficiently small and flexible to be inserted into the working

channels of a clinical endoscope, enabling access to remote locations in the body. To

this end, the nonlinear optical endoscope probe should be restricted to a maximum

outer diameter of 3 mm with a rigid distal assembly shorter than 10 mm. Thus, it

is crucial to choose micro-optics elements and design the endoscope probe to meet

this criterion. Components based on micro-optics and microfabrication technology

definitely have great potential to meet these optomechanical demands.

1.2 Thesis objectives

The objective of this research is to exploit novel fibre-optic nonlinear optical endoscopy

and understand its performance with microscope imaging theory, leading to innovations

in nonlinear optical microscopy in terms of instrumentation and knowledge. This

objective is achieved in two aspects.

First, a TPEF and SHG microscope using an SMF coupler is designed, constructed,

and characterised. It is the first demonstration of a fibre-optic SHG microscope. Image

formation of the fibre-optic SHG microscope is analysed by the 3D coherent transfer

function (CTF).

Fibre-optic TPEF microscopy based on an SMF coupler has been successfully

demonstrated, exhibiting advantages of great flexibility, enhanced optical sectioning

and self-alignment [26, 27]. However, different from TPEF, SHG has polarisation
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anisotropy and the emission wavelength is further away from the operation wavelength

of the coupler. To open the possibility of fibre-optic nonlinear optical microscopy having

multiple imaging modalities, the effectiveness of an SMF coupler for SHG microscopy

is investigated in this thesis. Propagation characteristics of the SMF coupler under

various operation conditions, which are important for simultaneous TPEF and SHG

detection through the system, are studied. Furthermore, the arrangement based on a

single fibre and a single gradient index (GRIN) lens has a significant impact on the

imaging performance of the fibre-optic system. As a consequence, these effects are

measured and evaluated.

To gain an understanding of fibre-optic SHG microscopy using an SMF coupler,

image formalisation and numerical analysis of the 3D CTF are explored. The

spatial frequency passband of fibre-optic SHG microscopy is theoretically studied and

compared with that of fibre-optic reflection-mode non-fluorescence microscopy. Axial

resolution and signal level as a function of the normalised fibre spot size parameters in

fibre-optic SHG microscopy are investigated both theoretically and experimentally.

Second, the concept of the utilisation of a double-clad photonic crystal fibre (PCF)

and a double-clad PCF coupler is proposed and adopted to a novel nonlinear optical

endoscope. Hence the development of nonlinear optical endoscopy shifts to a new

paradigm that aims at in vivo imaging with high efficiency. The investigations

undertaken in this thesis concern the construction and characterisation of compact

nonlinear optical microscopes, revealing resolution and signal level in these new

systems.

A custom-designed double-clad PCF that allows for nonlinear optical imaging

is first used. The ability of this double-clad PCF to deliver pulsed illumination,

collect SHG and TPEF signals, and improve the efficiency of the microscope system

is explored. Furthermore, to achieve a practical instrument, a micromirror based on

microelectromechanical system (MEMS) is adopted to scan the illumination light in the

endoscope system. An endoscope is constructed by use of the double-clad PCF and

the MEMS mirror. Extensive investigations, particularly with regard to such issues

8
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as resolution and signal level, are undertaken. More importantly, extensive imaging

experiments regarding various tissues are carried out to demonstrate the functionality

of the nonlinear optical endoscope.

The use of a double-clad PCF coupler can further simplify the excitation and

collection light paths of the new system. There has been no report on the fabrication

and application of a double-clad PCF coupler before the research undertaken in this

thesis. Therefore, the possibility of fabrication of a double-clad PCF coupler is studied.

Characteristics of the PCF coupler are investigated in terms of the coupling efficiency

and mode propagation. The feasibility of the PCF coupler for nonlinear optical imaging

is explored.

1.3 Preview of the thesis

The research undertaken in this thesis deals with the design, construction, and

characterisation of fibre-optic nonlinear optical endoscopy. In particular, a fibre-optic

microscope using an SMF coupler and a GRIN lens is thoroughly investigated. In this

case, an 3D CTF annalysis on fibre-optic SHG microscopy is derived to understand

image formation in nonlinear optical imaging systems. Furthermore, this thesis presents

a concept of nonlinear optical microscopy using a double-clad PCF, a double-clad PCF

copuler, and a MEMS mirror.

To introduce a foundation on which the research presented in this thesis is built,

a review of current techniques used in fibre-optic nonlinear optical imaging is given

in Chapter 2. Several imaging modalities used in nonlinear optical microscopy are

briefly reviewed in Section 2.2. Major technology and components, which are essential

to form a fibre-optic nonlinear optical microscope, are outlined in Section 2.3. A

particular attention is given to the applications of PCFs to nonlinear optical sensing

or imaging in Section 2.4. Four different PCFs for nonlinear optical microscopy, large-

mode-area PCFs, hollow-core photonic bandgap fibres, double-clad PCFs, and highly
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nonlinear PCFs, are reviewed on the basis of their principles and functions. Strengths

and limitations of the existing fibre-optic nonlinear optical microscopes are discussed

in Section 2.5. A summary of the review is given in Section 2.6.

Chapter 3 demonstrates TPEF and SHG optical microscopy using an SMF coupler

for both illumination delivery and nonlinear emission collection. Since TPEF and

SHG are fundamentally different imaging modalities and the simultaneous collection

of TPEF and SHG through the SMF coupler are desirable, detailed characterisation

of the SMF coupler under different conditions is presented in Section 3.2. The

ability of the SMF coupler to perform SHG imaging is demonstrated in Section 3.3

through extensive investigations into nonlinear spectra, axial resolution, images, and

polarisation anisotropy measurement. Section 3.4 shows the dependence of axial

resolution and signal level on the GRIN lens-fibre spacing and further optimises

fluorescence collection of the system based on an SMF and a GRIN lens.

Chapter 4 studies the imaging theory based on the 3D CTF for the fibre-optic

SHG microscope implemented in Chapter 3. The theoretical investigation gives the

image formation of the system in terms of spatial frequencies. Section 4.1 serves as an

introduction to the 3D CTF and a brief review of its history in fibre-optic confocal

microscopy. In Section 4.2 an analysis of SHG image formation is given followed

by the formalisation of the 3D CTF in Section 4.3. The theoretical results of the

dependence of axial resolution on coupling parameters are presented in Section 4.4,

while the experimentally measured results are also given.

A paradigm shift in fibre-optic nonlinear optical microscopy occurs after the

introduction of a double-clad PCF results in a signal level improvement of two orders

of magnitude. Chapter 5 shows the integration of a double-clad PCF, a MEMS mirror

and a GRIN lens to form a nonlinear optical endoscope that enables 3D nonlinear

imaging for tumour and internal organ tissues. To understand optical properties of the

double-clad PCF, a detailed characterisation of the coupling efficiency is undertaken in

Section 5.2. In Section 5.3 the double-clad PCF is used to construct a TPEF and SHG

microscope, demonstrating its capability of 3D nonlinear optical imaging. The novel

10
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application of a MEMS mirror to nonlinear optical microscopy is shown in Section 5.4

in conjunction with a double-clad PCF and a GRIN lens. Finally, substantial 3D

nonlinear optical images of various tissues obtained with the endoscope are shown in

Section 5.5 and a conclusion is drawn in Section 5.6.

A nonlinear optical microscope using a novel double-clad PCF coupler for further

compact design is presented in Chapter 6. This PCF coupler offers a great possibility for

all-fibre nonlinear optical endoscopy. Its fabrication process is described in Section 6.2,

while a particular attention is paid to the mode splitting in the coupler that is important

for nonlinear optical imaging. Furthermore, a system arrangement for the compact

nonlinear optical microscope using the double-clad PCF coupler is shown in Section 6.3.

Investigations into axial resolution and the imaging capability of such a system are

undertaken in Section 6.4.

Chapter 7 gives the conclusions drawn from the work undertaken in this thesis

and includes a discussion of future work in this field. The prospect and strategies for

achieving the future research are discussed in Section 7.2.
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Review of fibre-optic nonlinear

optical microscopy

2.1 Introduction

Ever since researchers realised that microscopy based on nonlinear optical effects can

provide information that is blind to conventional linear techniques, applying nonlinear

optical imaging to in vivo medical diagnosis in humans has been the ultimate goal.

The development of nonlinear optical endoscopy is the primary method to extend

applications of nonlinear optical microscopy toward this goal. Fibre-optic approaches

that allow for remote delivery and collection in a minimally invasive manner are

normally used in nonlinear optical endoscopy. This is largely attributable to the many

advantages that fibre-optics offers to imaging systems, including mechanical flexibility,

self-alignment, and enhanced optical sectioning. Fibre-based imaging systems also

enable minimally invasive clinical diagnostics and surgical procedures, long-term and

bedside imaging studies in living subjects [33–36]. In particular, fibre-optic nonlinear

optical microscopy combining advantages of fibre-optics and nonlinear optical imaging

has found its niche as a complementary nonlinear optical imaging instrument [37,38].

12



Chapter 2

A detailed investigation into nonlinear optical endoscopy requires a comprehensive

understanding of the optical processes that occur in these imaging modalities. It is

also important to consider the features of the fibre-optic components and their optical

responses after the introduction to nonlinear optical imaging. This chapter is a review

of main technologies in miniaturised microscopy that have been or can be used in fibre-

based nonlinear optical microscopy, with a particular attention given to the applications

of photonic crystal fibres (PCFs) for nonlinear optical sensing and imaging. The

chapter is organised as follows. Section 2.2 reviews fundamental principles of popular

imaging modalities used in nonlinear optical microscopy. Section 2.3 looks at the major

components in conventional fibre-optic nonlinear optical microscopy based on single-

mode fibres (SMFs). PCFs with novel functions in nonlinear optical microscopy are

reviewed in Section 2.4. Strengths and limitations of the different types of fibre-optic

nonlinear optical imaging systems are also discussed in Section 2.5.

2.2 Nonlinear optical microscopy

Nonlinear optics has been growing at a prodigious rate after the first demonstration of

SHG with a pulsed ruby laser in 1961 [19]. Over the last two decades, the development

of imaging techniques based on nonlinear optical effects have been propelled by rapid

technological advances in mode-locked femtosecond lasers, laser scanning microscopy

and fluorescence probe synthesis. Taking advantages of high spatial resolution due to

the higher-order dependence on the excitation intensity, nonlinear optical microscopy

has been a powerful tool in bioscience.

Nonlinear optical effects used as imaging contrast mechanisms occur when a sample

interacts with an intense laser beam and exhibits a nonlinear response to the applied

field strength. In the light-matter interactions, the induced polarisation of the material

subject to the vector electric field can be expressed as [19]:

P = χ(1)E + χ(2)E2 + χ(3)E3 . . . , (2.1)
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where χ(i) is the ith order nonlinear susceptibility tensor. The bulk nonlinear optical

susceptibilities χ(2) and χ(3) are obtained from the corresponding high-order molecular

nonlinear optical coefficients (hyperpolarizability) by using a sum of the molecular

coefficients over all molecule sites. Typically materials with conjugated-electron

structures give large optical nonlinearities.

The usual linear susceptibility χ(1) contributes to the absorption and reflection

of light in materials. The χ(3) corresponds to third-order processes such as two-

photon absorption, third harmonic generation (THG), and coherent anti-Stokes Raman

scattering (CARS), while second harmonic generation (SHG) results from χ(2). The

unique features of each nonlinear optical imaging contrast mechanism are summarised

in Table 2.1. Not surprisingly, the combination of these nonlinear optical imaging

mechanisms extends the useful range of nonlinear optical microscopy. Although this

thesis is focused on two-photon excited fluorescence (TPEF) and SHG microscopy, each

of nonlinear optical effects, which is of significance to optical imaging, is reviewed in

the upcoming sections.

2.2.1 Multi-photon fluorescence microscopy

Multi-photon excitation was predicted by Göppert-Mayer in 1931,theoretically showing

that multiple photons are simultaneously absorbed by a material system to achieve an

excited state that corresponds to the sum of the energy of the incident photons (Table

2.1). The first experimental demonstration of two-photon absorption, just following

the demonstration of SHG, was to excite fluorescence emission in CaF2:Eu3+ after

the invention of pulsed ruby lasers [39]. Three-photon excitation was first achieved

in naphthalene crystals in 1964 [40]. Subsequently, multi-photon excitation has been

applied to molecular spectroscopy. The unprecedented biological applications of multi-

photon absorption began with the invention of two-photon laser scanning microscopy

by Denk et al. in 1990 [5], originally developed for localised photochemical activation

of caged biomolecules. Six years after that, three-photon fluorescence microscopy was
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Tunable Ti:Sapphire laser over 700-1000 nm with a pulse width of

100 femtosecond
Optical parametric

oscillator (OPO), Cr:Forsterite at 1230 nm

Picosecond Ti:Sapphire
laser, OPO,
Nd:Vanadate at 1064 nm

Deeper imaging with
less phototoxicity;

Spatial localisation for
fluorescence excitation;

Intrinsic fluorescence
from NADH, flavins,
and green fluorescence
protein.

A new window to excite
deeper ultraviolet
fluorophores such as
amino acids, neuro
transmitters with less
background and
photodamage to live
cells.

Coherent process,
symmetry selection;

Probing well-ordered
structures, functions of
membranes,
nonfluorescence
tissues;

No absorption of light.

Coherent process, no
symmetry requirement;

No light absorption;
Imaging both in bulk

and at surfaces for
extended conjugation
of pi electrons.

Coherent process;
Inherent vibrational

contrast for the cellular
species, requiring no
endogenous and
exogenous fluorophores;

Vibrational and
chemical selectivities.

C-H stretching band,
amide I band,
phosphate stretching
band in cells and
tissues.

General cells and
tissues, developmental
biology, neuronscience.

Structural protein arrays,
collagen-related
diseases, membrane
potential with styryl
dyes.

General cells and
tissues morphology,
redox state by use of
intrinsic ultraviolet
emissions.

Depth imaging in brain
slices, combined with
disease models and
fluorescence
indicators.

Table 2.1: Features of nonlinear optical microscopy using various nonlinear optical phenomena.15
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also reported and shown its imaging capability for cellular processes by harnessing the

UV fluorescence of native molecules [15,41–43].

The efficiency of multi-photon absorption depends on the multi-photon absorption

cross section of the molecule, and on two or more photons interacting with a molecule

simultaneously (∼ 10−16 s). Therefore, the maximum fluorescence output available for

image formation is obtained by using ultrashort-pulsed lasers. In an n-photon process

excited with laser pulses of width τ occurring at a rate f , the fluorescence output

is enhanced by a factor of 1/(τf)n−1 compared to continuous-wave illumination [8].

Particularly in microscopic applications, the fluorescence strength (and potential

photobleaching and photodamage related to fluorescence excitation) drops off rapidly

away from the focal plane, so that inherent 3D resolution is achieved without confocal

detection optics. This spatial localisation enables 3D resolved activation of caged

bioactive molecules by photochemical release from an inactivating chromophore within

femtoliter volumes.

In multi-photon fluorescence microscopy, ballistic (nonscattered) photons efficiently

contribute to the fluorescence generation in the focal volume. The two-photon excited

fluorescence signal at imaging depth z is proportional to e−2z/ls , where ls is the

mean free path describing the scattering strength of tissue. In general, near infrared

light used by multi-photon fluorescence microscopy experiences less scattering in most

biological tissue, and therefore gives relatively deep penetration compared with confocal

microscopy [44–46]. Furthermore, multi-photon fluorescence microscopy uses wide-field

detection to collect both nonscattered fluorescence photons from the focal region and

multiply scattered fluorescence photons contributing to the image formation. Thus, the

efficient fluorescence excitation and collection in multi-photon fluorescence microscopy

make it an ideal tool to image deep into turbid biological tissue. With a laser generating

100 fs pulses with 1 W average power at wavelength 925 nm, the imaging depth of

approximately 600 – 800 µm in the neocortex is achievable [47]. The deeper penetration

even can be up to 1 mm in the neocortex if a regenerative amplifier was used [47].

Multi-photon absorption spectra exhibit significant deviations from single-photon

16



Chapter 2

counterparts due to their different selection rules, though emission spectra are generally

similar. Multicolor imaging is allowed to excite different fluorophores simultaneously

through different order processes with a single wavelength, in which emissions are

spectrally shifted by hundreds of nanometers and uninterrupted for collections. Multi-

photon fluorescence microscopy therefore offers great flexibility to study physiology and

pathology of tissue by exciting intrinsic indicators, such as the secretion by serotonin

through three-photon excitation [41, 42] and redox state by NAD(P)H through two-

photon excitation [6, 23].

Advantages of multi-photon fluorescence microscopy, combined with animal cancer

models and gene-expression, have provided unprecedented morphological and func-

tional insights into tumour studies and have revealed new approaches to develop novel

therapeutics that target not only the tumor surface but also internal organs [9–11]. In

particular, the recent advances in semiconductor nanoparticles and metal nanoparticles,

such as quantum dots [48] and gold nanorods [49], have opened up another exciting

possibility for multi-photon fluorescence microscopy to study tumor pathophysiology.

2.2.2 Harmonic generation microscopy

Nonlinear optical microscopy can be further extended to the use of higher harmonic

light (SHG and THG), in which the energy of incident photons instead of being

absorbed by a molecule is scattered via a process of harmonic up-conversion [50, 51].

SHG was the first demonstration of nonlinear optical phenomena after the invention

of laser [19]. Shortly thereafter, SHG was applied to spectroscopy for interfaces

characterisations and laser physics for frequency doubling. In 1974, the first

combination of SHG and optical microscopy was reported to visualise the crystal

structure in ZnSe [52]. However, the first biological SHG imaging experiment was

demonstrated in 1986 [53], wherein SHG was used to study the orientation of collagen

fibres in rat tail tendon. Due to the advance in commercial femtosecond lasers, only

in the last few years has the harmonic generation microscopy been established as
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the powerful imaging modality for visualisation of structural proteins in biological

tissue [54–57]. The THG microscopy has also been emerging recently [58–61].

Harmonic generations, especially SHG, have been used to obtain high-resolution 3D

images of endogenous arrays of collagen, microtubules and muscle myosin in wide

variety of cells and tissues.

Since harmonic generation microscopy is based on nonlinear optical processes,

it retains the benefits of multi-photon excitation microscopy, such as the intrinsic

3D sectioning ability and a relatively greater depth penetration. As the imaging

mechanisms are different from multi-photon absorption, harmonic generations do not

involve an excited state (see Table 2.1), and therefore leave no energy deposition in

tissue and permit noninvasive imaging desirable for clinical applications. Furthermore,

harmonic generations are coherent processes, where the phase of the radiated harmonic

light is tightly matched to the phase of the applied fundamental light, so that harmonic

light exhibits a significant dependence on the spatial distributions of both molecules

and the field of the fundamental light.

This coherent emission feature enables the polarisation dependence of harmonic

light that provides information about molecular organisation and nonlinear suscepti-

bilities not available from fluorescence light with random phase [62–65]. Different from

conventional polarisation microscopy examining the linear birefringence of samples,

harmonic generation microscopy can obtain the absolute orientation of molecules

by use of arbitrary combinations of fundamental and harmonic polarisations [18].

Another physical implication during the coherent processes is that harmonic emission

is propagated in the forward direction. Therefore, a transmission collection geometry

has been used in most of harmonic generation microscopy. However, in turbid tissue

imaging with a focused beam, if the scatterer size is approximately equal to the

illumination wavelength or much less, the orientation and distribution of scatterers

and the off-axis angle of emission due to the Gouy phase anomaly through the focal

volume have impact on the forward-directed emission profile [56, 62]. Consequently,

backward SHG becomes pronounced, making the epi-collection for in vivo tissue
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imaging practical [22, 66].

The second-order susceptibility χ(2) responsible for SHG only exists in noncentro-

symmetric materials. In contrast, THG can be applied to image general cellular

structures due to the nonvanishing χ(3) for all materials. Collagen fibres and cell

membrane stained by styryl dyes were considered to be efficient SHG generators in

the earlier research of SHG microscopy [67–71]. Recently, it has been found that

several structural protein assemblies in tissue give large SHG signals without exogenous

molecular probes. SHG imaging has been used to study skin, muscle, cornea, and brain

pathology by visualising the effects of disease on the extracellular matrix [23,57,72,73].

Another active application of SHG microscopy is cancer detection, showing that

collagen in tumor models demonstrates an abnormal structure on which transformed

cells exhibit the increased motility [23, 66, 74]. Particularly, the combination of TPEF

from intrinsic fluorophores and SHG from endogenous structural proteins is a viable

alternative to normal histological analysis and allows direct visualisation of cancer cell

movement in vivo to understand steps of metastasis [11, 66].

2.2.3 Coherent anti-Stokes Raman scattering microscopy

In addition to harmonic generation microscopy, coherent anti-Stokes Raman scattering

(CARS) microscopy is another 3D high-resolution imaging technique that circumvents

exogenous probes. As shown in Table 2.1, CARS is a four-wave mixing process in

which a pump beam at frequency ωp, a Stokes beam at frequency ωs, and a probe

beam at frequency ωp
′ are interacted with a sample to result in an anti-Stokes signal

at ωas = ωp − ωs + ωp
′. In most experiments, the pump and the probe beams are

derived from the same laser. The vibrational contrast in CARS microscopy arises from

the resonant oscillation when the beat frequency (ωp − ωs) matches the frequency of a

particular Raman active molecular vibration. Furthermore, due to its coherence nature,

CARS signal generation only occurs when the field-sample interaction length is less

than the coherence length. The generated CARS signal is proportional to (χ(3))2Ip
2Is,
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having a quadratic dependence on the pump field intensity and a linear dependence on

the Stokes field intensity. It therefore provides the CARS microscopy a 3D sectioning

capability.

The first systematic study of CARS was carried out in 1965 [75]. Since typical

CARS signals are orders of magnitude stronger than the corresponding spontaneous

Raman response, CARS spectroscopy has been the most extensively used nonlinear

Raman technique. Although the first report on CARS microscopy [76] was more than

two decades ago, rapid development has been made only in the past few years [20],

attributing to the advance in pulsed laser technology. Unlike multi-photon and

harmonic generation microscopy, typical CARS microscopy uses two synchronised

mode-locked picosecond lasers. The picosecond pulses enable high spectral resolution

with a narrower bandwidth for a specific vibrational mode and improved signal-to-

background ratio.

CARS microscopy is well suited for vibrational imaging of lipids, proteins and

chromosomes in unstained cells, and for mapping the distribution and diffusion of

specific molecules. Recently the chemical imaging capability of CARS in bulk tissue

has been demonstrated by a real-time epi-detection mode [77], showing that CARS

can differentiate tissue structures based on their respective chemical composition. A

combination of CARS and multi-photon fluorescence permits simultaneous vibrational

and fluorescence imaging of samples [78]. Therefore CARS microscopy can be a

potential tool for non-invasive optical biopsy, in which CARS adds a chemical selectivity

to complement functional and morphological information provided by TPEF and SHG.

2.3 Fibre-optic nonlinear microscopy using single-

mode fibres

If fibre-optic and microfabrication components are introduced to nonlinear optical

endoscopy, accurate knowledge of the combination of these miniaturised components
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and nonlinear optical microscopy is essential to create such an imaging instrument.

To date, the primary application involving fibre-optics and nonlinear optical imaging

is fibre-optic nonlinear optical microscopy. In this section, main technologies for

conventional fibre-optic nonlinear optical microscopy that is primarily based on SMFs

are reviewed. This enables a comprehensive understanding of the performance of a

fibre-optic imaging system utilising nonlinear optical phenomena, and thus provides a

reasonable guidance to design a nonlinear optical endoscope for our objectives.

2.3.1 Single-mode fibres and ultrashort pulse delivery

Optical fibres have been extensively used in imaging and sensing systems due to their

mechanical flexibility and compact size. The simplest application of optical fibres in

microscopy is the delivery of light to an arbitrary location, which allows remote laser

excitation or signal collections for miniaturised or portable forms of microscopy.

Optical fibres can be considered as two-dimensional (2D) structures that are

effectively invariant along the length. To enable the propagation of light in such a

structure, light needs to be introduced into the core with a value of the propagation

constant, β, that cannot propagate in the cladding [79–83]. At a fixed optical frequency

ω, the maximum value of β that can exist in a medium with refractive index n is

β = nk = nω/c. For β < nk, light is propagating; for β > nk, it is evanescent.

To date two types of materials, the conventional homogeneous material and artificial

fabricated photonic crystals, have been used to enable the mode guidance along a

fibre. For conventional fibres (Fig. 2.1), consisting of a core surrounded by a cladding

layer whose refractive index is slightly lower than that of the core, light modes are

propagated in the core but are evanescent in the cladding. This is the basic principle

of total internal reflection (TIF) in fibre optics. Microstructure fibres consisting of

photonic crystals will be reviewed in Section 2.4.

Unlike the light delivery in linear techniques, the important issue that arises in

nonlinear optical microscopy concerns temporal and spectral distortions of pulses after
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cladding

core

Fig. 2.1: Schematic diagram of a conventional fibre consisting of two bulk materials.

the propagation through optical fibres. Pulse propagation in fibres can be accurately

described by the nonlinear Schrödinger equation given by [31]
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where A is the slowly varying amplitude of the pulse envelope. Eq. 2.2 implicates

fundamental processes, including the linear effect of gain/loss, the dispersion through

the group-velocity dispersion (GVD) parameter β2, self-phase modulation (SPM) and

self-steepening through the nonlinear parameter γ. The propagation of ultrashort

pulses through an optical fibre results in temporal and spectral broadenings of the

pulses due to GVD and SPM and the asymmetric spectrum shape due to self-

steepening. These effects have a significant impact on the efficiency of nonlinear optical

processes, and therefore limit the biomedical application of fibre-based nonlinear optical

microscopy.

GVD arises from the fact that different frequency components associated with the

pulse travel at different speeds given by c/n(ω), where n(ω) is the refractive index

of a medium. Conventional optical fibres made of fused silica are normal dispersion

media (β2 ≈ 35 ps2/km at 800 nm) over the Ti:Sapphire wavelength range [31]. As a

result, the spectrum of pulses is not affected, but the frequency components leaving the

fibre become temporally modulated. It turns out that pulses are subject to temporal

broadening with slower-moving components (shorter-wavelength) occurring near the

trailing edge of the pulse whereas faster-moving components (longer-wavelength) near
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the leading edge. However, it is possible to compensate for GVD in fibres by negatively

prechirping, which gives different time delays for different frequency components

during their passage through the prechirp unit such as gratings, prisms, and in-fibre

Bragg gratings. Thus the trailing edge catches up with the leading edge during the

propagation to minimise the pulsewidth leaving the fibre [31].

