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Summary
Multimode fibres have recently shown promise as miniature endoscopic probes for imaging
deep inside brain tissue of mouse animal models with minimal damage. By employing
wavefront shaping, the speckle pattern associated with coherent light propagation through
a multimode fibre can be transformed into a tightly focused point, essentially turning the
fibre into a miniature point-scanning device. Many microscopic techniques have been
successfully implemented through a multimode fibre, and even in-vivo imaging has been
demonstrated. This work extends the capabilities to label-free non-linear microscopy with
chemical contrast using coherent anti-Stokes Raman scattering (CARS), which can poten-
tially extend the use of multimode fibre endoscopes to clinical applications for, for example,
tumour diagnosis. The main focus is the optimisations of the endoscopic system and the
fibre probe to allow efficient focusing of pulsed light through multimode fibres, includ-
ing dispersion control and thus allowing implementation of non-linear imaging techniques.
The optimised setup is then employed to demonstrate CARS imaging of biologically relev-
ant tissue, such as myelinated axons in a mouse brain, and chemical selectivity is verified
by imaging polymer beads. In addition, multimodal CARS and two-photon excitation
fluorescence (TPEF) imaging of fixed mouse tissue is demonstrated.

Abstrakt
Multimodová vlákna je možné využít jako miniaturní endoskopy pro zobrazování hluboko
uvnitř mozku myších zvířecích modelů s minimálním poškozením okolní tkáně. S využitím
metod tvarování vlnoplochy je možné svazek vystupující z vlákna fokusovat do jediného
bodu, a vytvořit tak miniaturní skenovací mikroskop. Různé mikroskopické zobrazovací
metody již byly tímto způsobem implementovány, a to včetně několika in-vivo demon-
strací. Tato práce se zabývá implementací zobrazování pomocí koherentního anti-Stokeso-
va Ramanova rozptylu (CARS), nelineární metody umožňující zobrazování s chemickým
kontrastem bez značení vzorku. Tato metoda má potenciální využití pro klinické aplikace
například při diagnóze nádorů. Práce je zaměřena zejména na optimalizaci endoskopu
a vláknových sond pro fokusaci světla z pulzních laserů včetně kontroly disperze s cílem
umožnit nelineární zobrazování. Takto optimalizovaný systém je následně využit pro de-
monstraci zobrazování metodou CARS uvnitř tkáně (například lipidové dvojvrstvy buněč-
ných membrán kolem axonů) a chemického kontrastu na polymerových kuličkách. Systém
je též použit k demonstraci multimodálního zobrazování fixované myší tkáně kombinací
CARS a dvoufotonové mikroskopie.
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Introduction

Scattering effects make biological tissue mostly opaque to light, limiting the maximal
depth for optical imaging. For state-of-the-art multiphoton imaging techniques and brain
tissue, the penetration depth can exceed several hundred of micrometres (for two-photon
excitation fluorescence) or even a millimetre (for three-photon excitation) [1–7].

While the development in focusing through complex media could overcome some of
the scattering effects [8–10], the maximal imaging depth while maintaining subcellular
resolution is still limited. Since other non-invasive imaging approaches, such as computed
tomography or magnetic resonance imaging, do not allow for sufficient resolution, imaging
deeper requires bringing the imaging instrument closer to the target area. Endoscopes are
often used to reduce the damage to the surrounding tissue [11], typically based on fibre
bundles [12–14] or graded-index (GRIN) lenses [15–25]. The diameter of such endoscopes
starts at several hundreds of micrometres, making the impact on the tissue relatively
large.

Advances in wavefront shaping have provided tools to transform a single multimode
fibre into a miniature endoscope [26, 27]. The diameter of such fibre is typically in the
range of 100 μm, and the numerical aperture of the fibre determines the spatial resolution
of the endoscope [28, 29]. These properties make multimode fibres suitable for minimally
invasive imaging deep inside sensitive tissue.

Practically, imaging through multimode fibres is not as straightforward as using a GRIN
lens, for example, as images are not preserved when light is propagated through the fibre.
Instead, when coherent light is coupled into one end of a multimode fibre, a seemingly
random speckle pattern can be observed at the other end. To overcome this issue, the
excitation beam coupled into the fibre is typically spatially modulated using a spatial light
modulator [30, 31] to create a focus in the sample plane. Since a point can be generated
at any position in the sample, it can also be raster-scanned, mimicking a point-scanning
microscope. Creating the foci, however, requires the light propagation through the fibre
to be characterised in advance. This calibration procedure can take several minutes, de-
pending on the parameters of the fibre. It can be usable for several hours if the beam
projected to the proximal end is stable [32], sufficiently long enough for many practical
applications.

Due to their small diameter, multimode fibres are very flexible, making them good
candidates for imaging in freely-moving animals. Unfortunately, the light propagation
in the fibre depends on its shape, making the calibration very bent-sensitive [33–35].
Efforts have been seen to dynamically compensate for the effects using a coherent beacon
source [36] or a partial reflector [37] at the distal end of the fibre. In addition, it has
been shown that graded-index fibres are significantly less bent-sensitive than step-index
fibres [38]. Nevertheless, the bend resilience demonstrated so far has not reached the
level necessary for imaging using a long non-static fibres. Consequently, the fibres used
for imaging are typically only a few centimetres long. Nevertheless, this is more than
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INTRODUCTION

sufficient for imaging, for example, throughout the whole depth of a head-fixed mouse
brain.

Imaging techniques implemented to this date through a single multimode fibre include
fluorescence imaging [39