The efficiency of SPM in fibres is strongly dependent on the peak power of pulses and

the nonlinear parameter γ = (4n2ω)/(cπd2), where n2 is the nonlinear index coefficient

(3.2×10−16 cm2/W) and d is the mode field diameter [31, 84]. For a fibre designed

for single-mode operation at wavelength 800 nm, d is approximately 5.5 µm. When

high peak-power pulses are confined to this small area, an increased local refractive

index gives rise to a phase shift, and therefore the spectrum of the pulse is broadened

as a consequence of the time dependence of the nonlinear phase shift. Self-steepening

is another interesting high-order nonlinear effect arising from the intensity-dependant

group velocity, leading to a spectral blue shifting of the pulse.

According to the dispersion length LD = τ0
2/β2 (where τ0 is the initial pulse width)

and the nonlinear length LNL = (γP0)
−1 (where P0 is the peak power of the incident

pulse), for 100 fs pulses at wavelength 800 nm with an average power of 400 mW,

nonlinearity dominants the propagation and the spectrum broadens significantly in

the first 1.2 cm of the fibre. After this, GVD becomes the dominant effect and the

pulse broadens. It is important to note that the pulse distortion through SPM, which

occurs in a nonlinear manner, is difficult to be compensated by the prechirp unit that

is useful for the linear dispersion. Furthermore, when the negatively prechirped pulses

propagate through the fibre, SPM compresses the spectrum and results in an minimum

output pulsewidth that is significantly dependent on the input power. Hence, nonlinear

effects should be avoided as much as possible during pulse delivery.

The pulsewidth of a laser beam can be restored by use of a prechirp unit, if pulses

with low average power (< 8 mW) is delivered with a negligible SPM effect [85, 86].

However, this is less than 1% of the output from a typical Ti:Sapphire laser and

relatively low for practical applications. Clark et al. have demonstrated a scheme
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based on both spectral and temporal compression for femtosecond pulse delivery by

use of two SMFs and six prisms [87]. The delivered pulses are significantly shorter than

those delivered based on negative prechirping alone. Possible delivered pulse energies

can be up to 5 nJ.

An alternative way for reduction of nonlinearity is to use a large-core fibre to

minimise peak intensities over a larger area. It has been shown that prechirped

pulses with high energy through the large-core fibre (10 µm) are substantially shorter

than the pulses propagated through a standard SMF [84]. Consequently, two-photon

excitation through an optical fibre at high power can be enhanced by use of single-mode

propagation through a large-core fibre. However, a further increase of the fibre core

size leads to the propagation of several transverse modes that cannot be focused to a

single diffraction-limited point as well as introduce additional temporal broadening due

to intermodal dispersion. Fortunately, engineering the photonic crystal structures in a

fibre adds more attractive optical properties to conventional fibres. These applications

of PCFs for pulse delivery will be further discussed in Sections 2.4.1 and 2.4.2.

It is important to note that the nonlinear pulse distortion during propagation can be

exploited for multi-photon imaging applications. Because a reduction in illumination

wavelength leads to a smaller diffraction spot size, the nonlinear spectral broadening

and the spectral blue shift result in an improvement in axial resolution [88, 89].

Additionally, a broadened spectrum generated by supercontinuum through highly

nonlinear PCFs enables the extended spectral window from Ti:Sapphire for TPEF

imaging [90]. More details will be presented in Section 2.4.4.

In addition to SMFs, an SMF coupler consisting of one or more input fibres

for distributing optical signals into two or more output fibres is one of the most

important fibre components and is the guided wave equivalent of a bulk optic beam

splitter. To date, fibre couplers have been used extensively in various imaging modes,

including confocal microscopy and optical coherent tomography [33]. This is largely

attributable to the many advantages that an SMF coupler offers, such as self-alignment,

the reduction of multiple scattering, and an enhanced optical sectioning effect. In
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particular, a three-port SMF coupler can deliver an ultrashort-pulsed laser beam as

well as collect fluorescence signal for TPEF microscopy and endoscopy [26,27].

It should be pointed out that the current fibre-optic nonlinear optical imaging

primarily relies on TPEF. More recently, CARS microscopy using an SMF has been

demonstrated (see Section 2.5) [91]. There has been no report on compact imaging

system using higher harmonic generation modalities. Although lots of efforts have

been made, fibre-optic nonlinear optical microscopy lacks multiple imaging modalities

to provide complementary information. Therefore, development of fibre-optic SHG

microscopy is one of the objectives of this thesis, as will be described in Chapters 3

and 4.

2.3.2 Scanning mechanisms

Scanning mechanisms in miniaturised microscopy can be divided into two categories as

proximal scanning and distal scanning depending on the position of the unit relative

to laser sources (Fig. 2.2). Proximal scanners do not have to be inserted into a narrow

working channel of an endoscope and enable a compact probe geometry. Distal scanners

close to the tip of an endoscope probe are usually combined with a single fibre, offering

versatile optical designs and high resolution for optical imaging.

XY
scanning

unit

Fibre bundle

(a)

Piezoelectric
element

Drive voltage

Fibre tip

(b) (c)

Mirror

X axis

Y axis

mirror

Actuator 1

Actuator 2

Fig. 2.2: Scanning mechanisms in miniaturised microscopy. (a) Proximal scanning of a fibre
bundle. (b) Mechanical resonance of fibre tip with piezoelectric actuators. (c) A MEMS
mirror.
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Proximal scanning typically involves a pair of galvanometer mirrors and an imaging

fibre bundle (Fig. 2.2(a)) [29,35,36]. A fibre bundle consists of up to 100,000 individual

fibres closely packaged within an overall diameter of less than 3 millimeters and with

a numerical aperture (NA) of approximately 0.3. The laser beam is raster scanned

on the proximal end of the bundle and transferred to the distal end before focused

on a specimen. Each fibre within the bundle serves as a point source as well as a

detection pinhole for imaging. By choosing resonant galvanometer mirrors, imaging

acquisition rates as high as 15 frame/s can be achieved [92]. However, pixilation of

the fibre bundle gives rise to a limited lateral resolution dependent on the spacing of

adjacent fibres. Furthermore, due to the thin cladding layer between each fibre, the

leakages of excitation laser beam or collected signal to adjacent fibres can result in a

reduced contrast of imaging. Nonetheless, this effect can be reduced by use of a spatial

light modulator to provide sequential illumination on each fibre [93].

For illumination delivery through a single fibre, either the fibre tip or the light

coupled from the fibre is scanned by a proximal scanner inside the endoscope

probe [25, 30, 94]. A piezoelectric or an electromagnetic actuators can be excited near

the mechanical resonance frequency of the fibre end to generate a 2D scanning pattern,

as shown in Fig. 2.2(b). A piezoelectric bending element has been used to drive the

motion of the fibre tip in a form of a Lissajous pattern [25]. The resolution and repeat

frequency are determined by the ratio of driving frequencies. Alternatively, a spiral

scan pattern can be produced by a tubular piezoelectric actuator consisting of two pairs

of drive electrodes at a scanning frequency of approximately 1300 Hz [30]. Furthermore,

a concept of the rotational scanning method has been experimentally demonstrated to

achieve circumferential information inside internal organs [27].

Microfabricated mirrors based on microelectromechanical systems (MEMS) tech-

nology have rapidly emerged recently. A MEMS mirror can facilitate endoscopic beam

scanning because of its small size, low power consumption, and excellent microbeam

manipulating capability [95–99]. 2D scanning can be achieved with a single MEMS

mirror having a mirror plate size of approximately 0.5 – 2 mm (Fig. 2.2(c)). MEMS
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scanners are created through sequential material etching and deposition processes,

which are similar to the technology used for the integrated circuit fabrication. MEMS

mirrors are typically based on electrostatic actuation or electrothermal actuation,

providing angular rotations of up to 30 degrees with low driving voltages.

MEMS mirrors have been applied to endoscopic optical coherent tomography

(OCT) and confocal imaging [96–99]. Currently, a MEMS scanning OCT endoscope

actuated by optical modulation is commercially available. More recently, a 2D single

crystalline silicon mirror that is 0.75 mm in size driven by vertical comb electrostatic

actuators has been fabricated and demonstrated for two-photon microscopy [100].

Different from the bulk galvanometer mirrors and other miniaturised scanning units,

such mirrors can provide line acquisition rates up to 3.5 kHz for studying dynamic

processes with high time-resolution. Although the fabrication of MEMS devices

requires complicated processes and expensive facilities, MEMS technology can integrate

micro-components and give enormous benefit for construction of a compact microscope,

such as microscopes-on-a-chip. Therefore, a mirror based on MEMS technology is an

ideal scanning mechanism not only for nonlinear optical endoscopic imaging but also

for the advancement of compact microscope systems in the future.

In addition to MEMS scanning mirrors, microfabrication components such as

chevron beam thermal actuators have been proposed to facilitate scanning of a GRIN

lens and a micro-prism [101]. Furthermore, some novel scanning methods such

as multiple laser foci produced by a micro-lens array enable high-speed multi-focal

imaging. However, the signal detection requires a multianode photomultiplier tube

and the cross talk between pixels usually reduces the imaging contrast [94].

2.3.3 Compact objective lens

Conventional microscope objectives are typically ∼ 2 – 3 cm in diameter and provide

superior transmission efficiency and optical resolution. A miniaturised objective needs

new optical design to achieve a compact size as well as retain optical properties.
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Gradient index (GRIN) lenses are usually submillimeter in sizes and enormously

flexible to fit imaging requirement with less cost [102, 103]. A GRIN lens uses a

variable concentration of a dopant in glass to generate a special refractive index profile

n(r) = n0(1−Ar2/2) (Fig. 2.3(a)), where n0 is the refractive index at the centre,
√

A is

the gradient constant, and r is the distance to the central axis. Unlike a conventional

lens using curved surfaces to refract light, a GRIN lens uses the radial refractive index

profile of a nearly parabolic shape to guide light with a cosine ray trace [79]. The

period of the sinusoidal path (pitch of the lens) is given by p =
√

AL/(2π), where L is

the lens length.
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Fig. 2.3: Image formation of a GRIN lens. (a) Ray path through a GRIN lens. (b) Dependence
of the working distance on the fibre-lens spacing for a 0.2-pitch, 0.5-mm GRIN lens.

Using paraxial ray-tracing matrices, image formation of a GRIN lens can be

estimated. For a GRIN lens immersed in a different medium having a refractive index of

nm (m=1,2), a collimated light will be focused to a focal spot showing an effective focal

distance f = nm/(n0

√
A sin(L

√
A)) from the principle plane. A laser beam emerging

from the fibre at a distance d1 to the GRIN lens surface can be focused to an image
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distance

d2 =
n0n2d1 cos(L

√
A) + (n1n2/

√
A) sin(L

√
A)

n0
2d1

√
A sin(L

√
A) − n0n1 cos(L

√
A)

(2.3)

on the opposite side, as shown in Fig. 2.3(a). The scanning range on the sample can

be calculated based on the transverse magnification

MT =
n1

n1 cos(L
√

A) − n0d1

√
A sin(L

√
A)

. (2.4)

Fig. 2.3(b) depicts the calculated result based on Eq. 2.3, showing the lens-image

distance d2 as a function of the fibre-lens spacing d1 for a GRIN lens having a diameter

of 0.5 mm and a pitch of 0.2 at wavelength 830 nm (GRINTECH). It is observed that a

laser beam can be focused to a spot and that the working distance d2 is monotonously

decreased when the fibre-lens spacing d1 is larger than 0.2 mm.

As a great complement to a GRIN lens, a custom miniature objective can offer

higher NA and less optical aberrations over a wide wavelength range. Microscope

objectives having NA of 0.46 – 1.0 and outer diameters of 3 – 7 mm have been applied

to confocal fluorescence endoscopy [104]. However, the achromatic range (480 – 650

nm) of those miniature objectives needs to be extended to cover the wavelength range

required by nonlinear optical microscopy (350 – 1000 nm).

A more compact lens has been demonstrated as a GRIN fibre lens fabricated for

monitoring brain motions in vivo [105]. By controlling the refractive index profile and

the length of a GRIN fibre, it can function as a lens that is twice smaller than a GRIN

lens in diameter. More recently, a lensed PCF has been reported, showing that the

collapse of air holes and the formation of a lens on the tip of a PCF can be achieved by

using an electric arc discharge [106]. Two primary parameters determining the optical

properties of the lens are the length of the air-hole collapsed region and the curvature

of the lens. Although these fibre-based lenses have not been demonstrated in imaging

fields, the compact size and the effective focusing ability provide great potential for in

vivo nonlinear optical endoscopic imaging.
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2.4 PCFs in nonlinear optical microscopy

As has been mentioned in Section 2.3.1, the TIF principle in conventional optical fibres

has been known for many years and the optical performance of fibres has been limited

by this physical mechanism. However, within the last decade, fibres using photonic

crystals as a new physical mechanism to guide light have revolutionised fibre optics.

Photonic crystals are composite materials that have a periodic structure with a length

scale of the order of optical wavelengths, first demonstrated in 1987 by Yablonovitch

and John. In 1996, Russell et al. realised the first microstructured silica fibre with a

periodic array of several hundred air holes running down their length, and founded the

field of PCFs [83].

PCFs may be divided into two classes, high-index core fibres (Fig. 2.4(a)) and

photonic bandgap fibres (Fig. 2.4(b)). In a high-index guiding fibre, a 2D photonic

crystal having a lower effective refractive index than a core material can be used as

a fibre cladding. As a result, modes can be guided in the solid silica core surrounded

by silica-air photonic crystal cladding in a form of modified TIF (Fig. 2.4(a)).

Alternatively, a hollow-core fibre enables the modes propagation in vacuum with

bandgap material as a cladding layer (Fig. 2.4(b)), because the photonic bandgaps

of the photonic crystal support no propagation modes [83]. Due to the 2D photonic

crystals in the fibre, PCFs can control the light in the ways that are not possible or even

imaginable for standard optical fibres. By engineering the air holes running along the

length of the fibre, PCFs offer a greater freedom of design to overcome the limitations

silica

air holes
air holes

silica(a) (b)

Fig. 2.4: Schematic diagram of PCFs. (a) A high-index guiding PCF with a solid silica core.
(b) A hollow-core PCF guiding light with photonic bandgaps.
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of a conventional silica fibre [107]. For example, PCFs can lead to a single-mode

operation over a large wavelength range; the engineerable contribution of the waveguide

dispersion can lead to a significant shift of the zero-dispersion wavelength towards the

visible spectral region; and the high nonlinearity of the fibre core enables spectacular

nonlinear effects such as the generation of broadband supercontinuum [108–110].

Unique features of PCFs have attracted unprecedented applications in ever-

widening areas of science and technology. To date, several types of PCFs have been

applied to or have shown great potential for nonlinear optical microscopy (Table 2.2).

Although some of them have not been adopted in nonlinear optical endoscopy, a review

in the upcoming subsections can provide a comprehensive understanding of these fibres

for the future development of PCF-based nonlinear optical endoscopy.

Features LMA PCFs
Hollow-core
PBFs

Double-clad
PCFs

Highly
nonlinear PCFs

Fibre
images

Operation
wavelength

Advantages

Wide range

Reduced SPM
effect for ultrashort
pulse delivery;
Endless single-
mode over wide
wavelength range.

Wide rangeNear zero-disper-
sion wavelength

Near zero-disper-
sion wavelength

Limitations

Low loss;
High power
threshold for
nonlinear effects;
No prechirping for
high engery pulse
delivery.

Reduced SPM
effect in the core;
High NA in the
inner cladding;
Dual function for
pulse delivery and
collection.

Extremely high
nonlinear
coefficient;
Ideal media to
generate supercon-
tinuum for multi-
spectral imaging.

Low NA for signal
collection;
Dispersion
compensation is
required.

Narrow operating
wavelength
window; Low NA
for signal
collection.

Dispersion
compensation
is required.

Broadened pulse
durations;
inefficient
collection with
small core.

Table 2.2: PCFs related to nonlinear optical microscopy. Scale bars represent 10 µm.
Photographs of PCFs are kindly provided by Crystal Fibre A/S.
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2.4.1 Large-mode-area PCFs

A large-mode-area (LMA) PCF is typically a high-index guiding type. The cladding

of the fibre consists of a triangular array of air holes (see Table 2.2). The large core

allowing for light guidance by modified total internal reflection is actually a high index

defect created by several missing air holes. Offering new characteristics beyond those of

conventional fibres, LMA PCFs have a large core size for the the single-mode operation

over a broad wavelength range and significantly reduced nonlinear effects desirable for

high power delivery [111].

SMFs with relatively large cores can be made using fabrication methods such as

modified chemical vapour deposition simply by reducing the refractive index difference

between the core and the cladding. However, the maximal core size reliably achieved by

this method is limited by the accurate control of the minimal refractive index difference.

In contrast, PCFs provide a greater accuracy to design the index of the cladding region

for (in principle) unlimited large effective mode areas. Similar to standard step-index

fibres, a normalised frequency V used for analysis of the cut-off properties of a PCF is

give by [83]

VPCF = (2πρ/λ)
√

ncore
2(λ) − ncladding

2(λ) , (2.5)

where ρ is the effective fibre core radius. The effective refractive index of the core

ncore(λ) and particularly the refractive index of the cladding region ncladding(λ) are

strongly wavelength-dependent. If the ratio of the guided wavelength to the hole-to-

hole spacing (pitch, Λ) approaches zero, the effective cladding index approaches the

effective core index. Therefore, control of the hole size and distribution may tailor the

exact effective refractive index of the cladding. For a high-index core fibre with given

refractive indices of hole and background materials, the V value is only dependent on

the ratio between the hole diameter and the hole-to-hole pitch, and increases with the

ratio [83].

The unusual properties of the cladding facilitate the design of a fibre with a large

mode area or with endless single-mode operation. LMA PCFs usually have a large
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pitch, Λ approximately 10λ or larger, and air holes diameter around 4.5λ or smaller.

Another interesting phenomenon in LMA PCFs is its single-mode guidance for any

wavelength, at which silica is transparent. However, the scaling of the core size is

restricted by the increasing propagation losses due to the very small effective-index

contrast between the core and the cladding. So far the core diameter of a fibre

maintaining its effective single-mode behavior can be up to 35 µm.

Ouzounov et al. have investigated femtosecond pulse propagation through LMA

PCFs [111]. The LMA PCFs have core diameters of 15 µm and 25 µm, respectively.

Temporal and spectral shapes of prechirped pulses through the PCFs have been

measured and compared with those from an SMF. It is found that a high coupling

efficiency and the delivery of femtosecond pulses of high energies are achievable due to

the relatively large size of core. The fibres are primarily operated in the single-mode

regime, although higher-order modes can be observed in the case of misalignment.

More importantly, pulse durations after the LMA PCF (25 µm in diameter) are less

broadened compared with that after conventional optical fibres. Hence this LMA PCF

allows for the delivery of 3 nJ pulses as short as 140 fs at wavelength 800 nm over a

length of 1.3 meter [111].

Although LMA PCFs have been demonstrated for the effective delivery of

femtosecond pulses, they have not been applied to any imaging modality. The near-

diffraction-limited output beam with a femtosecond timescale from the fibre makes it

well suitable for the excitation of nonlinear optical processes. However, the low NA of

these types of fibres will give rise to a limited collection efficiency of nonlinear optical

signals.

2.4.2 Hollow-core photonic bandgap fibres

Although a hollow-core photonic bandgap fibre (PBF) was not the first demonstration

of a PCF, in 1991 the idea of trapping the light inside a hollow fibre core by creating

two-dimensional photonic crystals was the initial aim of research on PCFs [83]. This
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motivation was driven by the formation of photonic bandgaps, where light in certain

frequency ranges cannot propagate within photonic crystals materials. In PBFs, an air

core is created by locally breaking the periodicity of a photonic crystal (see Table 2.2).

Such a defect region supports modes with frequencies falling inside the photonic crystal

bandgap of the surrounding photonic crystals. Thereby, light can only propagate in

the air core but blocked from penetrating the cladding by the complete out-of-plane

2D photonic bandgap. Thus the cladding in a PBF has a higher refractive index than

the core, which is radically impossible in conventional fibres.

The hollow-core PBF was first developed in 1999 [83]. After that, hollow-core PBFs

have become the most fascinating manifestation of 2D photonic bandgap structures.

Since light is guided in air, the effect of material nonlinearity is significantly reduced.

It also enables the ultra-low loss transmission, holding the promise to break the barrier

made from the conventional fibres [112]. Furthermore, the GVD of hollow-core PBFs is

dominated by the waveguide dispersion. By carefully designing the size and distribution

of air holes, the dispersion profile of hollow-core PBFs could change from normal to

anomalous dispersion in the transmission window. Thus the zero-dispersion wavelength

of the hollow-core fibre can be shifted from the conventional 1310 nm (zero-dispersion

wavelength for bulk silica) to a shorter wavelength, such as 800 nm or down to a visible

wavelength [107]. It also implies that anomalous dispersion at some wavelengths could

support propagation of short pulses at a high power level with neither temporal nor

spectral distortions as optical solitons [83].

Due to all these advantages, hollow-core PBFs are ideally suitable for high energy

ultrashort pulse delivery. It has been demonstrated that propagation of 470 nJ

pulses with 75 fs pulse duration at wavelength 1510 nm through a hollow-core PBF

is achievable [107]. In any conventional fibre, delivery of such high power pulses is

impossible due to the interplay of dispersion, nonlinearity, and fibre damage. More

importantly, these fibres can be designed to support ultrashort pulse delivery at a

wavelength around 800 nm particularly falling into the excitation wavelength range for

TPEF microscopy.
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Göbel et al. have first demonstrated the propagation of femtosecond pulses through

a hollow-core PBF having the zero-dispersion wavelength near 810 nm [113]. Without

the use of a prechirping unit, the fibre enables nearly distortion-free propagation for

pulse energy of 4.6 nJ at wavelength 812 nm (corresponding to the power of 350 mW).

Over the operating wavelength range, light propagated primarily in a fundamental

mode. At the optimal wavelength of 812 nm, the spectral width of pulses remains

unchanged for high power illumination, and the temporal broadening is negligible (not

higher than 15%). After this, a number of two-photon fluorescence microscopes using

the hollow-core fibre have been reported. Tai et al. first introduced the hollow-core

PBFs to two-photon fluorescence imaging to show that image quality is comparable to

that acquired by a conventional TPEF microscope [114]. Currently, hollow-core PBFs

have been adopted by nonlinear optical endoscopy to deliver femtosecond pulses with

high energy [94,115].

Since hollow-core PBFs are based on photonic bandgaps of photonic crystals

material, their operating wavelength is limited to a narrow wavelength range, typically

several tens of nanometers around the central wavelength. For light having frequencies

outside the bandgap, the modes in the core cannot be confined and attenuation of the

fibre is high. Even for light guided by PBFs, the collection efficiency of the fibre is

limited as a result of its low NA (∼ 0.1 – 0.2). Furthermore, the pulse is significantly

broadened below and above the zero-dispersion wavelength. This temporal broadening

due to the linear GVD can be compensated by inserting prechirp components before

pulses are launched into fibres. But it degrades the advantages of hollow-core PBFs.

Therefore, hollow-core PBFs could not be used in a single-fibre endoscope system to

facilitate simultaneous pulse delivery and backward signal collection.

2.4.3 Double-clad PCFs

Double-clad PCFs are the manifestation of the double-clad concept in PCFs. Tra-

ditional double-clad fibres have been made as step-index fibres of different materials,
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having a rare-earth ion doping into the core as the gain media of a fibre laser. Double-

clad fibres are pumped by a multimode diode through the inner cladding and provide

lasing and amplification in the single-mode core. Yelin et al. have ever combined a

normal double-clad fibre with spectrally encoded imaging to achieve high signal-to-noise

ratio images with a scale of approximately 1 cm [116]. Nevertheless, the performance

of the system could be further improved by use of a double-clad PCF that has the

superior geometry than the fibre they used. Introducing the PCFs technology into the

double-clad fibres enables an extremely high NA (up to 0.7) in the inner cladding of

the PCFs with pure silica [83]. It allows more efficient pumping and higher damage

threshold than double-clad fibres. The high accuracy and flexibility of the design of the

effective refractive index difference between the core and the inner cladding can realise

a large mode area in the double-clad PCF. The large mode area design for the single-

mode signal can avoid nonlinear effects, and thus overcome the performance limitations

of ultrafast fibre laser and amplifier systems with high peak power [117,118].

In double-clad PCFs, the high NA of the inner cladding is achieved by separating the

inner and outer claddings with a web of silica bridges that are substantially narrower

than the wavelength of the guided light (Table 2.2). Rare-earth dopants, such as Yb,

Nd, and Er, can be incorporated into the core [83]. The LMA doped core is placed in

a microstructured inner cladding. The effective refractive index of the inner cladding

is controlled by the size and the spacing of air holes, offering the single-mode guidance

in cores for excellent beam quality of the emitted light.

If the double-clad PCFs have no rare-earth dopants as gain media in the core, it

could be passive and guide light with different frequencies through different areas with

high NA. Myaing et al. have used a double-clad PCF fabricated at the University of

Bath for TPEF biosensing [119]. The fibre has an inner core diameter of 6 µm and

an NA of 0.8 for the inner cladding exhibiting a hexagonal shape. The ultrashort

laser beam at wavelength 810 nm propagates through the inner core to excite a dye

gelatin directly without focusing and the fluorescence emission is backward collected

through the same fibre. Comparing the signal achieved under same conditions by
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a standard SMF, they found that the double-clad PCF fibre improves the detection

efficiency by a factor of approximately 40. However, the imaging capability of this kind

of fibre, particularly the ability to perform 3D optical sectioning in nonlinear optical

microscopy, had not been shown [120].

Fu et al. first introduced a new design of the double-clad PCF for nonlinear optical

imaging, which allows for a single-fibre-based nonlinear optical endoscope for high-

resolution 3D imaging [121]. The signal level of nonlinear optical microscopy based on

our custom-designed fibre has been enhanced significantly by two orders of magnitude

compared with the standard SMF. This result has opened up the possibilities of

nonlinear optical imaging for internal organs by a new imaging device, namely a

nonlinear optical endoscope. Research on double-clad PCFs-based nonlinear optical

endoscopy will be presented in Chapters 5 and 6.

2.4.4 Highly nonlinear PCFs

Highly nonlinear PCFs are today the most commonly used type in various PCFs. They

guide light in a very small core (diameters down to 1 µm) surrounded by the cobweb-

like microstructure or the air-hole cladding (see Table 2.2). As we have mentioned

in Section 2.3.1, the effective nonlinearity γ of a fibre is strongly dependent on the

nonlinear coefficient of the core material and the effective mode area. Furthermore,

index guiding PCFs can have a larger NA than conventional fibres by increasing the

effective core/cladding refractive index difference. By use of small-scale cladding and

large air-filling fractions in the PCFs, light can be confined extremely tightly within

the small core. As a result, the fibre has a small effective mode area and exhibits

a high nonlinearity. A typical value of the effective nonlinearity for a standard fibre

is 1 W−1Km−1, whereas nonlinear PCFs can be designed to have a γ value at 215

W−1Km−1 [83].

In addition to its high nonlinearity, zero-dispersion wavelengths of the fibre can

be designed over a wide range in the visible and near infrared spectra. These
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two unique features make the highly nonlinear PCFs fascinating for nonlinear

applications, of which supercontinuum generation (SCG) has been the most spectacular

manifestation [83]. SCG is the formation of broadband spectra when high-power

ultrashort pulses propagate through a nonlinear optical medium, and was first observed

in 1970. After the invention of PCF technology, the interest of SCG has been intensively

renewed [108–110].

As described above, due to the small effective mode area and the zero-dispersion

wavelength near wavelength 800 nm, applications of highly nonlinear PCFs have been

extensively associated with standard Ti:Sapphire laser sources instead of amplified

Ti:Sapphire laser. The ability to generate a supercontinuum using low-peak-power

pulses from the standard Ti:Sapphire laser and a short length of highly nonlinear PCFs

(several centimeters to several tens of centimeters) has led to a boom in supercontinuum

research. The spectral broadening in SCG arises from the interplay of several nonlinear

effects, primarily including self-phase modulation, self-steepening, stimulated Raman

scattering, and four-wave mixing. Wideband SCG over an octave can be achieved by

using the pump pulse in the anomalous GVD region near the zero-dispersion wavelength

of the fibre. It has been demonstrated that the supercontinuum generated in PCFs has

the bandwith of sunlight but is 104 times brighter [80].

The broad bandwidth and high spectral brightness of the SCG based on highly

nonlinear PCFs have been applied to a number of imaging modalities (OCT [122],

CARS [78], confocal [123], and TPEF microscopy [124–127]). The combination of

a highly nonlinear PCF and a grating pair has been used for pulse compression to

enhance the two-photon excitation efficiency. Nonlinear PCFs can enhance the SPM-

induced spectral broadening of 250 fs pulses in the positive dispersion region, and

the subsequent negative dispersion from the grating pair compresses the pulses below

25 fs [124, 125]. The double frequency of the broadband spectra after the nonlinear

PCFs can also be used as a complementary light source to excite dyes, whose two-

photon absorption spectra are below the tunable range of a Ti:Sapphire laser [126]. In

particular, broadband spectra caused by SCG enable multispectral excitation light to
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acquire multicolor imaging for multifunctional visualisation [127]. A supercontinuum

ranging from 700 nm to 950 nm has been used to achieve two-photon fluorescence

images of nuclei, Factin, and mitochondria of cells at three different spectral channels.

Highly nonlinear PCFs have offered novel applications of nonlinear optical mi-

croscopy. However, the small core results in a limited coupling efficiency for visible

light. Thus it is an ideal light source to extend present two-photon microscopy, but

not optimised for signal collection. Furthermore, the picosecond pulse duration after

these nonlinear effects gives rise to a decrease of the excitation efficiency for nonlinear

optical processes.

2.5 Geometries of fibre-optic nonlinear optical mi-

croscopy

Although the major technologies in miniaturised microscopy described in Sections 2.3

and 2.4 take enormous advantages for their own, the difficulty in creating a fibre-

optic nonlinear optical endoscope is the design and integration of these technologies

for an optimised nonlinear optical imaging performance. To date, fibre-optic TPEF

microscopy is the primary embodiment of the development of fibre-optic nonlinear

optical endoscopy. The present research in fibre-optic TPEF microscopy may be

classified by applications into three categories, portable TPEF microscopy, rigid TPEF

endoscopy, and flexible TPEF endoscopy.

Portable TPEF microscopy has been designed as a compact and light-weight

imaging device, which can be carried by behaving animals or used for epithelial

tissue imaging. Helmchen et al. first demonstrated a miniature head-mounted TPEF

microscope suitable for studies of dendritic morphology and calcium transients in brains

of anesthetized or awake animals [25]. In their design, an SMF fibre is used for both

delivery of laser pulses and illumination scanning. It has been demonstrated by Bird

et al. that a spectral blue shift in an SMF leads to an improvement in resolution under
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two-photon excitation although an SMF in TPEF microscopy experiences temporal and

spectral broadenings [88, 89]. This miniature microscope has sufficient resolution and

flexibility to measure the neural activity on a cellular scale, but its application is limited

by the imaging blurring during sudden movements of rats. Recently, a portable TPEF

microendoscope having a size of 3.5 cm × 1.2 cm × 1.5 cm and a mass of only 3.9 gram

has been reported [115]. It is based on a compound GRIN lens probe, and a hollow-

core PBF for near distortion-free delivery of femtosecond pulses, and another high NA

multimode fibre for fluorescence collection, exhibiting micrometer-scale resolution for

brain imaging. Unfortunately, the use of two fibres for separate pulse delivery and

signal collection hiders its further miniaturisation.

Like the traditional rigid endoscopy, TPEF microendoscopy uses the combination

of several GRIN lenses as a probe to provide an enough length for imaging in deep

tissues [28,103,128]. The compound GRIN lens probe typically has a relay lens and an

objective lens with a diameter of sub-millimeter, enabling the insertion into solid tissue

with minimal invasion as well as translating an image plane from proximal scanning

mirrors to the focal plane in tissue. Less lenses are chosen to avoid aberrations occur

in lenses of multiple pitches. Since there is no any fibre employed in the system and

the GRIN endoscopes do not suffer from SPM with an illumination power less than 200

mW, the endoscope has a minimal pulse distortion compared with other geometries of

fibre-optic TPEF microscopy. Although rigid TPEF endoscopy has a compact probe

in diameter, it must be combined with a conventional TPEF microscope to facilitate

the pulse delivery and laser scanning.

Flexible TPEF endoscopy has an optical probe with a few millimeters in diameter

that can be incorporated into a traditional endoscope. It is well suited to image

either epithelia tissue such as skin or internal organs such as gastrointestinal tracts and

cervix. It has been demonstrated that a fibre bundle combined with a compound GRIN

lens enables two-photon imaging through a 1-mm-diameter probe [29]. Its proximal

scanning method also avoids vibrations of the fibre or the scanning unit during rapid

accelerations. The limitation of this system arises from disadvantages of a fibre bundle
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described in Section 2.3.2.

Bird et al. first demonstrated a two-photon endoscopy based on an SMF coupler [26,

27]. The SMF coupler exhibits unique optical properties, such as low-pass filter and

inherent confocal pinhole. More importantly, the use of an SMF coupler enables an

all-fibre imaging system that could not be gained by other fibre-optic devices. The

application of this geometry has been extended to SHG imaging [129], which will be

shown in Chapter 3 in this thesis. Since an SMF is not ideal for signal collections,

the signal level of the system is inevitably low. An introduction of a double-clad PCF

to the endoscopy has resulted in significant enhancement of signal level [121]. The

integration of such a double-clad PCF and a MEMS mirror offers a great flexibility and

a superior system performance [32]. The design and characterisation of double-clad

PCF-based endoscopy will be presented in Chapter 5. More recently, Fu et al. have

developed a method for fabricating a double-clad PCF coupler for further size reduction

of the nonlinear optical endoscope [130]. The detail of this work will be presented in

Chapter 6.

It should be noticed that the concept of CARS endoscopy has been experimentally

demonstrated recently [91]. A step-index SMF has been used to simultaneously deliver

pump and Stokes beams having pulse width of a few picoseconds and to collect the

CARS signal in the backward direction. No significant changes in the profiles of pump

and Stokes beams are observed below an average power of 80 mW. Since CARS is

a different imaging mechanism from TPEF, a half wave plate and a delay line are

inserted in the beam lines to overlap polarisations and the pulse trains to optimise the

CARS signal. More recently, supercontinuum generated by a highly nonlinear PCF

has enabled simultaneous CARS and two-photon fluorescence images [78]. Organelles

in a living yeast cell such as mitochondria and nucleus can be visualised through the

combination of CARS and two-photon processes. These studies have demonstrated a

great potential of the multicolor and multifunction endoscopy by combining all these

nonlinear optical mechanisms through fibre-optics.
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2.6 Chapter summary

The aim of the thesis is to develop nonlinear optical endoscopy based on fibre-optics

methods. This chapter has illustrated current nonlinear optical imaging modalities

used for high-resolution 3D microscopy and reviewed important technologies that have

Geometries Fibres Scanning Advantages Limitations

Portable TPEF
microscopy

Rigid TPEF
endoscopy

Head-mounted
TPEF microscopy
[25]

Portable TPEF
microendoscopy
[115]

Handhold TPEF
microscopy [94]

TPEF micro-
endoscopy
[28,103,128]

Mechanical flexibility. Reduced size and weight for freely
moving animals.

SMF

Hollow-
core PBF

Hollow-
core PBF

None

Distal,
Lissajous.

Proximal,
Lissajous.

Proximal,
multi-focal.

Proximal,
raster.

First
demonstration of
miniaturised TPEF
microscopy.

Unstable
imaging during
sudden
movements.

Very light weight,
no pulse distortion
and reduced SPM.

Design of two
fibres hinders
miniaturization.

High-speed multi-
focal imaging, no
pulse distortion
and reduced SPM.

Relatively large and
heavy among the
miniaturised TPEF
microscopes.

Minimal pulse
distortion, deep
tissue imaging.

Rigid GRIN
probes,
aberrations in long
GRIN probes.

Combination of GRIN lenses enables minimally invasive
and deep imaging in tissues.

Flexible TPEF
endoscopy

SMF coupler
TPEF and SHG
endoscopy
[26,27,129]

Fibre-bundle
TPEF
endoscopy [29]

Double-clad fibre
TPEF endoscopy
[30]

Double-clad PCF
TPEF and SHG
endoscopy
[32,121]

SMF
coupler

Fibre
bundle

Double-
clad fibre

Double-
clad PCF

Distal,
rotational.

Proximal,
raster.

Distal,
MEMS.

Distal,
spiral.

Mechanical
flexibility, all fibre
design.

Mechanical
flexibility,
stationary and
compact probe.

Mechanical
flexibility.

Mechanical
flexibility, reduced
SPM, improved
signal level.

Dispersion
compensation
needed, limited
resolution.

Dispersion
compensation
needed, limited
signal level.

Dispersion
compensation
needed, limited
signal level.

Dispersion
compensation
needed.

Potential applications in imaging of internal organs with
great mechanical flexibility.

CARS
endoscopy [91]

SMF None First demonstration
of fibre-optic CARS
microscopy.

Scanning
mechanism needed,
limited signal level.

Table 2.3: Various fibre-optic nonlinear optical microscopy.
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been applied to the fibre-optic nonlinear optical microscopy toward the development of

nonlinear optical endoscopy. This review is of great importance if the optimised design

and construction of a nonlinear optical endoscope are accomplished.

Table 2.3 gives characteristics and geometries of current fibre-optic nonlinear optical

microscopes. The comparison of these system geometries shows that flexible nonlinear

optical endoscopy is of importance for epithelial tissue imaging in most organs of

the body. However, current fibre-optic nonlinear optical microscopy lacks multiple

nonlinear optical imaging modalities, which will be explored in Chapters 3 and 4.

Furthermore, PCFs play an important role to improve the performance of the system

towards application of nonlinear optical endoscopy. A double-clad PCF is ideally

suited to deliver the ultrashort pulses and collect nonlinear signals simultaneously

for a single-fibre-based nonlinear optical endoscopy. The use of a double-clad PCF in

nonlinear optical imaging can optimise the signal level of the system and overcome

major limitations of other PCFs. It will be described in greater details in Chapters 5

and 6.
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Nonlinear optical microscopy using

a single-mode fibre coupler

3.1 Introduction

Two-photon fluorescence microscopy has been widely used as the best noninvasive

means of fluorescence microscopy for three-dimensional imaging in thick tissue and

in live animals. Although second harmonic generation (SHG) has been demonstrated

almost as soon as the first laser had been built, only more recently has it emerged

rapidly as a powerful contrast mechanism in nonlinear microscopy [16–18]. As

discussed in Section 2.2.2, due to its coherent scattering nature, SHG facilitates

direct imaging of highly polarisable and ordered noncentro-symmetric structures

without exogenous molecular probes, and polarisation anisotropy to extract nonlinear

organisation of samples. Therefore, SHG imaging of endogenous proteins such as

collagen, microtubules in live tissue may provide a new angle for tissue morphology,

cell-cell interaction and diseases diagnosis.

At present, the majority of SHG studies in biological tissue are obtained in a

transmitted detection geometry on the bench top with bulk optics, that preclude
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in vivo applications on live animals. There has been no report on using fibre-optic

components for SHG microscopy. This situation arises from two major difficulties

in adopting fibre-optic components in SHG microscopy. First, the wavelength range

where SHG signal falls in is further away from the designed wavelength of the fibre-

optic components compared with that of normal two-photon fluorescence. Second,

polarisation preservations of an illumination laser beam and the collected second

harmonic signal are essential, which directly affect the visualisation of polarisable

biomolecular arrays in cells and tissue. Although the polarisation feature of a fused-

taper fibre device has been demonstrated at the designed wavelength [131], polarisation

characteristics of fibre-optic components under femtosecond pulsed illumination and in

a spectral window away from the designed window have not been reported. As we have

mentioned in Section 2.3.1, two-photon excited fluorescence (TPEF) microscopy based

on a single-mode fibre (SMF) coupler has been demonstrated, whereas the effectiveness

of the fibre coupler has not been demonstrated in SHG microscopy due to the difficulties

described above.

The aim of this chapter is to present a fibre-optic SHG microscope that uses a

three-port SMF coupler. Experimental investigation is carried out in the polarisation

characteristics of the fibre coupler under various illumination conditions. Performance

of the fibre-optic SHG microscope is characterised and compared with that of the TPEF

imaging modality. A particular attention is given to the SHG polarisation anisotropy

measurement of the system. Characterisation of the nonlinear optical microscope based

on an SMF coupler and a GRIN lens is also investigated to optimise signal collection

and axial resolution of the system.

The structure of the chapter is divided into five sections beginning with this

introduction section. Section 3.2 is the experimental investigation of polarisation

characteristics of the fibre coupler under femtosecond pulsed and continuous-wave

(CW) illumination. SHG and TPEF microscopy using an SMF coupler is presented in

Section 3.3. The performance comparison of SHG and TPEF microscopy in terms of

emission spectra, resolution and imaging is made throughout this section. In section
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3.4, applications toward nonlinear optical endoscopy using an SMF coupler and a GRIN

lens are evaluated through the measurement of the resolution and signal level of the

system. A chapter conclusion is drawn in Section 3.5.

3.2 Polarisation characteristics of a single-mode

fibre coupler

3.2.1 Experimental arrangement

Two schematic diagrams of the experiment setup for measuring the polarisation

characteristics of the three-port fibre coupler are shown in Fig. 3.1 [132]. In a fibre-optic

nonlinear optical microscope, a near infrared femtosecond pulsed beam is delivered

through port 3 (excitation arm) to port 1 (sample arm), and the signal collected via

port 1 is in the visible wavelength range and returned via port 2 (signal arm) into

a photomultiplier tube (PMT). Therefore, near infrared and visible illumination is

carried out in our experiment in order to understand the polarisation evolutions of

the forward excitation laser beam and the backward nonlinear optical signals. To

measure the polarisation characteristics of the fibre coupler under excitation laser

beam illumination, a near infrared femtosecond beam and a near infrared CW beam

are coupled into port 3 (Fig. 3.1(a)), respectively. Evolutions of input polarisation

states can be measured from port 1. To further understand the mode profile, the

splitting ratio, and the polarisation properties of the fibre coupler for the collected

SHG signal, laser beams in the visible range are used to illuminate port 1, as shown in

Fig. 3.1(b). In both cases, the fibre coupler is arranged to avoid strain and stress. The

fibre coupler used is three-port fused silica SMF coupler (Newport, F-CPL-S12785)

having an equal splitting ratio of 50/50, a core/cladding ratio of approximately 5/125,

numerical aperture (NA) 0.16 and an operation wavelength of 780 nm. Each arm of

the coupler is approximately 1 meter in length.
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Fig. 3.1: Schematic diagrams of the experimental setup for measuring the polarisation
characteristics of a fibre coupler. (a) Setup for near infrared illumination. (b) Setup for
visible illumination.

To measure polarisation characteristics of the near infrared laser beam (Fig. 3.1(a)),

a pulsed beam generated from a Ti:Sapphire laser (Spectra Physics, Tsunami) at

wavelength 800 nm with a repetition rate of 82 MHz and a pulse width of approximately

80 fs is coupled through a microscope objective (Melles Griot, 10×/0.25NA) into port

3. In the case of near infrared CW illumination, the laser is operated without the

engagement of the mode-locking function. To obtain polarisation characteristics of

the fibre coupler for visible light (Fig. 3.1(b)), firstly a femtosecond pulsed beam

at wavelength 435 nm obtained by the combination of the Ti:Sapphire laser and

a frequency doubler (Spectra Physics, Model 3980) is launched into port 1 via the

microscope objective. Secondly a 532 nm CW beam generated from a solid state laser

(Spectra Physics, Millennia) is used to illuminate the fibre coupler.

In both geometries, an arbitrary linear polarisation direction can be made by the

rotation of the λ/4 plate and the Glan Thompson polariser (GTP, Newport: 10GT04).

A neutral density filter wheel placed before the coupling objective allows the variation

of the input power. The linearly polarised beam is launched into the input port of

the fibre coupler and the maximum (Imax) and minimum (Imin) powers of the output

beam are measured through an analyser (GTP, Newport: 10GT04) after changing the

incident polarisation angle θi at the input port of fibre coupler. In experiments, the

initial incident polarisation angle corresponds to the maximum degree of polarisation.
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The input and output power from each arm of the fibre coupler is monitored with a

factory calibrated portable optical power meter (Nova, Ophir).

3.2.2 Coupling efficiency and splitting ratio

Before characterisation of the polarisation property of the fibre coupler, it is of

importance to understand the propagation properties of the SHG singal, which is in

the visible wavelength range, through the fibre coupler. Particularly, considerations of

the coupling efficiency and the splitting ratio need to be given to the visible range in

which the fibre coupler is not designed for single-mode operation and an equal splitting

ratio between ports 2 and 3 is not necessarily maintained.

To investigate into the feature, the mode profile and the coupling efficiency at

ports 2 and 3 are measured, respectively, when a pulsed beam at wavelength 435 nm

illuminates port 1. The result is shown in Fig. 3.2. The coupling efficiency at port 2 for

435 nm wavelength illumination is approximately 29%, with a splitting ratio of port 2

to port 3 of 99.6/0.4. More importantly, it is found that the field distribution at port

2 remains a single-mode profile (inset (a) of Fig. 3.2), whereas the field distribution

at port 3 presents a profile of the LP21 mode distribution (inset (b) of Fig. 3.2). This

phenomenon is consistent with the estimation based on the parameter V of the fibre.

At wavelength 435 nm, the V number of 3.97 allows for the propagation of LP21

mode [31,133].

To confirm the propagation properties of the fibre at the visible wavelength, the

mode profile and the coupling efficiency at ports 2 and 3 are further measured with

a CW beam at wavelength 532 nm launched into port 1, shown in Fig. 3.3. The

measurements show that the coupling efficiency at port 2 for 532 nm is approximately

41% and the splitting ratio is 99.7/0.3. A lower-order mode, LP11 mode, is observed at

port 3 because of the V value of 3.24 for wavelength 532 nm, while light emerging at

port 2 still remains a single-mode profile. These results confirm that the propagation

properties of the coupler are similar in both cases. The reduction in the coupling
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Fig. 3.2: Coupling efficiency from port 1 to ports 2 and 3 at wavelength 435 nm. (a) Mode
profile at port 2. (b) Mode profile at port 3.
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Fig. 3.3: Coupling efficiency from port 1 to ports 2 and 3 at wavelength 532 nm. (a) Mode
profile at port 2. (b) Mode profile at port 3.
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efficiency at wavelength 435 nm may result from the greater loss of a higher-order

mode at the coupler junction.

The coupling measurements show that the fibre coupler can act as a low-pass

spectral filter at a visible wavelength. Furthermore, port 2 is ideally suited to be a

signal arm, since the strength of the visible beams guided by the fibre coupler in this

arm is two orders of magnitude higher than that in the excitation arm. The coupling

efficiency of the fibre coupler over the whole wavelength range are depicted in Fig. 3.4.

The coupling efficiency from port 3 in the excitation arm to port 1 is 20 – 41% in the

wavelength range 770 – 870 nm, while almost 100% of the visible light in the sample

arm (port 1) splits into the signal arm (port 2). As a result, using port 3 for delivery

of a pulsed laser beam and port 2 for signal collection may maximise the strength of

nonlinear signals.
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Fig. 3.4: Coupling efficiency of the single-mode fibre coupler over the visible and the near
infrared wavelength ranges.

3.2.3 Degree of polarisation

To characterise the output polarisation states under various illumination conditions, we

introduce the degree of polarisation defined as γ = (Imax−Imin)/(Imax+Imin) [134]. The

variation of the output polarisation states of the CW and pulsed beams at wavelength

800 nm through the fibre coupler (port 3→1) as a function of the incident polarisation
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angle θi at port 3 is shown in Fig. 3.5(a). It is seen that the linear polarisation states

can be preserved in the conventional SMF coupler at certain incident angles in both

CW and pulsed illumination cases with different input powers.
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Fig. 3.5: (a) Degree of polarisation of 800 nm laser beams propagating through ports 3 to
1 as a function of the incident polarisation angle at port 3. (b) Degree of polarisation of a
pulsed beam as a function of the input power at port 3 with linear polarisation.

Different from the CW illumination, the pulsed illumination can lead to a number

of nonlinear phenomena, such as self-phase modulation (SPM) and self-steepening.

Consequently, a nonlinear depolarisation response varies significantly with the input

power. Fig. 3.5(b) shows the dependence of γ on the input power of the pulsed

beam having linear polarisation. Due to the birefringence and SPM, the measured

depolarisation dependence exhibits an oscillatory behaviour while the depolarisation

effect remains constant in the case of CW illumination [134].
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It should be pointed out that pulsed illumination can give rise to a nonlinear

depolarisation response, but the linear polarisation can still be maintained at certain

incident angles. In Fig. 3.5(a), while SPM caused by the intensity-dependence of the

refractive index results in pulse broadening and a phase mismatch between the two

orthogonal polarisation components, the maximum degree of polarisation as high as

0.96 is achieved in the case of 300 mW input power that is sufficient to excite biological

samples.

In the same manner as shown in Fig. 3.5(a), Fig. 3.6 shows the polarisation

characteristics of the fibre coupler (port 1→2) at wavelengths 435 nm and 532 nm.

It is observed from the data that the linear polarisation states of the visible beam in

both pulsed and CW conditions propagating through the conventional fibre coupler

can be maintained at certain incident polarisation angles. A further observation of

Figs. 3.5 and 3.6 reveals that the maximum degree of polarisation appears at an angular

interval of approximately 90 degrees of the incident polarisation angle. This feature

may be caused by the birefringence effect of the fibre. Normally, fused silica glass

used in optical fibres does not have significant birefringence for glass lack crystalline

structures. Real fibres, however, experience inhomogeneities and imperfections, which
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Fig. 3.6: Degree of polarisation of visible beams at 435 nm (solid curve) and 532 nm (dashed
curve) guided from ports 1 to 2 as a function of the incident polarisation angle at port 1.
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produce a low level of birefringence. As a result, the linear polarisation state of a light

beam launched along an axis of a birefringence fibre can be maintained.

These results demonstrate that the linear polarisation states of pulsed and CW

beams over a range from near infrared to visible wavelengths can be preserved in a

conventional three-port SMF couple. The degree of polarisation of approximately 1

is obtained at an angular interval of approximately 90 degrees of the incident linear

polarisation angle. It implies that the polarisation characteristics of the fibre coupler

enable the delivery of a linearly polarised excitation beam in the near infrared range and

the propagation of well-polarised SHG signal at a visible wavelength. The capability of

the SMF coupler for anisotropy polarisation measurement will be presented in Section

3.3.5.

3.3 A SHG microscope based on a single-mode

fibre coupler

3.3.1 Experimental arrangement

The experimental arrangement of the SHG microscope is depicted in Fig. 3.7. The

ultrashort-pulsed Ti:Sapphire laser and the SMF coupler described in Section 3.2.1 are

again used in experiments. The laser beam is coupled into port 3 (excitation arm) of

the coupler via a Melles Griot 0.25 NA 10× objective O1. The fibre is placed in a chuck

holder in an xyz positioner so that the fibre tip could be precisely adjusted at the focus

of the objective. Variation of the optical input power coupled to the fibre is achieved

using a neutral density filter, ND, placed just before the coupling objective O1. The

output beam from port 1 (sample arm) of the coupler is collimated by a second Melles

Griot objective O2 (10×/0.25NA) to fill the back aperture of an imaging objective O3

(Olympus: UplanApo, 40×/0.85NA).

The backscattering SHG signal from a sample is collected by the objective O3 and
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Fig. 3.7: Schematic diagram of the experimental SHG microscope using a single-mode fibre
coupler. (a)-(c) Mode profiles in the excitation and signal arms when a visible beam is
coupled to port 1. O1 and O2: 0.25 NA 10× microscope objectives, O3: 0.85 NA 40×
imaging objective, ND: Neutral density filter, BF: Bandpss filter, FM: flip mirror.

delivered via port 2 (signal arm) of the fibre coupler to a PMT for imaging or a CCD-

based fibre-coupled spectrograph (Acton Research Corporation) to collect spectra. An

appropriate bandpass filter (BF) is placed in front of the PMT to ensure that only the

SHG signal is detected. Switching between imaging and spectra acquisition is obtained

by changing the direction of a flip mirror (FM). To further understand the arrangement

of the SHG microscope, mode profiles of visible beams guided in the excitation and

signal arms are shown again as insets (a)-(c) of Fig. 3.7. In this geometry, the fibre

coupler is analogous to a low-pass filter, through which main strength of signals at

a visible wavelength propagates to the detector. Furthermore, the fibre tips of the

coupler act as pinholes in a conventional confocal arrangement to reduce the multiple

scattering of signals.

3.3.2 Nonlinear optical spectra

It is clear from the discussion in Sections 2.2.2 and 3.2.2 that emission of SHG is

fundamentally different from the TPEF and that its propagation efficiency through the

fibre coupler is also slightly different. The ability of the fibre coupler to guide signals

over a wide spectral window is of great significance to collect undistorted nonlinear

optical images. In this situation, an experimental investigation into the spectra of the

emitted nonlinear optical signals through the fibre coupler is required to characterise
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the system.

We choose AF-50 dye as a sample to demonstrate the effectiveness of the fibre-

optic SHG microscope. This dye, which has extended conjugated pi networks and

aromatic heteroatom substitution (inset of Fig. 3.8(a)), possesses large second-order

and third-order nonlinear susceptibilities. Therefore, SHG and TPEF can be produced

simultaneously. A thin layer of AF-50 dye is produced by evaporation of a mixture

of AF-50 dye and isopropyl alcohol on a coverslip and has an average thickness of

approximately 250 nm measured by atom force microscopy.

First, AF-50 dye is excited by an ultrafast-pulsed laser beam at wavelength 800

nm. The excitation polarisation emerging from the fibre coupler is parallel to the

polarisation of the incident laser. The emission spectrum collected by the spectrograph

is shown in Fig. 3.8(a). It is observed that the emission spectrum reveals a sharp SHG

peak at 400 nm and a TPEF lobe in the wavelength range from 430 to 600 nm. The

bandwidth of the SHG spectrum is approximately 9 nm, which is consistent with the

following estimation. For an excitation beam with a Gaussian profile, the full-width at

half-maximum (FWHM) of SHG should be 1/
√

2 of the fundamental [16, 17]. Under

the experimental condition where the excitation power is approximately 4 mW on the

sample, the spectral broadening of pulses arising from SPM is negligible and does not

make impact on the bandwidth of the SHG emission spectra. Fig. 3.8(a) also implies

that the simultaneous collection of SHG and TPEF signals can be achieved efficiently

through the fibre coupler although SHG and TPEF occur at a much shorter wavelength

region than the designed operating wavelength of the fibre coupler.

To further confirm the spectral peak generated from the SHG process, we collect

the emission spectra while scanning the laser from wavelength 780 to 870 nm. The

result shown in Fig. 3.8(b) demonstrates that, for all the excitation wavelengths used,

the SHG spectra track with the fundamentals and peak at exactly half the excitation

wavelengths. It should be noted that the slight difference of the spectral bandwidth

at each excitation wavelength results from the variations of the bandwidth of the laser

source over the wide emission window. Additionally, the SHG and TPEF signals vanish
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Fig. 3.8: Nonlinear optical spectra in a nonlinear optical microscope using the single-mode
fibre coupler. (a) Emission spectrum of AF-50 dye at wavelength 800 nm. (b) Emission
spectra as a function of the excitation wavelength over the range of 780 – 870 nm. (c) SHG
peak intensity of the spectra as a function of the excitation wavelength with (solid curve)
and without (dashed curve) fibre coupler. The excitation power is approximately 4 mW on
the sample and the excitation polarisation is parallel to the fundamental laser polarisation.
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when the laser is out of mode-locking, indicating that the signals are based on nonlinear

optical processes.

It has been reported that an intense laser beam may result in SHG through media

having interfaces [19]. To check if the AF-50 dye is the only origination of the SHG

signal, SHG spectra is collected again in the wavelength range between 780 and 870

nm without using the fibre coupler. The peak intensity of the SHG spectra is depicted

in Fig. 3.8(c) as a function of the excitation wavelength obtained with and without

the fibre coupler. The solid curve in the figure is derived from the spectra collected

by focusing the output beam from port 2 of the fibre coupler into the spectrograph,

while the dashed one is collected directly from the sample without the use of the fibre

coupler. The increased SHG peak intensity propagated through the fibre coupler and

detected by the spectrograph may arise from the increased SHG cross section of AF-50

and the improved coupling efficiency of the fibre coupler in the visible range that has

been discussed in Section 3.2.2. The intensity and variations of the SHG signal shown

in Fig. 3.8(c) indicate that the fibre coupler and the coverslip we used does not produce

any SHG signal while delivering pulses having an average power of hundreds milliwatt.

3.3.3 Nonlinear optical axial response

One of the advantages of TPEF and SHG microscopy is high spatial resolution due to

the higher-order dependence of signals on the excitation intensity. To investigate the

optical sectioning ability of the fibre-optic nonlinear optical microscope, we measure

the axial response of the system to a thin layer of AF-50 dye that has been described

in Section 3.3.2. The axial response is obtained by recording the SHG intensity when

scanning the sample continuously in the z direction. The axial position of the sample

is driven by a computer-interfaced piezo scanning stage (Physik Instrumente) with a

resolution of 0.1 µm and a 6 mm scanning range. Bandpass filters having appropriate

central wavelengths with a bandwith of approximately 9 nm are placed before the PMT

to collect the SHG signal.
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Typical SHG axial responses to the thin layer at wavelength 800 nm are shown in

Fig. 3.9(a), where the input power to port 3 of the fibre coupler is varied in the range

of 4 – 12 mW. This set of the axial response curves allows for simultaneous monitoring

the SHG efficiency and axial resolution. The FWHM of the axial response curves

measured in the SHG microscope, is approximately 1.8 µm. The SHG efficiency of

the system can be measured through an observation of the peak intensity of the axial

response curves. The peak SHG intensity from each axial response curve in Fig. 3.9(a)

is plotted as a function of the input power in Fig. 3.9(b) in a log-log scale. It can be

seen that the gradient of the log-log plot is approximately 2.0 ± 0.1, confirming the

second-order nonlinear frequency conversion process.
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Fig. 3.9: SHG axial response to a thin layer of AF-50 dye at wavelength 800 nm. (a) Axial
response curves as a function of the input power to port 3 of the fibre coupler. (b) Quadratic
dependence of the SHG peak intensity of axial response curves on the excitation power.

To investigate the resolution performance of the simultaneous SHG and TPEF
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collection in the fibre-optic nonlinear optical microscope, we measure the axial

responses of the system to the SHG and TPEF by use of the thin layer of AF-50.

To record the TPEF axial response, a 510/20 nm bandpass filter is placed before

PMT to eliminate the second harmonic and reflected fundamental wavelengths. In

Fig. 3.10, the axial responses obtained with the SHG and TPEF signals at an excitation

wavelength of 800 nm are depicted. It reveals that the FWHM of SHG and TPEF

curves is approximately 1.8 µm and 2.1 µm, respectively, demonstrating that a slight

improvement in resolution of approximately 14% for the SHG signal collection is

obtained if compared with the TPEF axial response. This feature is due to the fact that

the SHG wavelength is shorter than the TPEF wavelength. It should be pointed out

that in this effective confocal arrangement, the axial resolution of the SHG microscope

using a fibre coupler is improved by approximately 28% compared with that in a fibre-

optic TPEF microscope using a large area detector without a poinhole [88].
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Fig. 3.10: Axial responses to a thin layer of AF-50 dye in a nonlinear optical microscope
using a fibre coupler for SHG collection (solid curve) and TPEF collection (dashed curve).
The excitation wavelength is 800 nm.

Fig. 3.11 shows the axial resolution performance of the fibre-optic SHG microscope

as a function of the excitation wavelength. In this case, the laser is tuned between

800 and 860 nm and corresponding SHG axial responses are recorded. It is shown

that the FWHM of the SHG axial responses varies between 1.8 µm and 1.9 µm as

the excitation wavelength tunes from 800 to 860 nm. The measurements of axial
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resolution as a function of the illumination wavelength shown in Figs. 3.10 and 3.11

are in good agreement with the theoretical prediction based on the normalised fibre spot

size parameter. An extensive theoretical investigation into the resolution performance

of the SHG microscope using a fibre coupler is presented in Chapter 4.
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Fig. 3.11: Axial resolution performance of a SHG microscope using a fibre coupler as a
function of excitation wavelength. (a) SHG axial responses of the system at excitation
wavelengths of 800 nm (solid curve) and 860 nm (dashed curve). (b) SHG axial resolution of
the system as a function of detected SHG wavelengths.

3.3.4 SHG and TPEF imaging

Achieving high contrast and high spatial resolution is one of the primary goals for

optical imaging. Understanding the imaging properties of the fibre-optic nonlinear

optical microscope using SHG and TPEF signals can provide stratagem to achieve the

best imaging performance based on the two imaging contrast mechanisms. Specifically,
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the use of SHG polarisation anisotropy can result in the local structural information

that cannot be provided by other optical imaging modalities. To demonstrate the

imaging capability and the polarisation sensitivity of the instrument, we measure the

SHG and TPEF images of a triangle-shaped sample excited by two beams with parallel

and perpendicular polarisation states. As has been demonstrated in Section 3.2.3,

linear polarisation of the laser beam is preserved through the fibre coupler. Generally,

polarisation anisotropy measurements are made by obtaining images through rotations

of the analyser before the detector while maintaining the excitation polarisation.

Alternatively, absolute molecular orientations can be determined by rotating the

excitation polarisation. The sample consists of a paper sheet (75 g/m2) with a mixture

of AF-50 dye and isopropyl alcohol. For this bulk sample, rotation of the excitation

polarisation is chosen to demonstrate the polarisation anisotropy of SHG imaging and

the variation of plorisation direction is achieved by rotating the λ/4 plate before the

fibre coupler. The sample is scanned two-dimensionally by a scanning stage (Physik

Instrumente) with a scanning range of 200 µm.

The SHG and TPEF images are obtained from the same sample site at the same

focal plane by using a 400/9 nm and a 510/20 nm bandpass filters, respectively, as

shown in Fig. 3.12. It can be seen that SHG and TPEF images from the same

sample produce fundamentally different patterns of contrast. SHG can produce the

distribution mapping of χ(2) about the local structural organisation, while TPEF

can give the distribution mapping of χ(3) about molecular distributions. Therefore

the combination of simultaneous SHG and TPEF can provide the complementary

information shown in the overlay images of SHG and TPEF. A further observation

from the SHG images (Figs. 3.12(a) and (d)) shows that SHG images with orthogonal-

polarisation excitation display the distinguished appearance, which is due to the fact

that the SHG signal arises from electric dipole interaction. Details of the SHG

anisotropy measurement of the system will be discussed in the upcoming subsection.
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400/9 510/20

400/9 510/20
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SHG TPEF SHG+
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Fig. 3.12: SHG and TPEF images of a triangle-shaped paper sheet excited by parallel
polarisation (top) and perpendicular polarisation (bottom) beams at wavelength 800 nm.
The excitation power is approximately 4 mW on the sample. SHG images ((a) and (d)) are
obtained with a 400/9 nm bandpass filter and TPEF images ((b) and (e)) with a 510/20 nm
bandpass filter. Images in (c) and (f) are obtained by overlaying the SHG and TPEF images.
Scale bar is 50 µm.

3.3.5 SHG polarisation anisotropy

As has been described in Sections 2.2.2 and 3.3.4, one of the unique features in SHG

microscopy is determination of the molecular orientation by use of polarised SHG

signals. To demonstrate the ability of the fibre-optic nonlinear optical microscope to

measure the polarisation anisotropy, a standard nonlinear optical crystal, the powder

of KTP crystals (Shandong University, China), is used as a sample to give linearly

polarised SHG emission with an excitation beam having an arbitrary linear polarisation

state.

We first analyse quantitatively the polarisation anisotropy of the KTP crystal

powder in a commercial nonlinear laser scanning microscope (Olympus, Fluoview

300, epi-detection). When the laser excitation polarisation is fixed, SHG signals are

expected to have parallel polarisation with the laser and therefore should yield a cos2 θ

pattern by rotating the analyser before the PMT. In Fig. 3.13, two SHG images of

the KTP crystal powder with orthogonal excitation and the extracted SHG intensity

as a function of the analyser rotation angle are well consistent with the prediction

based on a cos2 θ pattern. The deviation of the experimental data from the theoretical
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Fig. 3.13: SHG polarisation anisotropy measurement with the KTP crystal powder in a laser
scanning microscope. (a)-(b) SHG images obtained with orthogonal polarisation orientations
of the analyser. (c) Dependence of the SHG intensity on the rotation angle of the analyser,
where the results fit a cos2 θ function. Scale bar is 5 µm.

expectation may arise from the depolarisation effect of galvanometric mirrors and the

imaging objective.

The SHG microscope using an SMF coupler exhibits the same manner of SHG

polarisation anisotropy of the KTP crystal powder. Fig. 3.14(a) shows a series of SHG

images of the KTP crystal powder when the laser with linear polarisation is delivered

by the fibre coupler and the analyser is rotated by 180◦. Intensity analysis from the

SHG images is depicted in Fig. 3.14(b), demonstrating that the SHG intensity varies

as a cos2 θ function. The capability of the system for the polarisation anisotropy

measurement is further confirmed by the SHG signals obtained from a fish scale

(Fig. 3.15). The fish scale consists of abundance of highly ordered collagen fibrils,

which are corresponded to SHG signals. It should be pointed out that although

the birefringence axis of the fibre coupler for the excitation wavelength and the SHG
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Fig. 3.14: SHG polarisation anisotropy measurement with the KTP crystal powder in SHG
microscopy using a single-mode fibre coupler. (a) A set of SHG images of the KTP crystal
powder obtained by rotating the analyser. (b) Dependence of SHG intensity on the rotation
angle of the analyser, where the results fit a cos2 θ function. Scale bar is 5 µm.
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Fig. 3.15: SHG polarisation anisotropy measurement with a fish scale in SHG microscopy
using a single-mode fibre coupler. (a),(b) SHG images obtained with orthogonal polarisation
orientations of analyser. (c) Dependence of SHG intensity on the rotation angle of the
analyser, where the results fit a cos2 θ function. Scale bar is 20 µm.

wavelength might not be identical, the microscopy system based on the SMF coupler

shows the powerful capability to probe local molecular orientations by use of the SHG

polarisation anisotropy.

3.4 Characterisation of the GRIN lens-fibre spac-

ing

The fibre-optic nonlinear optical microscope presented in Section 3.3 has used an

SMF coupler to replace major bulk optical components for illumination delivery and

signal collection. To achieve a further compact and miniature microscope such as an

endoscope, GRIN lenses are usually integrated into the imaging system to replace the

bulk imaging objective (see Section 2.3.3). Our previous study has demonstrated the
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feasibility of a fibre-optic two-photon endoscope based on an SMF coupler, a GRIN

rod lens, and a microprism [27].

When a GRIN lens is integrated into the fibre-optic system, the location of the focal

point of a GRIN rod lens can be set by adjusting the magnitude of the gap between

a source and the entrance face of the GRIN rod lens. Consequently, the NA of a

GRIN rod lens is effectively changed as the gap between a light source and a GRIN

lens varies [135]. Such an effective change in NA of a GRIN rod lens can affect the

performance of fibre-optic nonlinear optical endoscopy in three aspects. The first aspect

is imaging resolution that depends on the square of the effective NA [136], the second

one is the illumination and collection efficiency that shows a complicated dependence

on the effective NA, and the third one is the SHG and TPEF strength that depends

on the fourth power of the effective NA [137]. Therefore, a signal optimisation of

fibre-optic nonlinear optical endoscopy becomes possible and is thus necessary because

nonlinear optical signals from biological tissues are usually weak.

In such a situation, it is of significance to experimentally investigate the impact

of the GRIN lens-fibre spacing on the signal level of fibre-optic nonlinear optical

microscopy. In particular, this effect in a system based on GRIN lenses having different

pitch lengths is of importance for practical imaging applications.

3.4.1 Experimental arrangement

A schematic diagram of the fibre-optic nonlinear optical microscope based on a fibre

coupler and a GRIN lens is depicted in Fig. 3.16. The arrangement is similar to the

system shown in Fig. 3.7, except for the following modifications: The output beam

from port 1 of the coupler crosses the gap and is focused by the GRIN rod lens.

The fluorescence emitted from the sample is recollected by the GRIN rod lens and

delivered via port 2 of the coupler into a photomultiplier tube masked with a 510

± 20 nm bandpass filter (BF). It should be noticed that the signal level and axial

resolution performance of the nonlinear optical microscopy system using a fibre and a
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GRIN lens is strongly dependent on the gap length between the GRIN lens and fibre.

Therefore, to simplify the experiment, only TPEF from AF-50 dye is used throughout

the investigaion in Section 3.4.

Fibre
Coupler

Port 3

Coupling

Objective

ND

Ti:Sapphire Sample

Port 2

Port 1Fibre Chuck

Fibre Chuck

Fibre
Chuck

PMT
BF

GRIN lens

0.25 pitch

0.23 pitch

0.29 pitch

d

Fig. 3.16: Schematic diagram of the fibre-optic nonlinear optical microscope based on a
single-mode fibre coupler and a GRIN rod lens.

Three GRIN rod lenses of pitches 0.25, 0.23 and 0.29 (Newport) are chosen to

confirm and compare the signal optimisation condition in fibre-optic TPEF microscopy.

The difference of the pitch length implies that the focal position of the three GRIN rod

lenses is at the surface of the lens, inside the lens and outside the lens, respectively,

if a collimated beam is used (see Fig. 3.16). The 1.8-mm-diameter plano-plano GRIN

lenses are designed for a wavelength of 830 nm. The 0.25 pitch GRIN lens has an

NA of 0.6, while the NA of the 0.23 pitch and 0.29 pitch GRIN lenses is 0.46. The

magnitude of the gap between the fibre coupler end and a GRIN lens, d, is controlled

by a one-dimensional translation stage having a resolution of 10 µm. The maximum

length of the gap is 5.5 mm to overfill the entrance face of the GRIN rod lens. The thin

layer of AF-50 dye is driven by a scanning stage that has been used in experiments

presented in Section 3.3.

3.4.2 Determination of the effective numerical aperture

To achieve the effective NA of a GRIN rod lens, the axial response of the system to a

plane mirror is recorded by continuous scanning in the z direction. The measurement

of the FWHM of the axial response curve allows for the analysis of axial resolution of
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the system ∆z, and then the effective NA of the GRIN rod lens (sin α) can be derived

from [136]

u = (8π/λ)∆z sin2(α/2) , (3.1)

where u is an axial optical coordinate and λ is the wavelength of the illumination light.

By varying the gap length d, a set of axial response curves is obtained. The dependence

of the FWHM of the axial response and the effective NA on the gap length for the three

given GRIN rod lenses is depicted in Fig. 3.17(a). It is shown that the FWHM of the

axial response drops rapidly to approximately 13.6, 11, and 13 µm, respectively, as the

gap length increases. The decrease in the FWHM indicates the improvement in axial

resolution and therefore the enhancement of the effective NA of the GRIN lens. The

effective NA of the GRIN lens can be calculated based on Eq. 3.1, when the half width

at half maximum of the axial response is measured and u is 5.1 for the case of confocal

TPEF microscopy [136]. The effective NA reflects on the system NA that combines

the excitation and emission NA. As expected, for all the GRIN rod lenses, the effective

NA increases gradually and tends towards a limit (approximately 0.29, 0.31, and 0.28,

respectively) when the gap increases until the output laser beam from the fibre coupler

overfills the entrance face of the GRIN rod lens.

In addition, analysis of the peak intensity of the axial responses reveals a decrease in

the coupling efficiency of the system approximately by 71%, 81%, and 69%, respectively,

as shown in Fig. 3.17(b). Such a signal reduction is caused by two physical processes.

The first process is the coupling of illumination into a GRIN rod lens, which is

confirmed by the transmitted power after the GRIN lens (Fig. 3.17(b)). In all

cases, the transmission efficiency for the input power exhibits a slight degradation

of approximately 6.3%, 10%, and 6.3%, respectively, as a result of increasing the

gap length d in the range between 0.25 and 5.5 mm. The second process is related

to the mismatching between the fibre mode profile and the field distribution of the

reflected signal on the end of the coupler. Once the fibre mode profile and the field

distribution do not match each other, a significant decrease of collection efficiency will

occur [138]. It should be noted that the experimental results of the coupling efficiency
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Fig. 3.17: One photon reflection confocal axial response. (a) FWHM of the axial response
to a plane mirror and effective NA of the GRIN rod lens as a function of the gap d. (b)
Transmission efficiency of the GRIN lens and peak intensity of the axial response to a plane
mirror as a function of the gap d.

in Fig. 3.17(b) agree with the theoretical calculation of signal level in reflection-mode

fibre-optic confocal scanning microscopy in the sense that the maximum reflected signal

is achieved when the distance between the fibre and the GRIN lens is small [138].

3.4.3 Optimisation of the nonlinear optical signal

To study the nonlinear signal level in the fibre-optic nonlinear optical microscope, a

set of TPEF axial responses to the thin layer of AF-50 is obtained. The FWHM of the

axial response as a function of the gap length for the three GRIN rod lenses is plotted
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Fig. 3.18: (a) FWHM of the TPEF axial response to a thin layer of AF-50 as a function of
gap d. (b) A TPEF axial response when d is 5 mm to optimise the axial resolution of the
fibre-optic nonlinear optical microscope using a 0.25 pitch GRIN lens.

in Fig. 3.18(a), where the feature of the improvement in axial resolution is observed.

It notes that axial resolution of TPEF imaging is 15, 11.6, and 13.3 µm for 0.23, 0.25

and 0.29 pitch GRIN rod lenses, respectively, when the gap length is 5.5 mm. To

further understand the axial performance of the system, a particular axial response

corresponding to the highest resolution using the 0.25 pitch GRIN lens is presented in

Fig. 3.18(b). In this case, the gap length is maximised to fulfill the back surface of the

GRIN lens to achieve an optimised axial resolution of 11.6 µm.

Fig. 3.19 shows the peak TPEF intensity of the axial response as a function of gap

lengths for the three GRIN lenses. It is clear that the maximum fluorescence intensity

is collected by the fibre coupler over the gap length between 0.25 mm and 5.5 mm in
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all cases. Further observation from Fig. 3.19 reveals that the maximum fluorescence

signal appears at gap lengths of approximately 2, 1.25, and 1.75 mm for the three

GRIN lenses. The appearance of the maximum two-photon signal results from two

competing physical processes. On the one hand, increasing the effective NA leads to

the enhancement of the TPEF signal because the two-photon excitation probability

is proportional to the fourth power of the effective NA [137]. On the other hand,

as suggested in Fig. 3.17(b), the illumination and collection efficiency of the imaging

system drops as the effective NA increases. Therefore, although the emitted TPEF

signal increases as the gap length enlarges, the TPEF signal coupled backward by the

fibre eventually reduces, as shown in Fig. 3.19.
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Fig. 3.19: Peak intensity of the fluorescence axial response as a function of gap d in a fibre-
optic nonlinear optical microscope.

The combination of Figs. 3.18(a) and 3.19 implies that there is a trade-off between

TPEF axial resolution of the system and the TPEF signal level that is related to

the parameters of the GRIN lens. At the maximum signal level, the corresponding

axial resolution is 42.0, 38.5, and 24.0 µm, respectively, for 0.23, 0.25 and 0.29 pitch

GRIN rod lenses. Consider the gap length at which the TPEF signal level drops to

50% of the maximum (see Fig. 3.19), the axial resolution corresponding to the three

GRIN rod lenses is approximately 30.0, 26.0, and 15.7 µm (Fig. 3.18(a)). Table 3.1

summarises the effective NA, optimised axial resolution, and axial resolution at the
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maximum fluorescence intensity, etc., which should be considered in applications of

TPEF endoscopy. In addition, the appearance of the maximum signal level when the

gap length increases can be understood from the transfer function analysis, which will

be presented in Section 4.4.3.

GRIN
lens pitch
at 830 nm

Maximum
NA

Effective
confocal

NA

d at
maximum
intensity

(mm)

0.23 0.46 0.29 13.6 15 30 42 2

TPEF

intensity
maximum

z at

(  m)

TPEF

intensity
half maximum

z at

(  m)

Optimised

TPEF
(  m)z

Optimised

confocal
(  m)z

0.29 0.46 0.28 13 13.3 15.7 24 1.75

0.25 0.6 0.31 11   11.6
*

26  38.5
*

1.25

Table 3.1: Characterisation of the GRIN lens-fibre spacing in a fibre-optic nonlinear optical
microscope. ∗ These axial resolution values are applied in Fig. 3.20 with 10 µm beads
imaging.

3.4.4 Two-photon fluorescence imaging

To show the optimum imaging performance of the fibre-optic TPEF microscope, two

image sets of 10 µm fluorescence polymer microspheres (Polysciences, Fluoresbrite)

shown in Fig. 3.20 are obtained with the 0.25 pitch GRIN rod lens when the gap between

the fibre coupler end and the GRIN rod lens is 1.25 mm and 5.5 mm, respectively. The

(b)

2 31

4 5 6

7 8 9

(a)

1 2 3

4 5

8 97

6

Fig. 3.20: A series of xy images of 10 µm fluorescence polymer microspheres acquired with a
single-mode fibre coupler and a 0.25 pitch GRIN lens by (a) setting d = 1.25 mm, with a slice
spacing of 15 µm and (b) setting d = 5.5 mm, with a slice spacing of 5 µm. Axial resolution
for these two gap lengths are shown in Table 3.1. Each slice size is 100 µm × 100 µm. The
average power on the sample is 10 mW.
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two image sets are recorded with the lateral size of 100 µm and the slice spacing of

15 and 5 µm, respectively. It is clearly observable that the TPEF images have strong

intensity but poor axial resolution with the gap where the optimisation of the signal

level is achieved (Fig. 3.20(a)). On the other hand, the optical sectioning ability of

the system is optimised with a low signal level when the gap length is at maximum

(Fig. 3.20(b)).

3.5 Chapter conclusions

This chapter has demonstrated the construction and characterisation of a nonlinear

optical microscope that uses an SMF coupler. Simultaneous TPEF and SHG imaging

has been efficiently achieved through the SMF coupler. In addition, a GRIN lens has

been integrated into the system using an SMF coupler. An intrinsic trade-off between

signal level and axial resolution has been observed and investigated in such a system.

The polarisation characterisation of femtosecond pulsed and CW beams propagat-

ing through the fibre coupler has demonstrated that the linear polarisation states of

pulsed and CW illumination over the broad wavelength range can be preserved in a

conventional fused fibre coupler. The degree of polarisation of approximately one is

obtained at an angular interval of approximately 90 degrees of the incident polarisation

angle. Furthermore, the fibre coupler acts as a low-pass spectral filter in the visible

wavelength range with a splitting ratio between 99.6/0.4 and 99.7/0.3, exhibiting an

ideal feature desirable for nonlinear optical microscopy.

The nonlinear optical microscope based on an SMF coupler enables the delivery of

ultrashort-pulsed laser in the near infrared wavelength range as well as the collection

of TPEF and SHG in the visible wavelength range. The system exhibits the axial

resolution of 1.8 µm for SHG imaging, showing a slight enhancement of the optical

sectioning effect compared with TPEF imaging using the same excitation wavelength.

In particular, based on the polarisation characteristics of the fibre coupler, the fibre-
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optic SHG microscope enables the polarisation anisotropy measurement, which cannot

be provided by TPEF microscopy alone and can be potentially used to analyse the

molecular orientations of structural proteins.

The integration of a GRIN lens into the fibre-optic nonlinear optical microscope

is of significance toward the application in nonlinear optical endoscopy. We have

demonstrated that the fluorescence signal level and axial resolution are functions of the

gap length between the fibre coupler end and the GRIN lens in a fibre-optic nonlinear

optical microscope. The collected TPEF intensity exhibits a maximum value as the

gap between the fibre coupler end and the GRIN rod lens enlarges, i.e. as the effective

NA of a GRIN lens increases. These results elucidate choices in the signal to resolution

trade-off in the applications of fibre-optic nonlinear optical endoscopy to achieve the

optimised visualisation of biological tissue.

Such a compact system using multiple nonlinear optical imaging modalities may

make nonlinear optical endoscopy possible for in vivo medical applications, if a scanning

mechanism is introduced and the signal level is improved, which will be explored in

Chapter 5.
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Three-dimensional image formation

in fibre-optic second harmonic

generation microscopy

4.1 Introduction

In the fibre-optic systems described in Chapters 3, two-photon excited fluorescence

(TPEF) and second harmonic generation (SHG) have been achieved using the nonlinear

optical effects in a reflection confocal mode, where the fibre tips act as a finite-sized

confocal pinhole. Consequently, the investigation into image formation of the fibre-

optic nonlinear optical microscope is required to study and understand the effect of

system parameters on the performance of the microscope. The transfer function is

typically used to describe an imaging system by giving the transmission efficiency

of each periodic component with different spatial frequencies. The concept of the

transfer function can be generalised to include variations in three dimensions to

characterise image formation in confocal scanning microscopy and nonlinear optical

microscopy [136, 139–142]. The description of imaging using three-dimensional (3D)

transfer functions is a generalised method for completely imaging of any object, if
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scattering is weak enough that the first Born approximation holds [136,139].

Physically, TPEF and SHG microscopy correspond to incoherent and coherent

imaging processes, which can be understood by an optical transfer function (OTF)

and a coherent transfer function (CTF), respectively [136, 139]. Gu and Sheppard

have developed a 3D OTF to evaluate the performance of fibre-optic single-photon

fluorescence microscopy [136, 139]. Subsequently, Gu and Bird have extended this

method to analyse image formation of fibre-optic TPEF microscopy using single-mode

fibres (SMFs) [141]. It has shown that, since the fibre tips are used as the illumination

source and the pinhole for signal collection, the transfer function performance under

two-photon excitation is significantly dependent on the fibre parameters. The use of

a fibre coupler leads to an improvement in axial resolution compared with the fibre-

optic TPEF system with a single illumination fibre and a large-area detector [88, 89].

Furthermore, the 3D OTF for fibre-optic TPEF microscopy is always positive, which

means that image artifacts that may occur in a TPEF microscope with a finite-sized

detector can be avoided. However, the 3D OTF is the 3D Fourier transform of the

effective intensity point spread function (PSF), representing intensity variations of

each spatial frequency component of the object in incoherent imaging systems. As a

result, the 3D OTF for fibre-optic TPEF microscopy is not applicable to fibre-optic

SHG microscopy where amplitude variations of the object transmission function in

coherent imaging systems should be described by the CTF.

Investigations into the performance of the CTF for a fibre-optic confocal scanning

microscope for a non-fluorescent object have been conducted [140, 143]. It has been

found that the utilisation of optical fibres does not affect the bandpass of spatial

frequencies, but reduces the strength of the CTF, particularly along the axial direction.

More importantly, fibre-optic scanning microscopy in the case of a non-fluorescenct

object exhibits the purely coherent imaging nature even for finite values of the fibre

spot size, because a fibre is a waveguide that can coherently respond to the amplitude

and the phase of the guided light. As a result, fibre-optic non-fluorescent microscopy

can be described by a 3D CTF that can be expressed by an analytical expression.
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However, the previous studies of the 3D CTF are achieved through fibre-optic systems

for linear optical imaging. Therefore, the development of the CTF for fibre-optic SHG

microscopy is essential to study the transfer function performance in the case of the

second-order optical process.

The study of transfer function performance in this chapter is focused on the

geometry of SHG microscopy using an SMF coupler described in Chapter 3. The aim

of this chapter is to understand 3D image formation in fibre-optic SHG microscopy

using the concept of the 3D CTF and to reveal the dependence of axial resolution and

signal level on fibre coupling parameters. The chapter is organised into five sections

beginning with this introduction section. In Section 4.2, 3D image formation is derived

for the case of SHG and in Section 4.3, the 3D CTF for fibre-optic SHG microscopy

is formalised. Numerical results and discussion on axial resolution and signal level are

presented in Section 4.4. In particular, the effect of the fibre spot size on the 3D CTF is

investigated numerically and experimentally. The chapter conclusions are summarised

in Section 4.5.

4.2 Three-dimensional image formation

In order to investigate the effect of optical fibres on illumination and collection

separately, let us consider the schematic diagram of a fibre-optic SHG microscope as

shown in Fig. 4.1 [144]. Two optical SMFs F1 and F2 are used to deliver illumination

at wavelength 2λ0 and collect SHG signal at wavelength λ0, respectively. When

the illumination optical fibre F1 and the collection optical fibre F2 are identical, the

performance of the system is equivalent to that using a fibre coupler [26,27,129].

As SHG is a coherent process, the analysis of image formation in fibre-optic SHG

microscopy is similar to that in fibre-optic non-fluorescence microscopy [143]. Although

both non-fluorescence and SHG imaging modes are incoherent, the fundamental

difference between them is that the electrical field of the SHG emission from a sample

77



Chapter 4

1
l

2
l

Object

Fibre F2

Fibre F1

Objective

Detector

Dichroic

mirror

0
x

0
y 0

z
1

x

1
y 1

z

2
x

2
y

2
z

Fig. 4.1: Schematic diagram of the fiber-optic SHG scanning microscope.

is proportional to the square of the illumination field on the sample, while the field in

non-fluorescent microscopy is directly proportional to the illumination field. According

to the analysis of fibre-optic confocal scanning microscopy [143], the image intensity

from a scan point rs = (xs, ys, zs) in fibre-optic SHG microscopy can be expressed, if

the optical axis is assumed along the z direction, as

I(rs) =

∣
∣
∣
∣
∣

∫ ∞

−∞
U∗

2 (x2, y2)δ(z2)
[ ∫ ∞

−∞
U1(x0, y0)δ(z0)exp[ik(z0 − z1)]h1(r0 + M1r1)dr0

]2

ε(rs − r1)exp[ik(±z1 − z2)]h2(r1 + M2r2)dr2dr1

∣
∣
∣
∣
∣

2

, (4.1)

where the term in the first square brackets results from the quadratic dependence of

SHG. r0 = (x0, y0, z0), r1 = (x1, y1, z1), and r2 = (x2, y2, z2) represent the positions in

the illumination, object and collection spaces, respectively. U1(x, y) and U2(x, y) are

the amplitude mode profiles on the output end of fibre F1 and on the input end of fibre

F2, respectively. ∗ denotes the conjugate operation and the parameters M1 and M2

are diagonal matrices of the magnification factors of the illumination and collection

lenses, respectively [136]. ε(r) is the object function representing the SHG strength

of the object. h1(r) and h2(r) are the 3D amplitude PSFs for the objective lenses in
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illumination and collection paths, given by [136]

hn(x, y, z) =

∫ ∫

Pn(ξ, η, z)exp[−j2π(ξx + ηy)]dξdη , (4.2)

where Pn(ξ, η, z) is the defocused pupil functions of the objective lens and n is an

integer such that n = 1, 2.

Using the 3D convolution relation, one can simplify Eq. 4.1 as

I(rs) =
∣
∣
∣heff (rs) ⊗3 ε(rs)

∣
∣
∣

2

, (4.3)

where ⊗3 denotes the 3D convolution operation. heff is the 3D effective PSF for

fibre-optic SHG microscopy and given by

heff (r) =
[

U1(M1x,M1y) ⊗2 h1(M1r)
]2[

U∗
2 (M1x,M1y) ⊗2 h2(r)

]

. (4.4)

Here ⊗2 denotes the 2D convolution operation.

4.3 Three-dimensional coherent transfer function

Eqs. 4.1 and 4.3 represent a superposition of the light amplitude from a sample and

therefore imply that, like fibre-optic non-fluorescence microscopy, fibre-optic SHG

microscopy is purely coherent. This feature is of particular importance when one

performs SHG interferometric microscopy/tomography [145]. Therefore, fibre-optic

SHG microscopy can be analysed in terms of the 3D CTF that is given by the 3D

Fourier transform of the effective PSF [136]. The CTF gives the transmission efficiency

of each amplitude periodic component in a coherent imaging system. The 3D CTF,

c(m), for fibre-optic SHG microscopy can thus be described by

c(m) = c1(m) ⊗3 c2(m) , (4.5)
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where

c1(m) = F3

{

[U1(M1x,M1y) ⊗2 h1(M1r)]
2
}

, (4.6)

and

c2(m) = F3

{

[U ∗
2 (M1x,M1y) ⊗2 h2(r)

}

. (4.7)

Here F3 is the 3D Fourier transform with respect to rs and m represents the spatial

frequency vector with two transverse components m and n, and one axial component

s. For a system using a circular lens, Eq. 4.6 is the 3D CTF for a fibre-optic reflection-

mode non-fluorescence microscope with wavelength 2λ0 [143]. Suppose that both

illumination and collection fibres are SMFs with mode spot radii a1 and a2 and that

the Gaussian approximation holds for the fibre. Further assume that the paraxial

approximation is used and the objective has circular aperture of radius a. Therefore,

the analytical expression for c1(m) can be derived as [143,144]:

c1(l, s) = exp(−2A1s)







1, l2/2 ≤ s ≤ 1/2 − l(1 − l),

(2/π) sin−1
{

(1 − 2s)/[2l(2s − l2)1/2]
}

, 1/2 − l(1 − l) ≤ s ≤ 1/2,

0, otherwise.

(4.8)

Similarly, Eq. 4.7 represents the 3D CTF for a single circular lens with wavelength

λ0 and weighted by the Fourier transform of the fibre mode profile U ∗
2 (x, y), given

by [143,144]

c2(l, s) = exp(−A2l
2/2)δ(s − l2/2) , (4.9)

where

Aj =
[

2πaaj/(λjd)
]2

(4.10)

is the normalised fibre spot size for illumination and collection fibres (j = 1, 2) [136].

d is the distance between the fibre ends and the objective. As has been mentioned

above, the wavelength in illumination and collection fibres are λ1 = 2λ0 and λ2 = λ0,

respectively. The variables l (l =
√

m2 + n2) and s denote the radial and axial spatial

frequencies normalised by sin α/λ0 and 4 sin2(α/2)/λ0, respectively, where sin α is the

numerical aperture (NA) of the objective.
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According to Eq. 4.5, the 3D CTF can be numerically evaluated, if the delta function

in Eq. 4.9 is taken into account, by

c(l, s) =

∫ ∫ ∫

exp
[−A2(m

2 + n2)

2

]

δ
(

s′−m2 + n2

2

)

c1

(√

(m − l)2 + n2, s−s′
)

dmdnds′

=

∫ ∫

σ

exp
[−A2(m

2 + n2)

2

]

c1

(√

(m − l)2 + n2, s − m2 + n2

2

)

dmdn , (4.11)

where σ represents the area overlapped by m2 +n2 = 1 and (m− l)2 +n2 = 1 as shown

in Fig. 4.2. Finally, 3D CTF for fibre-optic SHG microscopy can be explicitly written

as

c(l, s) =

∫
√

1−(l/2)2

0

[
∫ √

1−n2

l−
√

1−n2

exp
[−A2(m

2 + n2)

2

]

c1

(√

(m − l)2 + n2, s − m2 + n2

2

)

dm

]

dn . (4.12)

0

1

l

n

m

a

b

Bandpass for c2 Bandpass for c1

Fig. 4.2: 2D convolution based on Eq. 4.11. The highlighted region is the overlapped
area where the integration in Eq.4.11 is performed. The coordinators for a and b are
(l/2,

√

1 − (l/2)2) and (l −
√

1 − n2,0), respectively.

It should be pointed out that the 3D CTF for fibre-optic SHG microscopy has a

spatial frequency passband of l2/4 < (s + s0) < 1 with axial and transverse cutoffs

1 and 2, respectively. Here s0 = 1/[2 sin2(α/2)] is a constant axial spatial frequency

shift resulting from the reflection imaging geometry [143]. This feature is the same as

fibre-optic reflection-mode non-fluorescence microscopy.
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Previous studies have shown that the normalised fibre spot size Aj plays an

important role in transfer function performance of fibre-optic microscopy [141, 143].

Under the paraxial approximation the NA of the objective on the illumination and

detection sides can be represented as

No = a/d . (4.13)

In addition, the NA of the SMFs for illumination and collection can be expressed under

the Gaussian approximation as

Ni =
Viλi

2πai

, (4.14)

where Vi is the fibre parameter of the illumination and collection fibres (i = 1, 2).

Therefore, applying Eqs. 4.13 and 4.14 into Eq. 4.10, it can been seen that Aj is

proportional to the square of the ratio of the NA of the objective to the NA of the

fibres F1 and F2 [136]:

Aj ∝ (No/Ni)
2 . (4.15)

The significance of the normalised fibre spot size Aj is that it plays a similar role

to the normalised pinhole radius for a finite-sized detector, and therefore represents

the effect of the sizes of the fibre and the objective. The values of Aj can be varied

by changing the NA of the fibre and the objective or the illumination wavelength for a

given imaging system. Through the use of Eqs. 4.5 - 4.12, the effect of the parameter

Aj on the 3D CTF for fibre-optic SHG microscopy can be evaluated. When Aj → 0,

which corresponds to the case when the NA of the fibre is much larger than that of

the objective in illumination and collection paths, the 3D CTF describes confocal SHG

microscopy of a point source and a point detector. For the finite value of Aj, the

passband of the 3D CTF in Eq. 4.12 is the same as that in fibre-optic non-fluorescence

microscopy. If either A1 or A2 becomes infinity, 3D CTF c(l, s) becomes Eq. 4.9 or

Eq. 4.8. No image is formed in this case, because c(l, s) is zero.
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4.4 Numerical and experimental results

4.4.1 Coherent transfer function

In order to understand the results in Chapter 3, the dependence of the 3D CTF on the

normalised fibre spot size is numerically calculated. For a SHG microscope based on

a fibre coupler in Chapter 3, we have 4A1 = A2, because the delivery of the incident

illumination to the sample and the collection of the SHG signal is achieved through

the same optical fibre and the excitation wavelength is twice as large as the SHG

wavelength. The corresponding 3D CTFs for A1 = 0, 1, 5 are shown in Figs. 4.3(a)-(c).

Fig. 4.3(a) represents the 3D CTF for confocal SHG microscopy with a point source

and a point detection. For a finite value of A1, the strength of the 3D CTF is reduced in

particular along the axial direction, as shown in Figs. 4.3(b) and (c). Observation from

Figs. 4.3(a)-(c) reveals that when the normalised fibre spot size, A1, for illumination

delivery is small, the SHG imaging properties of the system are superior. This is due

to the fact that as A1 increases, the responses of the CTF at high axial and transverse

spatial frequencies become weaker.

In the case of independent fibre parameters of A1 and A2, the CTF in the fibre-

optic SHG microscope is shown in Fig. 4.3(d), where a point source is used (A1 = 0)

and a fibre is used for collection (A2 = 5). In this case, the collection function of

the objective becomes weak. Ultimately, when A2 → ∞, c2(l, s) approaches a delta

function at l = 0 and thus the 3D CTF for SHG microscopy is given by Eq. 4.8. A

comparison between the performance of the CTF for the two systems based on a point

detector and a finite-sized detector can be made through observation of Figs. 4.3(a)

and (d). As expected, more information about the finer features and the details in an

object can be imaged with a fibre-optic SHG microscope using a point source and a

point detector, leading to higher imaging resolution.

It is important to investigate the axial cross section, c(l = 0, s) of the 3D CTF

further as it gives the axial imaging performance, which is studied in detail in the next

83



Chapter 4

2

1

0

-1

-2 1
0.75

0.5
0.25

0l

s

2

1

0

-1

-2 1
0.75

0.5
0.25

0l

s

2

1

0

-1

-2 1
0.75

0.5
0.25

0l

s

2

1

0

-1

-2 1
0.75

0.5
0.25

0l

s

(a) (b)

(c) (d)

Fig. 4.3: 3D CTF for fiber-optic SHG microscopy. (a) A1 = 0, A2 = 4A1. (b) A1 = 1,
A2 = 4A1. (c) A1 = 5, A2 = 4A1, (d) A1 = 0, A2 = 5.

subsection. The axial cross section through the CTF for l = 0 corresponds to imaging

a planar structure with no variation in the SHG amplitude in the transverse direction.

The solid curves in Fig. 4.4 represent the normalised axial cross section of the 3D CTF

for SHG microscopy using a fibre coupler (4A1 = A2), while the dashed line depicts

the condition for A1 = 0 and A2 → ∞. For 4A1 = A2 = 0, the CTF increases linearly

up to s = 1/3, which is contributed by the constant region in Eq. 4.8. After the

maximum value at s = 1/3, the CTF decreases and finally cuts off at s = 1. When

4A1 = A2 and A1 6= 0, the strength of the CTF for s < 1/3 is enhanced while that for

s > 1/3 is reduced. It can be seen that as A1 increases, the response of the CTF at

high axial spatial frequencies becomes weaker. When eventually 4A1 = A2 → ∞, the

CTF approaches a delta function at s = 0, which means that there is no axial imaging

ability.
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Fig. 4.4: Axial cross section of the 3D CTF for fiber-optic SHG microscopy using a fibre
coupler (4A1 = A2) for different values of the normalised optical spot size parameter A1.
The dashed curve represents the case for A1 = 0 and A2 → ∞.

4.4.2 Axial resolution

To characterise axial resolution, one usually considers imaging of a perfect SHG

reflector scanning through the focus of the objective. This axial response is a measure

of axial resolution or the optical sectioning property and can be calculated using the

modulus squared of the Fourier transform of the axial cross section of the 3D CTF at

l = 0 [136,142,143]:

I(u) =
∣
∣
∣c(l = 0, u)

∣
∣
∣

2

=
∣
∣
∣

∫

c1(l, u)c2(l, u)ldl
∣
∣
∣

2

. (4.16)

Here c1(l, s) is the defocused CTF for a fibre-optic reflection-mode non-fluorescence

microscope with wavelength 2λ0, thus can be evaluated as [143]

c1(l, u) =
(

1/(A1 − iu/2)
)

exp
[

− (A1 − iu/2)l2
] ∫ π

2

0

{

1− exp
[

− (A1 − iu/2)ρ2
0

]}

dθ ,

(4.17)

where ρ0 = −l cos θ +
√

1 − l2 sin2 θ and u = (8π/λ0)z sin2(α/2). Similarly, c2(l, u)

represents the defocused CTF for a single circular lens with wavelength λ0, and is

given by [136]

c2(l, u) = exp
(

− A2

2
l2

)

exp
( i

2
ul2

)

. (4.18)
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After mathematical manipulations, such an axial response can be expressed as

I(u) =

∣
∣
∣
∣
∣

∫ 1

0

{ ∫
exp−l2[(A1 − iu/2) + (A2 − iu)/2]

A1 − iu/2
{1−exp[−ρ2

0(A1−iu/2)]}dθ
}

ldl

∣
∣
∣
∣
∣

2

.

(4.19)

In a fibre-optic SHG microscope using a fibre coupler (4A1 = A2), the normalised

intensity of the axial response for different normalised fibre spot size parameter A1 is

shown in Fig. 4.5. As we expect, the axial response becomes broader as A1 increases. It

shows that the SHG axial resolution approaches 5.57 for A1 = 0 and A2 → ∞. In this

case, Eq. 4.19 reduces to I(u) = [sin(u/4)/(u/4)]2 and is depicted as a dashed curve

in Fig. 4.5, which confirms that SHG microscopy exhibits an inherent optical section

property without necessarily using finite-sized detection. This feature also implies that

SHG microscopy has an improvement of axial resolution by 35% compared with TPEF

microscopy without any pinhole [142].
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Fig. 4.5: Normalised axial response of a perfect SHG reflector in fibre-optic SHG microscopy
using a fibre coupler (4A1 = A2) for different values of the normalised optical spot size
parameter A1. The dashed curve represents the case for A1 = 0 and A2 → ∞.

In addition, the amount of axial resolution, the half width at half maximum

(HWHM), ∆u1/2, is plotted as a function of the normalised fibre spot size parameter

A1 in Fig. 4.6(a). It confirms that the SHG axial resolution approaches 5.57 in the

case of a point source (A1 = 0) and a large-area detector (A2 → ∞). In the case of

SHG microscopy using a fibre coupler (4A1 = A2) presented in Chapter 3, the HWHM
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is approximately 4.72 for 4A1 = A2 = 0. The HWHM as a function of A1 exhibits a

linear dependence when A1 > 5.
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Fig. 4.6: (a) Half width at half maximum of the axial response, ∆u1/2, as a function of the
normalised fiber spot size parameter when 4A1 = A2 (bottom axis) and when A1 = 0 (up
axis). (b) Measured axial responses in the fibre-optic SHG microscope using a single-mode
fibre coupler for A1 = 2.0 and 8.4.

To verify the calculation results, we measure the axial responses of the fibre-optic

SHG microscope to a thin layer of AF-50 dye under the experimental conditions shown

in Fig. 3.7. The measured values of ∆u1/2 are shown as square spots in Fig. 4.6(a),

where A1 = 2.0, 4.2, 6.4, 7.3, 8.4, respectively. ∆u1/2 is derived from the axial response

based on u = (8π/λ0)z sin2(α/2). Parameter A1 is varied by using various values of the

NA of the objective to couple the SHG signal into the SMF coupler or changing the

illumination wavelength for a given objective. The experimental results further confirm
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the dependence of the axial resolution on the normalised fibre spot size parameters.

The axial responses of the fibre-optic SHG microscope are shown in Fig. 4.6(b) for A1 =

2.0 and 8.4, exhibiting axial resolution of 1.2 µm and 2.1 µm, respectively. In the case

of A1 = 2.0, the NA of the fibre is larger than the convergence angle of the illumination

on the fibre aperture, resulting in the improvement in axial resolution. Furthermore,

A1 = 6.4 and 7.3 are achieved by tuning the excitation wavelength from 860 nm to 800

nm. The corresponding axial responses have been shown in Fig. 3.11, where ∆u1/2 is

11.5 with the axial resolution of 1.83 µm at an excitation wavelength of 800 nm and

11.0 with the axial resolution of 1.89 µm at an excitation wavelength of 860 nm. The

deviations between the theory and the experimental data might be due to the presence

of spherical aberration and the finite thickness of the SHG layer. Compared with the

HWHM in fibre-optic TPEF microscopy using an SMF coupler [141], according to

Fig. 4.6(a), ∆u1/2 in fibre-optic SHG microscopy is increased by approximately 7% for

a given normalised fibre spot size A1.

4.4.3 Signal level

In Section 3.4.3, it is observed experimentally that the detected fluorescence in the

nonlinear optical microscopy using an SMF coupler is significantly depended on the

gap length, which is related to the normalised fibre spot size Aj. According to the

previous study, the 3D OTF of a fibre-optic TPEF microscope is given by [141]

C(m) = F3

{
∣
∣
∣U1(M1x,M1y) ⊗2 h1(M1r)

∣
∣
∣

4
}

⊗3 F3

{
∣
∣
∣U2

∗(M1x,M1y) ⊗2 h2(r)
∣
∣
∣

2
}

,

(4.20)

where F3 is the 3D Fourier transform with respect to rs. U1(x, y) and U2(x, y) are

the amplitude profiles on the output end of illumination fibre and the input end of

collection fibre. Here h1(r) and h2(r) are the 3D amplitude PSFs for the objective and

collection lenses. The projection of the 3D OTF in the focal plane gives rise to the 2D

in-focus OTF, which describes the image property of a thin object in the focal plane.

Therefore, for a TPEF system that uses an SMF coupler [141], the detected intensity
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of TPEF from a thin fluorescence sheet is proportional to the value of the 2D in-focus

OTF C2(l = 0) and can be expressed as

I(u = 0) = αA5
1C2(l = 0) , (4.21)

where α is a factor of normalisation and A1 is the normalised fibre spot size.

It should be noted that the excitation power from the illumination fibre is lost

by both the truncation of the finite-sized objective and the coupling of the collection

fibre. Consequently, under the Gaussian approximation for the SMF coupler, the total

fraction of the power converting from the illumination fibre to the collection fibre in a

fibre-optic TPEF microscope [138], can be described as

η =
αI(u = 0)

A1

. (4.22)

According to the Fresnel diffraction theory, the efficiency of the electric field truncation

by the objective can be derived as

η1 = 1 − exp(−A1) . (4.23)

Finally, the signal level in the fibre-optic TPEF microscope using an SMF coupler and

a GRIN lens can be expressed as [135,138]

η2 =
αA4

1C2(l = 0)

1 − exp(−A1)
. (4.24)

As has been shown in the study of the 3D OTF for fibre-optic TPEF microscopy,

C2(l = 0) decreases monotonically as A1 increases. As a result of the balance between

A4
1/[1−exp(−A1)] and C2(l = 0), the signal level given by Eq. 4.24 leads to a maximum

peak, qualitatively confirming the behaviour of Fig. 3.19.

It should be pointed out that the signal level for SHG emission in such a system can

be analysed by an equation similar to Eq. 4.24, in which C2(l = 0) should be replaced
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by the modulus squared of the 2D defocused CTF at l = 0, which is given by

c′(l = 0) =

∫

c(l = 0, s)ds . (4.25)

Therefore, the detected SHG signal as a function of the gap length should exhibit the

similar manner as shown in Fig. 3.19.

4.5 Chapter conclusions

This chapter has formalised the 3D CTF for fibre-optic SHG microscopy. Its spatial

frequency passband is identical to that for fibre-optic reflection-mode non-fluorescence

microscopy though the strength of the 3D CTF is reduced due to effects of finite-sized

fibre aperture. When the NA of the fibre is much larger than the convergence angle

of the illumination on the fibre aperture, corresponding to a normalised fibre spot

size of approximately zero, the performance of fibre-optic SHG microscopy behaves as

confocal SHG microscopy.

The axial resolution performance of a SHG microscope using an SMF coupler in

Chapter 3 has been compared through numerical analysis. It has been shown that

SHG microscopy exhibits an inherent optical section property without necessarily using

finite-sized detection. Axial resolution of the fibre-optic SHG microscopy is significantly

dependent on the normalised fibre spot size. The dependence of axial resolution on fibre

coupling parameters shows an improvement of approximately 7%, compared with that

in fibre-optic TPEF microscopy. Furthermore, the signal level in fibre-optic nonlinear

optical microscopy is qualitatively analysed to understand the experimental results and

experimental findings in Chapter 3.
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Nonlinear optical endoscopy using a

double-clad photonic crystal fibre

5.1 Introduction

In Chapter 3, a compact nonlinear optical microscope based on a single-mode fibre

(SMF) coupler and a gradient index (GRIN) lens has been achieved to replace

complicated bulk optics. The imaging system exhibits a great mechanical flexibility and

a compact size, which are desirable for in vivo biomedical applications. Furthermore,

the ability of the fibre coupler to preserve the linear polarisation of light enables second

harmonic generation (SHG) anisotropy measurement to extract molecular orientations

of samples. To further extend applications of such an imaging tool, efficient collections

of weak two-photon excited fluorescence (TPEF) and SHG are required. Although

SMFs can deliver a high quality laser beam and provide an enhanced sectioning

capability due to the effective pinhole effect compared with multimode fibres or fibre

bundles, the lower numerical aperture (NA) and the finite core size of an SMF give

rise to a restricted sensitivity of a nonlinear optical microscope system. Therefore, it is

essential to construct a high performance fibre-optic nonlinear optical microscope that

can collect images efficiently and maintain the flexibility as well.
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As we have seen in Section 2.4, the emergency of photonic crystal fibres (PCFs)

has been a renaissance of fundamental research and development on optical fibres.

Double-clad PCFs originally developed for fibre lasers have attracted the research

in the fields of biosensing and endoscopy for improvement in signal level due to its

unique properties of the single-mode central core and the high NA multimode inner

cladding. However, as we have mentioned in Section 2.4.3, the prior studies [116, 119]

regarding the double-clad PCF are not necessarily applicable in three-dimensional (3D)

nonlinear optical microscopy for the following reasons. First, no imaging objective has

been used and thus the previous results do not hold for imaging a thick sample, in

which an optical sectioning property provided by an objective is necessary. Second,

no measurement has been conducted for SHG that is a coherent signal rather than an

incoherent signal such as TPEF. Third, due to the different NA of the central core and

the inner cladding at different wavelengths, optimising excitation delivery and emission

collection with an objective for TPEF and SHG are different. To adopt a double-clad

PCF in nonlinear optical microscopy, accurate insight into nonlinear optical imaging

performance combining double-clad PCFs is required.

In this chapter, the design and characterisation of a nonlinear optical endoscope that

implements a double-clad PCF, a microelectromechanical system (MEMS) mirror and

a GRIN lens are presented. Excitation and emission beams are guided by a double-

clad PCF that exhibits two efficient transmission paths for excitation and emission

wavelengths and the beams are manipulated by a MEMS mirror to form an image. The

effectiveness of a double-clad PCF for TPEF and SHG microscopy is experimentally

investigated. In particular, the signal collection efficiency in several geometries of

nonlinear optical microscopy using the double-clad PCF is compared with that in

their counterparts based on an SMF. Potential applications of such a nonlinear optical

endoscope are approved by a variety of tissue imaging.

This chapter is organised as follows. Section 5.2 presents the propagation properties

of the double-clad PCF characterised by the coupling efficiency, the output pattern,

and the polarisation preservation. Based on these characterisation results, a nonlinear
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optical microscope using the double-clad PCF is constructed in Section 5.3. The

investigation into the enhancement of both TPEF and SHG signal levels is carried

out. In Section 5.4, nonlinear optical endoscopy based on the double-clad PCF, a

MEMS mirror and a GRIN lens is demonstrated. A particular attention is given to the

axial resolution and signal level performance of the system after a GRIN lens and a

MEMS mirror are integrated into the imaging system. The usefulness of the endoscope

is demonstrated through various tissue imaging experiments described in Section 5.5,

including gastrointestinal tract, oral cavity, and cancer tissues. A chapter conclusion

is drawn in Section 5.6.

5.2 Characterisation of double-clad PCFs

5.2.1 Coupling efficiency

The double-clad PCF we have proposed is shown in Fig. 5.1. This fibre is originally

designed for multimode pumping in the inner cladding and single-mode emission

through the core doped with Yb [117, 118]. Based on our requirement, the doped

elements in the core have been removed to produce a passive double-clad PCF for the

nonlinear optical imaging. In this way, the fibre is designed to confine near infrared

light in the central core as a single transverse mode and confine visible light in the

multimode inner cladding. It can be useful for simultaneous nonlinear excitation and

signal collection. Furthermore, the NA of the inner cladding produced by the PCF

technology is higher than that provided by any other fibre fabrication technology.

Hybrid of the single-mode operation in the near infrared wavelength range and the

multimode guidance in the visible wavelength range with a high NA in a single fibre

can only be offered by PCFs. This is the concept of double-clad PCFs applied to

nonlinear optical microscopy in this thesis.

This conceptual double-clad PCF was successfully fabricated by Crystal fibre A/S.

The double-clad PCF has a core diameter of 20 µm (i.e. a 17 µm mode field diameter at
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wavelength 780 nm), an inner cladding with a diameter of 165 µm and an NA of 0.6 at

wavelength 800 nm. The fibre core is surrounded by air holes with a hole to hole pitch

ratio of 0.26. Within the outer cladding region of 340 µm in diameter, a ring of air holes

is used to efficiently guide and collect light in the pure silica multimode inner cladding.

The background propagation losses are as low as 10 dB/Km at wavelength 800 nm.

It should be pointed out that compared with the double-clad fibre used for spectrally

encoded endoscopy [116] and the double-clad PCF for TPEF biosensing [119,120], the

size of both core and inner cladding of our fibre is three times larger. Therefore, it gives

rise to a further reduced SPM effect and more efficient collection of nonlinear signals.

air holes

Fig. 5.1: Scanning electron microscopy image of the double-clad PCF used for nonlinear
optical microscopy.

As the double-clad PCF in a nonlinear optical microscope is used to deliver a

near infrared excitation laser beam and collect nonlinear optical signals in the visible

range, it is important to understand the properties of the fibre under various operating

conditions. Using the experimental method that has been described in Section 3.2.1,

we firstly measure the coupling efficiency and the mode profile of the double-clad

PCF in the spectral window of nonlinear optical imaging. Fig. 5.2 shows the coupling

efficiency of the fibre for the three given values of the NA of the coupling objectives

over the wavelength range between 410 and 870 nm. Moreover, the output patterns

of the fibre at different wavelengths are depicted in Fig. 5.3(a)-(f). The correlation of

the fibre structure and the mode profile (Fig. 5.3(g)) shows that the double-clad PCF

offers the robust single-mode guidance of near infrared light in the central core and the
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Fig. 5.2: Coupling efficiency of the double-clad PCF in the wavelength range of 410 – 780
nm for three values of the NA (0.07, 0.25 and 0.65) of coupling objectives.
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Fig. 5.3: Mode profiles in the double-clad PCF. (a)-(f) Digital camera photograph of
the output pattern from the double-clad PCF between wavelengths 410 and 800 nm. A
microscope objective with 0.07 NA is used for coupling. (g) Overlay of the scanning electron
microscopy image and the output pattern at wavelength 800 nm. (h) Gaussian fit of an
intensity profile at the output of the fibre.
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efficient propagation of visible light within the multimode inner cladding. Fig. 5.3(h)

illustrates an intensity profile across the output pattern of the fibre at wavelength 800

nm (Fig. 5.3(f)). In spite of the leakage from the core to the inner cladding and a

triangular shape of the fibre core, the beam profile of the central core has a nearly

Gaussian intensity distribution, indicating the single-mode operation in the fibre core

at a near infrared wavelength.

A coupling efficiency of over 80% with a maximum of approximately 90% in the

wavelength range of 410 – 870 nm is achievable, if the NA of coupling objectives is 0.07

or 0.25 to match the low NA of the central core. However, there is a 20% degradation

in the coupling efficiency by using the coupling objective with an NA of 0.65 due to the

mode leakage in the inner cladding. It is found that approximately 28% of the output

power from the double-clad PCF is guided in the central core at wavelength 800 nm

when a coupling objective of NA 0.07 is used, whereas only 10% and 8% are in the core

for a coupling objective of NA 0.25 and NA 0.65, respectively. Consequently, the use of

a coupling objective with an NA of 0.07 can optimise the coupling efficiency in both the

near infrared and the visible wavelength ranges. In particular, the coupling efficiency

in the visible wavelength range is approximately twice higher than that obtained with

the SMF coupler (see Fig. 3.4). These results confirm that the double-clad PCF can

lead to the collection improvement for TPEF and SHG imaging.

5.2.2 Degree of polarisation

To demonstrate the feasibility of the double-clad PCF for SHG anisotropy measure-

ment, the investigation of polarisation characteristics of the fibre has been carried

out. It is found from our measurement that the degree of polarisation of the output

laser beam at wavelength 800 nm (Fig. 5.4(a)) is approximately 0.31. However,

the degree of polarisation in the central core (Fig. 5.4(b)) is approximately 0.84,

demonstrating that the linear polarisation state is almost preserved in the core of

the double-clad PCF at given incident polarisation angles. This result indicates that
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a linearly polarised excitation beam can be delivered through the fibre core for SHG

anisotropy measurement. It should be noted that the double-clad PCF does not provide

a degree of polarisation of approximately 1, as has been demonstrated in an SMF

coupler (Section 3.2.3). It may be caused by the depolarisation effect of the large

core area and the microstructures in the inner cladding. Further investigation of SHG

anisotropy measurement based on the double-clad PCF will be presented in Section

5.3.5.
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Fig. 5.4: Degree of polarisation of the laser beam delivered by (a) the core/inner cladding
region and (b) the central core of the double-clad PCF as a function of the linear polarisation
angle of the incident beam at wavelength 800 nm.

5.3 A nonlinear optical microscope based on double-

clad PCFs

5.3.1 Experimental arrangement

To investigate the imaging performance of the double-clad PCF, we construct a

nonlinear optical imaging system as shown in Fig. 5.5 [121]. A laser beam generated

from a Ti:Sapphire laser (Spectra Physics, Mai Tai) with a repetition rate of 80 MHz

and a pulse width of approximately 80 fs is coupled through an iris diaphragm and

a microscope objective O1 (0.65 NA, 40×) into the double-clad PCF with a length
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of approximately 1 meter. The size of the iris diaphragm is adjusted to achieve the

maximum laser power guided in the central core. The output beam from the fibre

is collimated by the objective O2 of NA 0.07 before being launched into the imaging

objective O3 (0.85 NA, 40×). The coupling efficiency of the excitation laser beam to

the double-clad PCF is approximately 88%, in which case 38% of the power after the

objective O2 is delivered by the central core. The backward nonlinear signal via the

PCF is collected by objective O1 to match the high NA of the PCF inner cladding.

As we have pointed out in Section 5.2.1, the choice of a low NA objective O2 and a

high NA objective O1 maximises the collection efficiency of the nonlinear signals. A

dichroic mirror (DCM) reflects the TPEF and SHG signals, which are further filtered

by a bandpass filter (BF) and focused onto a photomultiplier tube (PMT).

Ti:Sapphire
Laser

ND

P
M

T

Iris DCM O1

Lens
Double-clad

PCFBF
O2

O3

Sample

Fig. 5.5: Schematic diagram of the nonlinear optical microscope based on a double-clad PCF.
O1: 0.65 NA 40× microscope objective, O2: 0.07 NA 4× microscope objective, O3: 0.85 NA
40× imaging objective, ND: Neutral density filter, BF: Bandpss filter, DCM: Dichroic mirror.

5.3.2 Axial resolution

According to microscopic imaging theory, pinhole size has a significant influence

on axial resolution in the imaging system [136]. In Section 3.3.3, the capability

of 3D spatial resolution of both TPEF and SHG using an SMF coupler has been

demonstrated. It has been concluded that SHG axial resolution exhibits a slight

improvement compared with TPEF axial resolution. Since the fibre tip is analogous

to a conventional confocal pinhole in fibre-optic microscopy and the physical structure

of the double-clad PCF is fundamentally different from an SMF, an investigation into
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the axial resolution performance of nonlinear optical microscopy using the double-clad

PCF is required.

To investigate this property, the axial response of the system is measured by

scanning a thin layer of AF-50 dye in the z direction. The result is shown in Fig. 5.6,

where the full width at half maximum (FWHM) of the axial responses of TPEF and

SHG at an excitation wavelength of 800 nm is 2.8 µm and 2.5 µm, respectively,

obtained by placing a 510/20 nm bandpass filter or a 400/9 nm bandpass filter before

the PMT. It reveals a degradation of axial resolution of approximately 33% in the

double-clad PCF-based microscope, compared with that in a microscope using an

SMF coupler. This may result from the centrally localised light distribution before

the imaging objective (see the inset of Fig. 5.6), which effectively decreases the NA

of the imaging objective, and the large area of the inner cladding, which effectively

increases the pinhole size. Furthermore, in both microscopy using an SMF and a

double-clad PCF, a slight enhancement of SHG axial resolution has been shown due

to its shorter wavelength [136].
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Fig. 5.6: Axial responses of the TPEF and SHG signals from a thin layer of AF-50 dye at an
excitation wavelength of 800 nm in a microscope using a double-clad PCF. The inset shows
the photograph of the beam profile on the back aperture of the imaging objective. The power
on the sample is approximately 1.5 mW.

It should be pointed out that the laser beam from the inner cladding experiences

a stronger effect of waveguide dispersion than that from the central core. As a result,
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Fig. 5.7: (a)-(b) Schematic diagrams show the laser beam coupled to the core of the double-
clad PCF and the output pattern after the fibre. (c) Axial responses for TPEF in the case of
the well-coupled illumination in the central core and the decoupled illumination in the inner
cladding of the fibre. (d)-(e) Schematic diagrams shows the laser beam decoupled to the fibre
core and the output pattern after the fibre.

the ultrashort pulses delivered outside the central core should be broadened to a larger

time scale. This feature is confirmed by the experimental investigation of the TPEF

axial response depicted in Fig. 5.7. When the excitation beam is well-coupled in the

central core (Figs. 5.7(a) and (b)), a centrally localised distribution of excitation beam

(the inset of Fig. 5.6) can be observed before the imaging objective. The TPEF axial

response to the thin layer of AF-50 in this case is recorded (see the solid curve in

Fig. 5.7(c)). However when the excitation beam is decoupled transversely into the

inner cladding (Figs. 5.7(d) and (e)), the output power from the fibre is similar, but

the peak intensity of the TPEF axial response (see the dashed curve in Fig. 5.7(c))

is decreased by a factor of approximately 39 compared with the well-coupled case.

This result indicates that the laser beam delivered outside the central core contributes

little to the nonlinear excitation. Furthermore, the fibre core should have the similar

dispersion property as the silica material has, enabling the delivery of ultrashort pulses

for nonlinear optical processes.
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5.3.3 Improvement of signal level

As highlighted in Section 2.4.3, the double-clad PCF having large size and NA can lead

to a significant improvement in the signal level of the imaging system. To investigate

the signal level of the double-clad PCF-based nonlinear microscope, we compare the

strength of the axial responses of TPEF and SHG from the double-clad PCF and a

standard SMF (Newport, F-SBA). The fused-silica SMF has an operation wavelength

of 820 nm, a core/cladding diameter ratio of approximately 4/125 and NA 0.16. The

coupling efficiency of the SMF of a 1-m length is approximately 30% at wavelength

800 nm. The FWHM of the axial response with the two types of the fibres is kept

the same for a given excitation power. Although an alternative comparison could be

performed based on the given pulsewidth on the sample, our treatment is of importance

in practical imaging when the excitation power from laser is given.

The TPEF and SHG axial responses of the system using the double-clad PCF and

a standard SMF are shown in Figs. 5.8(a)-(d), respectively, where the excitation power

before the imaging objective O3 is varied but the gain of the PMT is identical. The

intensity of nonlinear signals detected by the PMT is not normalised. Based on these

results, the peak intensity of the axial responses from the two fibres as a function of the

power before the imaging objective is shown in Fig. 5.8(e) on a log-log scale. The slope

of two demonstrates the quadratic dependence of the TPEF and SHG intensity on the

excitation power. It is clearly observed that the detected intensity of the nonlinear

signals from the double-clad PCF is approximately 6.8 times stronger than that from

the SMF in the case of the same excitation power delivered to the sample. As a result, if

one considers that the excitation beams in the central core of the two types of the fibres

actually result in the nonlinear process, an enhancement of approximately 40 times in

the nonlinear signal intensity detected through the double-clad PCF is achieved.

It should be emphasised that Fig. 5.8 is physically different from previous

studies [116,119,120], in which no imaging objective was used and the imaging system

cannot be used for 3D nonlinear optical imaging. Fig. 5.8(e) is measured from the peak

101



Chapter 5

0 10 20 30
0

2

4

6

8

10

Axial position ( m)

T
P

E
F

 i
n
te

n
s
it
y
 (

a
.u

.)

a

b

c

e

d

0 10 20 30
0

1

2

3

4

5

S
H

G
 i
n
te

n
s
it
y
 (

a
.u

.)

a

b

c

d

e

f

g

a  1.5 mW
b  1.2 mW
c  0.9 mW
d  0.6 mW
e  0.3 mW

0 10 20 30
0

0.5

1

1.5
a

b

c

d

e

a  1.5 mW
b  1.2 mW
c  0.9 mW
d  0.6 mW
e  0.3 mW

Axial position ( m)

a  2.0 mW
b  1.8 mW
c  1.5 mW
d  1.2 mW
e  0.9 mW
f   0.6 mW
g  0.3 mW

Axial position ( m)

0 10 20 30
0

0.2

0.4

0.6

0.8

S
H

G
 i
n
te

n
s
it
y
 (

a
.u

.)

Axial position ( m)

a

b

c

d

e

f
g

a  2.0 mW
b  1.8 mW
c  1.5 mW
d  1.2 mW
e  0.9 mW
f   0.6 mW
g  0.3 mW

-1.2 -0.8 -0.4 0 0.4
-4

-3

-2

-1

0

1

2

3

Log [Input power before objective (mW)]

L
o
g
 [
In

te
n
s
it
y
 (

a
.u

.)
]

PCF-TPEF

SMF-TPEF

SMF-SHG

PCF-SHG

(a) (b)

(c) (d)

(e)

PCF-TPEF SMF-TPEF

PCF-SHG SMF-SHG

T
P

E
F

 i
n
te

n
s
it
y
 (

a
.u

.)

Fig. 5.8: (a)-(d) Sets of TPEF and SHG axial responses in the nonlinear optical microscope
using a double-clad PCF and a standard SMF. (e) Detected intensity of TPEF and SHG from
the double-clad PCF-based microscope and a standard SMF-based microscope as a function
of the power before the imaging objective.
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intensity of the axial responses and is thus applicable for imaging a thick sample when

an optical sectioning property is critical. This result also reveals that double-clad PCFs

can support efficient propagation for the incoherent TPEF signal as well the coherent

SHG signal.

To further confirm the enhancement of the 3D imaging efficiency by using double-

clad PCFs, SHG optical sections are collected from a scale of black tetra fish with the

PCF-based microscope and the SMF-coupler-based microscope, which are shown in

Figs. 5.9(a) and (b), respectively. Fig. 5.9(a) is obtained with an illumination power of

3.4 mW from the central core and a PMT voltage of 670 V, while Fig. 5.9(b) is with 15

mW and 815 V, respectively. If a comparison is drawn between Figs. 5.9(a) and (b) by

considering the NA and magnitude of the temporal broadening in two cases, the signal

level of the PCF-based microscope system is increased by a factor of approximately 65.

(a) (b)

Fig. 5.9: SHG images from a scale of black tetra fish with (a) a PCF-based microscope and
(b) an SMF-coupler-based microscope. Scale bars represent 10 µm.

5.3.4 Nonlinear optical imaging

The 3D imaging capability of the nonlinear optical microscope using a double-clad

PCF is demonstrated through a series of imaging experiments. First, a scale of black

tetra fish is imaged in order to make a direct comparison with those images obtained

with an SMF coupler system (Fig. 3.15 and Fig. 5.9(b)). The result is shown in

Fig. 5.10(a), where a series of SHG sections taken at a 2 µm depth step into the fish

scale are depicted. Second, the feasibility of the system for biomedical study is shown in

Fig. 5.10(b), which displays a series of SHG images of rat tail tendon with a 2 µm depth
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step. The tendon is obtained from an 8-weeks old Sprague-Dawley rat tail, attached to

the coverslip directly, and imaged within 2 hours after extraction. The image sections

in Fig. 5.10(b) clearly resolve the morphology of mature, well-organised collage fibrils

even at an imaging depth of 20 µm, showing the pronounced optical sectioning property

of the system. The result implies that the efficient PCF-based nonlinear microscope can

be a potential tool for direct visualisation of collagen-related diseases. Furthermore,

both image sets exhibit high contrast and significantly improved signal level of the

system as a result of the efficient signal collection through the double-clad PCF.

1 2 3

4 5 6

7 8 9

(a)

1 2 3

4 5 6

7 8 9

(b)

Fig. 5.10: Series of SHG imaging sections from (a) a fish scale and (b) a rat tail tendon in the
nonlinear optical microscope using a double-clad PCF. The image section spacing is 2 µm.
The excitation power in the fiber core is approximately 4 mW for (a) and 5 mW for (b). The
scale bars represent 10 µm.

5.3.5 SHG polarisation anisotropy

In Section 4.2.2, it has been shown that a degree of polarisation of 0.84 can be preserved

in the central core of the double-clad PCF. Under the experimental condition where the

linearly ploarised light for excitation is delivered by the fibre core, SHG polarisation

anisotropy measurements in microscopy using a double-clad PCF are shown in Fig.

5.11. For both fish scale and rat tail tendon, SHG images are obtained in the cases of

no analyser before PMT and orthogonal polarisation orientations of the analyser. It is
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found that SHG signals from the two well-ordered samples experience depolarisation

through the double-clad PCF, because the minimum SHG intensity after the analyser

is approximately 0.65 time of the maximum intensity. This result implies that photonic

crystal structures in the inner cladding of the fibre result in significant depolarisation

effect over the near infrared and the visible wavelength ranges. Therefore, the

development of a polarisation-maintained double-clad PCF would benefit the SHG

polarisation anisotropy measurement in nonlinear optical microscopy.

(a)

(b)

No analyser

No analyser

Fig. 5.11: SHG polarisation anisotropy measurements with (a) a fish scale and (b) rat tail
tendon in a nonlinear optical microscope using a double-clad PCF. Each set of SHG images
is obtained without an analyser or with orthogonal polarisation orientations of the analyser.
Scale bars are 10 µm.

5.4 A nonlinear optical endoscope based on a double-

clad PCF and a MEMS mirror

5.4.1 Endoscope design

In Section 5.3, the enhancement of the collection efficiency and the 3D high-resolution

imaging ability of a double-clad PCF have been demonstrated. However, the geometry

presented in Section 5.3 is still based on bulk optical components. This fact limits the
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in vivo applications of the system in terms of its practicability. To develop a nonlinear

optical endoscope, a compact scanning mechanism and a miniaturised objective should

be integrated into the imaging system. As a result, we design an ultra-small probe

head for nonlinear optical imaging, as shown in Fig. 5.12 [32].

Ti:Sapphire
Laser

ND

PMT

Iris

DCM CO

LensBF

MEMS
mirror

GRIN lens

Wire

Double-clad PCF

Sample

3mm

Wire

Prechirp unit

Fig. 5.12: Schematic diagram of the nonlinear optical endoscope based on a double-clad PCF,
a MEMS mirror, and a GRIN lens. CO: 0.65 NA 40× microscope objective.

A laser beam generated from a Ti:Sapphire laser (Spectra Physics, Mai Tai) with

a repetition rate of 80 MHz and a pulsewidth of approximately 80 fs is negatively

prechirped by a pair of gratings, which act as a prechirp unit (Newport, 1200

grooves/mm, 28.7◦ blaze angle), before coupled through an iris diaphragm, a dichroic

mirror (DCM), and a microscope objective CO (0.65 NA, 40×) into the double-clad

PCF. This PCF plays a dual role to offer the robust single-mode guidance of the near

infrared light in the central core and the efficient propagation of the visible light within

the multimode inner cladding. The excitation laser beam coupled from the fibre is

reflected and scanned by a MEMS mirror, and then focused onto a sample through a

GRIN lens. The backscattering nonlinear signals propagated through fibre are collected

by a photomultiplier tube (PMT) via the DCM and a bandpass filter (BF). It should

be pointed out that a single GRIN lens is chosen in the design in order to achieve

the greatest flexibility and minimise the aberration and the SPM effect occur in the

probe. As a consequence, the endoscope head of the nonlinear optical imaging system

is approximately 3 mm in diameter, equipped with the MEMS mirror and the GRIN

lens.
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5.4.2 Axial resolution and signal level

Similar to the characterisation we have used in Sections 3.3.3 and 5.3.2, we measure

axial responses of the system by scanning a thin layer of AF-50 dye in the z direction

to estimate axial resolution of the endoscope. As we have pointed out in Section 3.4.3,

axial resolution and signal level of the system vary as a function of the gap length

between the fibre and the back surface of the GRIN lens. To investigate these effects

in the system based on a double-clad PCF and a GRIN lens, two 0.2 pitch GRIN

lenses (810 nm, 0.5 NA) with diameters of 0.5 mm and 1 mm (GRINTECH) are used

to characterise the performance of TPEF axial resolution and signal level, which are

shown in Figs. 5.13(a) and (b), respectively.
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Fig. 5.13: Detected intensity and axial resolution of two-photon fluorescence as a function of
the gap length between the double-clad PCF and a GRIN lens: (a) a GRIN lens of 0.5 mm
diameter and (b) a GRIN lens of 1 mm diameter. Both GRIN lenses have a pitch of 0.2 at
810 nm.

For both GRIN lenses, the dependence of axial resolution on the gap length exhibits

a similar manner as that has been shown in a system using an SMF coupler and a

GRIN lens (Fig. 3.18(a)). However, the collected signals through the GRIN lens and

the double-clad PCF are more efficient, and therefore do not exhibit significant decrease

as the gap length increases. As a result, the system does not show the trade-off feature

and simultaneous optimisations of axial resolution and signal level can be obtained by

use of double-clad PCFs. In contrast, the optimisations of axial resolution and signal

level have to be achieved at different gap lengths in the system based on an SMF

coupler and a GRIN lens. This is due to the fact the double-clad PCF has the high
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NA and the large core diameter, which are not sensitive to the coupling alignment and

aberrations for a given GRIN lens (see Fig. 5.7).

When the gap length is approximately 5 mm to fulfill the back surface of the 0.5

mm-diameter GRIN lens, the optimised axial resolution of TPEF and SHG at an

excitation wavelength of 800 nm for the system is approximately 6 mm and 5.4 mm,

respectively, depicted in Fig. 5.14(a). In this case, lateral resolution for nonlinear

optical imaging is approximately 1 µm and the working distance is approximately

150 µm. The dependence of the peak intensity of TPEF and SHG axial responses

on the excitation power on a log-log scale is illustrated in Fig. 5.14(b), demonstrating

the quadratic dependence of the nonlinear optical signals and the efficient propagation

through the double-clad PCF.
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Fig. 5.14: (a) Axial responses of TPEF and SHG in a nonlinear optical microscope using a
double-clad PCF and a GRIN lens. (b) Quadratic dependence of TPEF and SHG intensity
on the excitation power. The 0.2 pitch GRIN lens has a diameter of 0.5 mm and an NA of
0.5. The excitation wavelength is 800 nm.

To further confirm the high spatial resolution and the enhancement of signal level

of the system, a direct comparison is made based on the TPEF images of 10 µm

microspheres (Polysciences, Fluoresbrite) obtained from the PCF-GRIN lens-based

system and the SMF coupler-GRIN lens-based system (Fig. 5.15). In both geometries,

the gap length between the fibre and the GRIN lens is set to obtain the maximum

detected signal. After the normalisations of the excitation power and the gain of the

PMT, it is found that optimised signal level of the endoscope using a double-clad PCF

is approximately 160 times higher than that of the SMF coupler-based endoscope.
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Additionally, when the grating pair in the prechirp unit has a diffraction angle of

approximately 15◦ and a distance of approximately 1.2 cm for a 1-meter double-clad

PCF, the signal level in the PCF-based system can be further increased by one order of

magnitude as a result of the group-velocity dispersion compensation through the fibre.

(b)(a)

Fig. 5.15: TPEF images obtained from two geometries of fibre-optic nonlinear microscopes:
(a) using a double-clad PCF and a GRIN lens (1mm diameter, 0.2 pitch, 0.5 NA) and (b)
using an SMF coupler and a GRIN lens (1 mm diameter, 0.25 pitch, 0.46 NA). Scale bars
represent 10 µm.

5.4.3 Effect of a GRIN lens

To prove the effectiveness of a single GRIN lens for tissue imaging in endoscopy,

several imaging experiments using a double-clad PCF, a GRIN lens (0.2 pitch, 0.5

mm diameter, 0.5 NA) and a 2D scanning stage are conducted. Fig. 5.16 is a series

of SHG sections of rat tail tendon with a 5 µm depth step. Compared with the SHG

images of rat tail tendon obtained with a bulk imaging objective (Fig. 5.10(b)), images

acquired with a single GRIN lens still remain high contrast and pronounced optical

sectioning. Fig. 5.17 is a series of combined sections of TPEF and SHG from rat

esophagus tissue at an excitation wavelength of 800 nm, where Acridine Orange (1%,

Sigma) is used to label nucleic acids to give TPEF contrast. Only SHG signals from

connective tissue can be observed to exhibit the morphology of the microstructures.

In vitro SHG images from rat stomach tissue are shown in Fig. 5.18, where the rat

stomach tissue is imaged directly after dissection without any stain. These image stacks

show that SHG signals originating from collagen are detectable using the double-clad
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Fig. 5.16: A series of SHG images of rat tail tendon obtained by nonlinear optical microscopy
using a double-clad PCF and a GRIN lens. Each section has a lateral dimension of 150 µm
× 150 µm and is recorded at an axial step of 5 µm into the sample.
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Fig. 5.17: A series of nonlinear optical images of the rat esophagus tissue stained with Acridine
Orange in a system using a double-clad PCF and a GRIN lens. TPEF (red) and SHG (green)
visualise cell nuclei and connective tissue, respectively. Each section has a lateral dimension
of 100 µm × 100 µm and is recorded at an axial step of 5 µm into the sample. The excitation
power on the sample resulting in TPEF and SHG signals is 10 mW and 25 mW, respectively.
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Fig. 5.18: A series of in vitro SHG images of connective tissues in rat stomach obtained by
nonlinear optical microscopy using a double-clad PCF and a GRIN lens. Each section has
a lateral dimension of 180 µm × 180 µm and is recorded at an axial step of 5 µm into the
sample.

PCF and the GRIN lens, demonstrating the potential of this imaging tool in diagnosis

of collagen-related diseases.

5.4.4 Feasibility of a MEMS mirror

The nonlinear optical images presented in previous sections are two-dimensionally

scanned by a bulk scanning stage. In order to integrate a MEMS mirror into nonlinear

optical endoscopy, it is important to investigate the imaging performance of a MEMS

mirror under the illumination of femtosecond pulses. The feasibility of a MEMS mirror

for nonlinear optical endoscopy is first characterised by the integration of a 1D MEMS

mirror, a double-clad PCF, and a GRIN lens. The MEMS mirror we used was designed

and fabricated in Prof. H. Xie’s group [146] and is shown in Fig. 5.19. The mirror is

based on electrothermal bimorph actuation and thus can achieve large rotation angles

at low driving voltages. The mirror plate is 1 mm by 1 mm in size, coated with

aluminium for broadband high reflectivity. The mirror surface is flat due to a thick

single-crystal silicon layer underneath. The radius of curvature of the mirror surface

is about 0.5 m. It has a resonance frequency of 165 Hz, exceeding the scanning speed
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and angle requirements for most endoscopic applications. The excitation laser beam

coupled from the double-clad PCF is reflected and scanned one-dimensionally by the

MEMS mirror and focused onto the sample through the GRIN lens. In order to achieve

a smooth line scanning, the mirror scans at a frequency of 1 Hz in our experiment.

Fig. 5.19: Scanning electron microscopy image of a 1D MEMS mirror used for nonlinear
optical endoscopy [146].

Fig. 5.20(a) illustrates a series of SHG line profiles from rat tail tendon with a depth

spacing of 10 µm. In this case, a 0.2 pitch GRIN lens having a diameter of 1 mm is

used and the field of view on the sample is approximately 35 µm that corresponds to

an optical scanning angle of approximately 6 degrees of the MEMS mirror. Only 5 V is

needed to obtain a 6-degree rotation. In our experiments, as the laser beam is scanned

at the back surface of the GRIN lens, the GRIN lens is underfilled and results in axial

resolution of approximately 10 µm. The performance of the system (optical sectioning

ability and signal level) is consistent with that in a system using a bulk scanning

stage presented in Section 5.4.3. Further, a SHG line profile from the rat esophagus

tissue is shown in Fig. 5.20(b). The rat esophagus is removed from a euthanized

rat, immersed in Hank’s balanced salt solution (no phenol red) and imaged directly

without any staining. The excitation power on the sample resulting in SHG signals

is approximately 30 mW. Fig. 5.20(b) confirms that the nonlinear optical endoscope

probe based on the double-clad PCF, the GRIN lens and the MEMS mirror enables rat

esophagus imaging in vitro. Using a MEMS mirror as the scanning unit and a GRIN

lens to produce a fast scanning focal spot offers a great potential to develop a compact
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nonlinear optical endoscope probe for in vivo applications.
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Fig. 5.20: (a) A series of SHG line profiles taken at a 10 µm step into rat tail tendon and
(b) A SHG line profile from unstained rat esophagus tissue obtained with a nonlinear optical
endoscope using a double-clad PCF, a 1D MEMS mirror, and a GRIN lens.

5.4.5 2D Endoscopic imaging

Since the feasibility of a MEMS mirror for nonlinear optical endoscopy has been

demonstrated, it is necessary to integrate a 2D MEMS mirror into the system in

order to achieve 3D endoscopic nonlinear optical imaging and realise this practical

instrument. Various single-crystal-silicon-based 2D micromirror devices have been

reported for biomedical applications [95,99]. Most of these optical scanners require high

actuation voltages for large rotation angles due to their use of electrostatic actuation.

However, optical scanners needed by endoscopic biomedical imaging applications are

required to scan large optical angles with a high scanning speed, but at low driving

voltages [147]. The 2D MEMS mirror based on electrothermal actuation can perform

large bi-directional 2D optical scans over ±30◦ at less than 12Vdc [147]. Fig. 5.21 is

the scanning electron microscopy image of the 2D MEMS mirror fabricated by Prof.

H. Xie’s group and used for our nonlinear optical endoscope. The aluminum-coated

mirror plate is 0.5 mm by 0.5 mm in size [147]. Furthermore, the small initial tilt angle

of the mirror simplifies the endoscope design and packaging.

Line scans can be obtained by applying dc voltages on each actuator individually.

We choose two actuators as slow and fast scanning axises for 2D image formation. The
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Fig. 5.21: Scanning electron microscopy image of a 2D MEMS mirror in a nonlinear optical
endoscope [147].

corresponding optical scanning angle versus actuation-voltage characteristics for the

two actuators are shown in Fig. 5.22(a). It can be observed that the optical scanning

angles have a linear dependence on the actuation voltage in the range between 2.5 and

7.5 Vdc.
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Fig. 5.22: Performance of a 2D MEMS mirror in a nonlinear optical endoscope. (a) Optical
scanning angle of slow and fast axises as a function of the applied voltage. (b) A 2D raster
scanning pattern generated by the MEMS mirror.

However, the difficulty in driving a MEMS mirror for smooth scanning is that

any sudden alteration of the applied voltage on actuators will cause damage or

irregular scanning patterns. The problem is solved by the design of a special ramp

waveform to increase or decrease the actuation voltage gradually. A 2D raster scanning

pattern generated by this MEMS mirror is shown in Fig 5.22(b). Two actuators are

synchronised and excited to create their linear angular displacement by applying driving
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voltages based on the designed ramp waveform. The 20 parallel lines in the raster

scanning pattern cover optical scanning angles of approximately 10◦ for both fast and

slow axises. In the 2D scanning pattern, the deviation of the line scan from its primary

axis is caused by thermal coupling between the actuators. Images are reconstructed

bases on the parallelogram angular area. It should be pointed out that the low driving

voltage, the simple structure, and ruggedness to operation make the 2D MEMS mirror

suitable for the endoscopic system and safe for clinical applications.

The capability of 2D MEMS mirror for nonlinear optical endoscopic imaging

is demonstrated by the TPEF image (Fig. 5.23) with 10 µm diameter fluorescent

microspheres. It shows that the 2D MEMS mirror enables the efficient delivery of

the light beam over the broadband wavelength range and the smooth response for

image acquisition. In this case, a GRIN lens with a large diameter (Melles Griot, 1.8-

mm-diameter, 0.6 NA, 0.23 pitch) is used to produce a field of view up to 150 µm. The

performance of the system is also confirmed by the comparison between this image and

the TPEF image (Fig. 5.15(b)) obtained from a system based on an SMF coupler, a

GRIN lens and a bulk scanning stage. It also should be pointed out that the signal

level of the nonlinear optical endoscope is approximately 120 times higher than the

microscope system using an SMF coupler and a bulk scanning mechanism.

Fig. 5.23: TPEF images of fluorescence microspheres using nonlinear optical endoscopy based
on a double-clad PCF, a GRIN lens, and a MEMS mirror. The power resulting in fluorescence
excitation is approximately 1.8 mW and the scanning rate of the mirror is 7 lines/second.
The scale bar represents 10 µm.
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5.5 3D Tissue imaging

There are a number of potential applications for the nonlinear optical endoscope we

have developed. Since the majority of cancers are epithelial tissues in origin, we have

focused our efforts on imaging of epithelia tissues. All experiments are approved by

the University Animal Experimentation Ethics Committee. The excitation power is

approximately 40 mW at 800 nm. Based on the GRIN lens (Melles Griot, 1.8-mm-

diameter, 0.6 NA, 0.23 pitch) and the MEMS mirror (actuation voltages of 2.5 – 7 V

on the fast axis and 3 – 6.9 V on the slow axis, the scanning rate of 7 lines/second),

the imaging field of view is approximately 140 µm × 100 µm.

Epithelial pre-cancers and cancers are associated with morphological and functional

alterations of cells, normally assessed by invasive biopsy. Due to the unique features

of nonlinear optical imaging, the use of nonlinear optical endoscopy in the normal

endoscopic procedure has the following advantages: 1) Combined with the macroscopic

imaging capability of an endoscope, nonlinear optical microscopy provides microscopic

imaging to identify metaplasia or flat lesions that are not easily resolved by traditional

endoscopy. 2) The visualisation of the size and spatial arrangement of nuclei and

vascular structures in three dimensions within tissue may reduce or remove the need of

tissue excision for histopathologic interpretation. 3) The 3D high-resolution imaging

ability enables a more accurate differentiation between normal and malignant tissues

to give better diagnosis. Therefore, we explore the potential of our nonlinear optical

endoscope in clinical applications by imaging through rat tail tendon, gastrointestinal

tract tissue, oral cavity tissue, and cancer tissue, which will be presented in the

upcoming subsections.

5.5.1 Imaging with rat tail tendon

The ability to obtain 3D SHG images through the system using a 2D MEMS mirror

is shown by a series of SHG optical sections from rat tail tendon (Fig. 5.24). The
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Fig. 5.24: (a) A series of SHG sections of rat tail tendon using a nonlinear optical endoscope
based on a double-clad PCF, a MEMS mirror, and a GRIN lens. Imaging spacing is 10 µm.
The power resulting in the SHG imaging is approximately 30 mW. (b) Z projection of SHG
sections shown in (a). Scale bar is 10 µm.

tendon is dissected from a Sprague-Dawley rat tail and imaged directly. It can be seen

that in terms of the contrast pattern and axial resolution, the nonlinear optical images

produced by the MEMS mirror is consistent with the images shown in Fig. 5.16, which

is obtained with a double-clad PCF, a GRIN lens, and a scanning stage.

5.5.2 Imaging with gastrointestinal tract tissue

Gastrointestinal malignancies continue to be the second leading cause of cancer-

related deaths in Australia. Conventional endoscopy using white light does not detect

dysplasia and subtle lesions [148]. Optically based endoscopy offers the potential of

detecting the early mucosal changes at the microstructrual, biochemical, and molecular

levels. Confocal endoscopy has been developed for fluorescence endoscopic imaging

using a 488 nm beam from an argon laser [148]. However, a major limitation of

epifluorescence microscopy is the difficulty in examining thick tissues. Using nonlinear

optical endoscopy, the 3D structure of the sample can be determined with a greater

depth up to a few hundred micrometers.
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Fig. 5.25(a) is a series of in vitro images of rat large intestine tissue. The large

intestine is extracted from a Sprague-Dawley rat. To enhance the contrast in endoscopic

imaging, luminal epithelial tissue of rat large intestine is stained with 1% Acridine

Orange (Sigma) in Ringer’s solution. TPEF images are obtained through the thick

tissue with a penetration depth of 80 µm. An observation from these images shows

that surface epithelial cells surrounding intestinal crypts (see arrows in frame 3) can

clearly be seen. The contrast pattern obtained with the nonlinear optical endoscope is

consistent with that based on a commercial laser scanning TPEF microscope (Olympus,

Fluoview 300). The structural details in the rat large intestine tissue are well visualised

in the 3D reconstruction of the image stack (Fig. 5.25(b)).
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Fig. 5.25: (a) A series of in vitro images of rat large intestine tissue obtained by the nonlinear
optical endoscope using a double-clad PCF, a MEMS mirror, and a GRIN lens. Each section
is recorded at an axial step of 7.5 µm into the sample. Arrows in frame 3 are pointing to the
intestinal crypts. The scale bar is 20 µm. (b) 3D visualisation of the rat large intestine tissue
based on the image stack in (a). Image reconstruction is performed using AMIRA (Mercury
Computer Systems).

Under the same experimental condition, rat stomach and esophagus tissues are

examined with the nonlinear optical endoscope, shown in Figs. 5.26 and 5.27,
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respectively. Epithelia surfaces of both tissues are stained with 1% Acridine Orange

in Ringer’s solution. 3D TPEF images can be taken into epithelial tissues of rat

stomach and esophagus with penetration depths of approximately 80 µm and 100 µm,

respectively. In particular, the high resolution of the nonlinear optical endoscope

enables visualisation of the openings to the gastric pits of the stomach columnar

mucosal tissue (arrows in frame 7 of Fig. 5.26(a)). These results demonstrate that

the nonlinear optical endoscope that offers the micrometer-scale resolution in deep

tissue may differentiate various tissue types and identify early mucosal lesions in the

gastrointestinal tract.
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Fig. 5.26: (a) A series of in vitro images of the rat stomach tissue obtained by a nonlinear
optical endoscope. Each section is recorded at an axial step of 5 µm into the sample. Arrows
in frame 7 are pointing to the gastric pits of the stomach columnar mucosal tissue. The scale
bar is 20 µm. (b) 3D visualisation of the rat stomach based on the image stack in (a).
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Fig. 5.27: (a) A series of in vitro images of the rat esophagus tissue obtained by a nonlinear
optical endoscope. Each section is recorded at an axial step of 5 µm into the sample. The
scale bar is 20 µm. (b) 3D visualisation of the rat esophagus based on the image stack in (a).

5.5.3 Imaging with oral cavity tissue

Diseases in oral cavity is usually characterised by morphological alterations in the

lamina propria and submucosa of the oral mucosa. Auto-fluoresecence spectroscopy

has been used to study oral cavity diseases [149]. However, fluorescence has rarely been

reported in this area due to the lack of compact imaging tools. We use the developed

nonlinear optical endoscope to characterise the 3D nonlinear optical imaging contrast

of several locations in the oral cavity of a pig. The pig head is purchased from a butcher

in Victoria Market (Australia). Tissues are extracted and used for imaging within 5
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hours after the sacrifice of the pig. All tissues are topically stained with Acridine

Orange (1% in Hank’s Balaced Salt Solution).

Fig. 5.28 is the TPEF images of the porcine buccal cavity mucosal tissue in three

dimensions, showing a penetration depth of approximately 75 µm. Stained stratified

squamous epithelial cell nuclei can be seen over the underlying lamina propria region.

Image stacks of the porcine oropharynx tissue and the porcine inner lip endothelial

tissue are presented in Figs. 5.29 and 5.30, respectively, where stained epithelial nuclei

can be seen. 3D TPEF images can be achieved at a depth of approximately 100 µm

and 75 µm for the porcine oropharynx tissue and the porcine inner lip endothelial

tissue, respectively. Surface squamal cells in porcine inner lip endothelial tissue can be

clearly identified over the underlying lamina propria region.
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Fig. 5.28: (a) A series of in vitro images of the porcine buccal cavity mucosal tissue obtained
by a nonlinear optical endoscope. Each section is recorded at an axial step of 5 µm into the
sample. The scale bar is 20 µm. (b) 3D visualsiatioin of the porcine buccal cavity mucosal
tissue based on the image stack in (a).
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Fig. 5.29: A series of in vitro images of the porcine oropharynx tissue obtained by a nonlinear
optical endoscope. Each section is recorded at an axial step of 5 µm into the sample. The
scale bar is 20 µm. (b) 3D visualisation of the porcine oropharynx tissue based on the image
stack in (a).

5.5.4 Imaging with cancer tissue

As we have mentioned in Chapter 1, cancer research using nonlinear optical imaging

is an active field. Furthermore, one of the initial motivations of the development of

nonlinear optical endoscopy is cancer tissue imaging. To demonstrate the imaging

ability of our nonlinear optical endoscope for cancer tissue, we have characterised

two types of cancer tissues xenografted in a nude mouse. First, 2008 human ovarian

carcinoma cell are xenografted into the hind leg of a nude Balb c mouse, and cultured

for one week. This human ovarian cancer tissue is dissected from the nude mouse and
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Fig. 5.30: (a) A series of in vitro images of the porcine inner lip endothelial tissue obtained
by a nonlinear optical endoscope. Each section is recorded at an axial step of 5 µm into the
sample. The scale bar is 20 µm. (b) 3D visualisation of the porcine inner lip endothelial
tissue in (a).

stained with 1% Acridine Orange. The 3D TPEF images have been shown in Fig. 5.31

with a penetration depth of approximately 90 µm. Second, images of human u-87 MG

glioblastoma cells (a kind of human breast cancer cells) xenografted into a nude mouse

are presented in Fig. 5.32 with a penetration depth of approximately 75 µm. In both

cases, the distribution of cell nuclei in the cancer tissue is extremely dense. Therefore

the contrast patterns are very different from that collected from the normal tissue of

gastrointestinal tract and oral cavity. Beyond the morphological identification, specific

labels and methods such as fluorescence proteins and fluorescence lifetime measurement

could be combined with the nonlinear optical endoscope to study cancer tissue imaging

in multi-dimensions.
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Fig. 5.31: (a) A series of in vitro images of the 2008 human ovarian carcinoma cell obtained
by a nonlinear optical endoscope. Each section is recorded at an axial step of 10 µm into the
sample. The scale bar is 20 µm. (b) 3D visualisation of the human ovarian cancer tissue.
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Fig. 5.32: (a) A series of in vitro images of the humanu-87 MG glioblastoma tissue obtained
by a nonlinear optical endoscope. Each section is recorded at an axial step of 5 µm into the
sample. The scale bar is 20 µm. (b) 3D visualisation of the breast cancer tissue.
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5.6 Chapter conclusions

This chapter has demonstrated experimentally the concept of nonlinear optical

endoscopy using a double-clad PCF, a MEMS mirror, and a GRIN lens. A double-clad

PCF, custom-manufactured by Crystal Fibre A/S, has been proposed to modify the

originally active double-clad PCF. This double-clad PCF plays a dual role to offer the

robust single-mode guidance of near infrared light in the central core and the efficient

propagation of visible light within the multimode inner cladding. The double-clad PCF

exhibits a degree of polarisation of approximately 0.84 in the core as well as a delivery

efficiency of up to 90% through the core and the inner cladding.

Both TPEF and SHG signals can be simultaneously collected in a microscope using

the double-clad PCF with axial resolution of 2.8 µm and 2.5 µm, respectively. More

importantly, signal levels of nonlinear optical microscopy using a double-clad PCF has

been significantly improved by approximately two orders of magnitude (40 times) in

comparison with those in an SMF-based microscope. This feature is confirmed by 3D

high-resolution nonlinear optical images obtained from a fish scale and rat tail tendon.

Investigations into the SHG polarisation measurement in a double-clad PCF-based

microscope show that the microstructures in the inner cladding of the PCF result in a

depolarisation effect of the nonlinear optical signals.

A nonlinear optical endoscope has been constructed by use of a double-clad PCF to

improve the detection efficiency, a MEMS mirror to steer the light at the fibre tip, and

a GRIN lens to produce a focus spot. Combined with a double-clad PCF, a nonlinear

optical microscope based on a GRIN lens can achieve simultaneous optimisations of

signal level and axial resolution. This effect overcomes the trade-off issue between

signal level and axial resolution in nonlinear optical microscopy using an SMF and

a GRIN lens. As a result, the signal level in the system using a double-clad PCF

and a GRIN lens is enhanced by approximately 160 times compared with that in the

SMF-GRIN lens-based microscope.

MEMS mirrors based on electrothermal bimorph actuation have been demonstrated
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their effectiveness in nonlinear optical imaging. The nonlinear optical endoscope using

a double-clad PCF, a MEMS mirror, and a GRIN lens exhibits a consistent contrast

pattern with an SMF-scanning stage-based system, confirmed by images of fluorescence

microspheres. In particular, axial resolution of the nonlinear optical endoscope is

approximately 10 µm and signal level is enhanced by approximately 120 times.

Potential applications of the nonlinear optical endoscope in biomedicine have been

demonstrated by series of nonlinear optical imaging performed with rat tail tendon,

gastrointestinal tract tissue, oral cavity tissue, and cancer tissue. 3D high-resolution

images have been demonstrated with an imaging depth of up to 100 µm. This

technology will enable visualisations of functional and morphological changes of tissue

at the microscopic level rather than direct observations with a traditional instrument

at the macroscopic level. It is a complement for conventional multi-photon microscopy

and optical coherent tomography. Furthermore, it can complement other endoscopic

imaging and enable optical biopsy for early cancer detection.
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Nonlinear optical microscopy using

a double-clad photonic crystal fibre

coupler

6.1 Introduction

We have demonstrated that the double-clad photonic crystal fibre (PCF) is ideally

suitable for nonlinear optical endoscopy due to its dual function of single-mode and

multimode delivery through the central core and the inner cladding region with a high

NA, respectively, within a single piece of fibre. The signal level of the nonlinear optical

endoscopy based on the double-clad PCF is approximately two orders of magnitude

higher than that using a standard single-mode fibre. Although the dual function of the

double-clad fibre enables miniature and flexible endoscope probes, a further compact

imaging system could be achieved by use of a multiport fibre coupler to gain self-

alignment and replace bulk optics for an all-fibre microscopy system, as the geometry

that has been shown in Chapter 3. However, there has been no report on the fabrication

of a double-clad PCF coupler as well as its applications.
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Recent theoretical study and fabrication of PCF couplers have been reported for

a number of PCF structures [150–153]. The side-polished method has been used to

produce a single-mode PCF coupler with a tunable splitting ratio [152]. By removing a

part of the cladding region of each PCF, two PCFs was mated close enough to achieve

evanescent field coupling through the sides of the PCFs. In addition, the fused biconical

taper method has been successful in generating single-mode and multimode air-silica

PCF couplers according to the principle of mode expansion [151, 153]. In particular,

the multiport multimode air-clad holey fibre coupler can deliver optical power of up

to 35 W at wavelength 850 nm [153]. Compared with the polishing method [152], the

fused biconical taper method can protect the complicated structures of PCFs with a

more maneuverable fabrication process [151,153].

The difficulty in fabricating a double-clad PCF coupler is to achieve mode coupling

through two cladding regions and preserve the single-mode and multimode guidance

in the core and inner cladding regions, respectively. In particular, for applications in

nonlinear optical microscopy, one arm of the double-clad PCF coupler should permit

the single-mode propagation of a near infrared laser beam in the core, while the other

arm can facilitate the multimode collection of the visible nonlinear optical signals. In

this chapter, a three-port double-clad PCF coupler is fabricated by the fused tapered

method, showing the single-mode and multimode separation at different wavelengths.

A compact nonlinear optical microscope is implemented by this PCF coupler and a

GRIN lens, demonstrating high-resolution three-dimensional (3D) two-photon excited

fluorescence (TPEF) and second harmonic generation (SHG) images.

The structure of the chapter is as follows. The coupler by use of double-clad PCFs

for nonlinear optical microscopy is fabricated and characterised in Section 6.2. A

particular attention is given to the splitting ratio and the mode propagation of the PCF

coupler. The splitting ratio of a double-clad PCF coupler can be designed specifically to

optimise the detection efficiency for nonlinear optical imaging in the future research.

In conjunction with a GRIN lens, the fabricated double-clad PCF coupler is used

to construct a miniaturised nonlinear optical microscope in Section 6.3. Section 6.4
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presents the axial and 3D imaging performance of TPEF and SHG in the compact

all-fibre microscope, followed by the chapter conclusions in Section 6.5.

6.2 A double-clad PCF coupler

6.2.1 Fabrication process

As pointed out in Section 6.1, the fused taper method facilitates the coupling of

single-mode and multimode PCFs. Consequently, it is adopted to make a double-

clad PCF coupler. The geometry and optical properties of the double-clad PCF we

used for fabricating a coupler has been presented in Section 5.2. Fig. 6.1 illustrates

the fabrication process of the double-clad PCF coupler proposed for nonlinear optical

microscopy. Two lengths of the double-clad PCFs are first twisted, heated by a

hydrogen flame with a flame size of approximately 10 mm, and then drawn gradually

in the fused region. The temperature and the size of the flame can be controlled by

adjustment of the gas-flow rate. The fabrication of the PCF coupler was conducted in

Fovice in Korea.

Double-clad PCFs

Fused tapered method

Double-clad
PCF coupler

P3

P2P1

Hydrogen flame

Fig. 6.1: Schematic diagram of the fabrication process of the double-clad PCF coupler.

Acrylate coating is removed only in the fusion region. As the fibres are elongated
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and the fibre diameter is reduced, mode coupling occurs if the confined mode field in

a PCF is extended to its neighboring double-clad PCF. Further, it is important to

control the pulling length in the fused region, as it determines the splitting ratio of

the coupler as well as the mode coupling condition in the core and cladding regions.

In the case of the short pulling length, where the rings of air holes in two fibres are

very close or partially collapsed, the multimode in the inner cladding is coupled to the

neighboring fibre. Light propagated in the outer cladding leaks out quickly beyond the

fusion region where the acrylate coating is still remained. The length that yields 1%

coupling is defined as the coupling-starting pulling length. In the fabrication system

various coupling-starting pulling lengths for the coupler are obtained, at which one arm

of the coupler is terminated to form a 1 × 2 PCF coupler.

6.2.2 Propagation property

Like the single-mode fibre coupler and the double-clad PCF we have used in Chapters

3 and 5, it is of significance to characterise the propagation property of the fibre-optic

devices under various operation conditions before it is applied to nonlinear optical

microscopy. For a double-clad PCF coupler of the coupling-starting pulling length of

approximately 6.1 mm, its coupling efficiency is measured from ports 2 and 3 (see

Fig. 6.1), while a laser beam in the wavelength range 532 – 870 nm is coupled to port

1. The light sources at different wavelengths are obtained in the same way that has

been described in Section 3.2.1.

As shown in Fig. 6.2, the coupling efficiencies at ports 2 and 3 are approximately

2.2% and 77.5%, respectively, with a splitting ratio of 97/3 between ports 3 and 2

over the visible and near infrared wavelength range. Under this condition, the coupler

reveals a low insertion loss of 1.1 dB between ports 1 and 3, while the insertion loss

is as high as 16.6 dB between ports 1 and 2. The coupling efficiency of this coupler is

different from that of a single-mode fibre coupler (see Figs. 3.2 and 3.3), which exhibits

a lower coupling efficiency at port 3 in the visible wavelength region.
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Fig. 6.2: Coupling efficiency at output ports 2 and 3 of the double-clad PCF fibre coupler
having a coupling-starting pulling length of 6.1 mm as a function of the illumination
wavelength at input port 1. Insets, digital camera photographs of output patterns of the
double-clad PCF coupler at wavelength 800 nm.

It has been shown in Section 5.3.2 that a single-mode laser beam in the central core

of the double-clad PCF makes a significant contribution to the excitation of nonlinear

optical signals. Therefore it is essential to confirm the single-mode delivery feature of

the double-clad PCF coupler. To this end, output patterns at ports 2 and 3 of the same

coupler are recorded by a camera and are shown in the insets of Fig. 6.2 when port 1

is illuminated at wavelength 800 nm. It can be seen that the arm (port 3) guiding the

most power of the laser beam still maintains the single-mode propagation in the central

core, whereas only the multimode propagation is observed from the other arm (port

2) in the near infrared wavelength range. This result, together with the splitting ratio

shown in Fig. 6.2, implies that using port 3 for the delivery of the pulsed excitation

beam and port 2 for the visible signal collection facilities the feature of the efficient

single-mode propagation in the core and the multimode collection through the inner

cladding. This unique feature, which cannot be obtained from a single-mode fibre

coupler, may prove advantageous for compact all-fibre nonlinear optical microscopy.

It should be pointed out that a double-clad PCF coupler having a longer coupling-

starting pulling length shows a higher splitting ratio, which is demonstrated in

Fig. 6.3. This coupler has coupling efficiencies of approximately 20% and 6.5% at
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ports 3 and 2, respectively, with a splitting ratio of 74/26 between them in the near

infrared wavelength range. Compared with the coupler having a shorter coupling-

starting pulling length (Fig. 6.2), this coupler exhibits a higher excess loss of 5.8

dB. Furthermore, the measurement of the output patterns shows that the multimode

guidance of the laser beam at a near infrared wavelength is observed at both ports

(insets of Fig. 6.3). As a result, this coupler leads to an inefficient performance of a

nonlinear optical microscope if it is used to deliver the laser beam for excitation. This

outcome might be due to the complete collapse of air holes surrounding the fibre core

in the fused region.
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Fig. 6.3: Coupling efficiency at output ports 2 and 3 of the double-clad PCF fiber coupler
having a longer coupling-starting pulling length as a function of the illumination wavelength
at input port 1. Insets, digital camera photographs of output patterns of the double-clad
PCF coupler at wavelength 800 nm.

6.2.3 Splitting ratio optimisation

The splitting ratio of a PCF coupler plays an important role in the efficiency of the

excitation delivery and the signal collection. In particular, the nonlinear dependence

of emitted signals on the excitation power in the nonlinear optical processes gives rise

to a nonlinear dependence of the splitting ratio on the detected signals by the PCF

coupler. Therefore, the splitting ratio of the PCF coupler can be specifically designed

to maximise the detected strength of nonlinear signals.
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Let us consider a three-port fibre coupler with a splitting ratio of x/(1−x) if the loss

at the junction and the wavelength dependence is neglected, as shown in Fig. 6.4(a).

Here x and (1−x) are the coupling ratios in the excitation and signal arms, respectively.

The coupling efficiency between two ports of the coupler is linearly dependent on the

coupling ratios x and (1−x). For an n-photon excitation process, if the splitting ratio

is consistent at excitation and emission wavelengths, the detected fluorescence intensity

can be given by

If ∝ In
i xn(1 − x) . (6.1)
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Fig. 6.4: (a) Scheme diagram of a three-port coupler with a splitting ratio of x/(1 − x).
(b)-(c) Detected nonlinear signal intensity as a function of coupling ratio in the excitation
arm in two- and three-photon processes, respectively.

Fig. 6.4(b) depicts the detected nonlinear signal intensity as a function of the

coupling ratio in the excitation arm in the case of TPEF or SHG processes. It can be

observed that the optimised splitting ratio between the excitation arm and the signal

arm is 67/33. In the case of three-photon excited fluorescence (3PEF) or third harmonic

generation (THG) processes shown in Fig. 6.4(c), the optimised splitting ratio between

the excitation arm and the signal arm is 75/25.

Indeed, the PCF coupler that has been integrated to the nonlinear imaging or sensor

system should be fabricated according to the above design to maximise the detection
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efficiency. However, it was difficulty to control the splitting ratio as well as the mode

profiles in the fabrication process.

6.3 Experimental arrangement

We construct an all-fibre nonlinear optical microscope based on the double-clad PCF

coupler (shown in Fig. 6.2) and a GRIN lens, which is depicted in Fig. 6.5. A turnkey

Ti:Sapphire (Spectra Physics, Mai Tai) of the wavelength range between 730 nm and

870 nm provides short pulses with a pulse width of 80 fs and a repetition rate of 80

MHz. The laser beam is prechirped by double passing a pair of gratings (Newport, 1200

grooves/mm, 28.7◦ blaze angle) before they are coupled to port 3 of the fibre coupler

with a 4×/0.12 NA objective, CO. For a double-clad PCF fibre with a length of 1 meter,

negative prechirping of approximately -32200 fs2 is required to compensate for the

group velocity dispersion in the fused silica material. Such a dispersion compensation

arrangement leads to an improvement of the nonlinear optical signal level by a factor

of approximately 11 for a given average power (<10 mW).

Ti:Sapphire
laser

PMT

CO

M2

Grating pair

BF

M1

P3

P2

Double-clad
PCF coupler

GRIN
lens

Sample

P1

ND

Fig. 6.5: Schematic diagram of the nonlinear optical microscope with a three-port double-clad
PCF coupler and a GRIN lens. Mirror M2 (shown dashed) is located on a different plane
from Mirror M1. ND: neutral density filter, BF: bandpass filter, CO: coupling objective.

The output laser beam at port 1 is focused through a 1-mm-diameter, 0.2-pitch,

0.5-NA GRIN lens (GRINTECH) onto a sample. The excited nonlinear optical signals

from the sample are collected via the detection arm (port 2) of the coupler attached
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to a PMT (photomultiplier tube). Therefore, the double-clad PCF coupler acts as a

beam splitter to separate the nonlinear optical signals from the excitation laser beam

delivered by the fibre core. Furthermore, a coupling objective with a low NA (0.07 or

0.12) can be used to maximise the excitation power delivered in the fibre core without

the combination of an iris diaphragm and a high NA coupling objective (see Fig. 5.5),

which collects the backward signals through a single piece of double-clad PCF. In this

case, the delivered power in the fibre core can be 50 mW for nonlinear excitation.

6.4 System performance

6.4.1 Axial resolution

To characterise the depth discrimination of the fibre-optic nonlinear optical microscope

using a double-clad PCF coupler, we measure the TPEF axial response to a thin layer

of AF-50 dye. According to the previous study shown in Fig. 5.13, axial resolution and

signal level of the system are dependent on the gap length between the fibre and the

back surface of the GRIN lens. As a result, a gap length of approximately 8 mm is

chosen to optimise the signal level of the system. A typical TPEF axial response to
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Fig. 6.6: TPEF axial response to a thin layer of AF-50 dye in a nonlinear optical microscope
using a double-clad PCF coupler and a GRIN lens. The excitation wavelength is 800 nm.
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the thin layer is presented in Fig. 6.6, revealing the axial resolution of approximately

10 µm in the nonlinear optical microscope. This value is consistent with the result

we have obtained with a double-clad PCF and the same GRIN lens (Fig. 5.13(b)). A

slight improvement of axial resolution can be achieved when the back aperture of the

GRIN lens is overfilled. However, it results in an approximately 25% degradation of

the signal level of the system.

6.4.2 Nonlinear optical imaging

The optical sectioning ability of the new system is further demonstrated by sets of

TPEF images of 10 µm diameter microspheres and SHG images of KTP crystal powder,

which are displayed in Figs. 6.7(a) and (b), respectively. It can be seen that the

1 2 3

4 5 6

(b)

1 2 3

8765

4

(a)

Fig. 6.7: (a) TPEF image sections of 10 µm diameter fluorescent micropheres and (b) SHG
image sections of KTP crystal powder. Each set of images has an axial depth of 5 µm into
the sample. The excitation wavelength is 800 nm and a 400/9 nm bandpass filter is placed
before the PMT when SHG images are acquired. The excitation power is approximately 10
mW on the sample. Scale bars represent 10 µm.
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system can collect high-resolution 3D images so that defects in the microspheres are

well visualised. The results also imply that the miniature microscope could be used

as a probe for the simultaneous detection of TPEF and SHG signals in tumour tissue.

Furthermore, compared with the images obtained with a single-mode fibre coupler

and a GRIN lens shown in Fig. 3.20, the signal level of the images obtained with

the new system is improved by a factor of approximately 5 due to the simultaneous

optimisations of signal level and axial resolution in a nonlinear optical microscope using

a double-clad PCF and a GRIN lens.

6.5 Chapter conclusions

A 1 × 2 double-clad PCF coupler has been designed and fabricated using the fused

tapered method (Fovice, Korea), showing a low excess loss of approximately 1 dB and

a splitting ratio of 97/3 over the entire visible and near infrared wavelength range. In

addition to the property of splitting the laser power, the double-clad feature of the

coupler facilitates the separation of a near infrared single-mode beam in the core from

a visible multimode beam in the inner cladding region, which is ideal for nonlinear

optical microscopy imaging. Investigations into the coupler fabrication show that the

parameters of a double-clad PCF coupler such as the splitting ratio, the excess loss,

and the mode propagation, rely on the coupling-starting pulling length of the coupler.

Furthermore, it has been theoretically explored that the splitting ratio of a PCF coupler

can be specifically designed to optimise the detection efficiency of a nonlinear optical

microscope.

A compact nonlinear optical microscope has been constructed with the double-clad

PCF coupler and a GRIN lens, giving rise to the axial resolution of approximately

10 µm. 3D TPEF and SHG images demonstrate potential applications of the coupler

to all-fibre nonlinear optical microscopy and endoscopy. Since double-clad PCFs are

extensively used in laser sources, the effectiveness of the double-clad PCF coupler may

result in future interest in this area. Such an instrument can therefore be useful for
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side pumped double-clad microstructure fibre lasers and amplifiers to leave the fibre

ends free for splicing to other fibres as well as enable compact devices [154].
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Conclusion

7.1 Thesis conclusions

The main research work in this thesis provides a detailed and comprehensive insight

into the development and the imaging performance of fibre-optic nonlinear optical

microscopy and endoscopy that is a novel modality in the field of optical imaging.

Four major areas of research have been explored both experimentally and theoretically

and concentrated in the following key areas.

1. Design, construction and characterisation of a fibre-optic nonlinear optical

microscope using a single-mode fibre (SMF) coupler and a gradient index (GRIN)

lens. It is the first demonstration of fibre-optic nonlinear optical microscopy,

which uses multiple imaging modalities including two-photon excited fluorescence

(TPEF) and second harmonic generation (SHG).

2. Theoretical analysis of the three-dimensional (3D) coherent transfer function

(CTF) for a SHG microscope using an SMF.

3. Introduction of a new type of the double-clad photonic crystal fibre (PCF) for

efficient nonlinear optical microscopy and formation of a fibre-optic nonlinear
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optical endoscope with a microelectromechanical system (MEMS) mirror and a

GRIN lens. The signal level of the endoscope is thus enhanced by two orders of

magnitude.

4. Design, creation and application of a double-clad PCF coupler for compact

nonlinear optical microscopy.

An investigation into the feasibility of applying an SMF coupler to both TPEF

and SHG microscopy for excitation delivery and signal collection has been conducted

through a series of comprehensive charaterisation experiments. It has been found

that the coupling efficiency for both pulsed and continuous wave illumination beams

delivered by the SMF coupler is 20 – 41% in the wavelength range of 400 – 870 nm. The

fibre coupler has an equal splitting ratio at a near infrared wavelength, whereas it acts

as a low-pass spectral filter in the visible wavelength range with a splitting ratio between

99.6/0.4 and 99.7/0.3. In particular, the degree of polarisation of approximately 1 is

obtained at an angular interval of approximately 90 degrees of the incident polarisation

angle over the broad wavelength range, exhibiting an ideal feature desirable in SHG

microscopy.

A nonlinear optical microscope using TPEF and SHG has been constructed with

an SMF coupler. The fibre coupler enables the delivery of ultrashort-pulsed laser at

a near infrared wavelength as well as the efficient collection of simultaneous TPEF

and SHG signals in the visible wavelength range. The performance of axial resolution

of the system has shown that the shorter wavelength of SHG emission results in an

improvement in axial resolution compared with that of TPEF under the same excitation

condition. More importantly, a complete characterisation of the SHG polarisation

anisotropy through the SMF coupler has been undertaken with various well-defined

samples. It has been demonstrated that polarised SHG signals can be excited and

collected through the fibre coupler to analyse the molecular orientations of structural

proteins. This feature, together with the TPEF imaging capability, can provide the

complementary information of the molecular distributions and organisations in the
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sample.

An integration of a GRIN lens results in a further compact fibre-optic nonlinear

optical microscope. It has been found that the axial resolution and signal level of the

system based on an SMF and a GRIN lens are significantly dependent on the gap

length between them. The collected nonlinear signal intensity exhibits a peak as the

gap between the fibre coupler end and the GRIN lens enlarges to increase the effective

numerical aperture (NA) of a GRIN lens. The optimised axial resolution of the system

is approximately 11.6 µm for a GRIN lens of an NA of 0.46. The imaging performance

in such a system can be adjusted by setting the fibre-GRIN lens spacing. However, the

high resolution comes at the expense of signal level.

The performance of fibre-optic SHG microscopy using an SMF has been analysed

through the formalisation of the 3D CTF, which gives a complete description of

the coherent imaging system. The ability of the system to resolve the high spatial

frequency information has been investigated for a range of fibre parameters. It has

been shown that the performance of fibre-optic SHG microscopy behaves as confocal

SHG microscopy, when the NA of the fibre is much larger than the convergence

angle of the illumination on the fibre aperture. In particular, the axial resolution

performance has also been investigated by calculating the modulus squared of the

Fourier transform of the axial cross section of the 3D CTF at l = 0. Both experimental

and theoretical results reveal that the optical sectioning effect in fibre-optic SHG

microscopy is enhanced by approximately 7% compared with that in fibre-optic TPEF

microscopy. In addition, the effect of fibre parameters on the detected signal intensity

has been qualitatively analysed.

Low signal level in an SMF-based nonlinear optical microscope is a bottle-neck

issue, which makes it impossible to image tissue samples under in vitro and in vivo

conditions. In order to break the limit of the signal level in miniature nonlinear optical

microscopy, a double-clad PCF has been introduced to play a dual function, with which

the single-mode guidance of a near infrared beam in the central core and the efficient

propagation of a visible beam within the multimode inner cladding have been realised.
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A coupling efficiency of up to 90% in the wavelength range between 410 nm and 800

nm is achievable. The effect of a double-clad PCF on the signal level enhancement in

a nonlinear optical microscope has been demonstrated through the comparison with a

nonlinear optical microscope using an SMF. It has been shown that the signal level has

increased by a factor of approximately 40 as a consequence of the large collection area

and the high NA of the double-clad PCF. Furthermore, the performance of a double-

clad PCF for 3D high-resolution nonlinear optical imaging has been succeeded in terms

of the ability to generate TPEF and SHG optical sections. SHG polarisation anisotropy

measurement with a double-clad PCF has shown that the degree of polarisation of 0.84

can be preserved in the central core at wavelength 800 nm, whereas the microstructures

in the inner cladding results in a depolarisation effect for the backward SHG signals.

This new knowledge above has led to the design and construction of a nonlinear

optical endoscope using the double-clad PCF, a MEMS mirror and a GRIN lens.

The combination of a double-clad PCF and a GRIN lens leads to the simultaneous

optimisations of axial resolution and signal level in fibre-optic nonlinear optical

microscopy. This feature results in the axial resolution of approximately 6 µm for

nonlinear optical imaging as well as the signal level enhancement of 160 times compared

with the system based on an SMF coupler and a GRIN lens.

The performance of this new nonlinear optical endoscope is further enhanced by

the adoption of a MEMS mirror based on electrothermal bimorph actuation. The

nonlinear optical microscope has been characterised by a series of comprehensive tissue

imaging experiments. It has been shown that the axial resolution of the nonlinear

optical endoscope is approximately 10 µm and that the signal level is enhanced

by approximately 120 times compared with an SMF-scanning stage-based system.

The potential applications of the nonlinear optical endoscope to biomedical imaging

have been demonstrated by 3D visualisations of nonlinear optical imaging in various

gastrointestinal tissue, oral cavity tissue, and cancer tissue. These experimental results

give the first demonstration of 3D high-resolution tissue imaging through a miniature

nonlinear optical microscope.
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The design of the fibre-optic nonlinear optical endoscope has been further simplified

by a 1 × 2 double-clad PCF coupler, which combines the advantages of an SMF

coupler and a double-clad PCF to demonstrate a concept of all-fibre nonlinear optical

microscopy/endoscopy. The ability of the double-clad PCF coupler to transmit light

over the entire visible and near infrared wavelength ranges has been demonstrated by

a low excess loss of approximately 1 dB and a splitting ratio of 97/3. The ability

of the double-clad PCF coupler to form a nonlinear optical microscope has also been

demonstrated by the separation of the near infrared single-mode beam in the core from

the visible multimode beam in the inner cladding region. Further, 3D TPEF and SHG

images through the double-clad PCF coupler and the GRIN lens have been achieved.

In conclusion, the research work conducted in this thesis has demonstrated a new

horizon for nonlinear optical endoscopy. Imaging modalities of both TPEF and SHG

have been demonstrated in fibre-optic nonlinear optical microscopy and endoscopy

based on a double-clad PCF, a MEMS mirror, and a GRIN lens. The signal level of

fibre-optic nonlinear optical endoscopy has been significantly enhanced by two orders

of magnitude. As a result, 3D nonlinear optical endoscopic imaging through tissue

has become possible. Taking advantages of compact size and high resolution, fibre-

optic nonlinear optical endoscopy developed in this thesis can produce an imaging

tool with new functionalities, high resolution, and multiple imaging mechanisms,

which significantly complement conventional optical imaging modalities such as optical

coherent tomography for in vivo imaging in biomedical applications.

7.2 Future work

The research investigation described in this thesis can be further extended to include

the following key areas to provide the additional functionality and enhancement of

fibre-optic nonlinear optical microscopy and endoscopy.
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7.2.1 Engineering of a double-clad PCF

As we have pointed out in Chapter 2, one important feature of PCFs is that the

dispersion property of the fibre can be controlled by the 2D photonic crystal structures

running along the fibre length. By modifying the profile of the photonic crystal

structures, both the magnitude and the sign of the dispersion can be tailored to

suit specific applications [78, 82, 107]. Therefore, the dispersion engineering of the

double-clad PCF can shift the zero-dispersion wavelength of the fibre to the operation

spectral window of a femtosecond Ti:Sapphire laser. Furthermore, supercontinuum

generation spanning the visible and the near infrared wavelength range may also be

feasible using a Ti:Sapphire laser [108–110, 112]. At the same time, a careful design

of the fibre structures should maintain the high NA of the inner cladding. Fig. 7.1

shows the schematic diagram of the new-designed double-clad PCF and its schematic

profile of refractive index. The effective refractive indices in the core and inner cladding

can be obtained by the arrangement of air holes, which may be ordered in different

patterns and shapes. Values of the air-hole diameter and the hole-to-hole spacing in

the inner cladding (d,Λ) and in the outer cladding (d′,Λ′) can be adjusted to generate

the refractive index profile required by the engineered double-clad PCF.

Fig. 7.1: Schematic transverse cross-section of an engineered double-clad PCF. The profile of
effective refractive index is shown at the bottom of the figure.
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This technology can provide new opportunities for PCF devices and have a

significant impact on their applications to nonlinear optical endoscopy. Thus the

engineered double-clad PCF can combine the advantages of dispersion management

and high detection efficiency to provide next generation nonlinear optical endoscopy

that enables multispectral channels for the simultaneous excitation of multiple image

modalities and the efficient collection for multicolour images.

7.2.2 In vivo tissue imaging

A nonlinear optical endoscope can be mechanically integrated into a home-built probe

and perform in vivo imaging with intact animals. Such a nonlinear optical endoscope

can be used in internal organs, such as colon, esophagus, stomach, oral cavity,

and cervix. Since different biological species are responsible for different nonlinear

optical processes, it is possible to achieve multicolor imaging, for example, two-photon

fluorescence from elastin, three-photon fluorescence from tryptophan, second harmonic

generation from collagen, and third harmonic generation from lipid bodies. It is

expected that nonlinear optical endoscopy will enable the simultaneous detection of

multiple nonlinear optical imaging modalities, which represents the versatile biological

information carried by different emission wavelengths. The in vivo tissue imaging

capability may add to a new dimension for optical biopsy and early cancer detection.
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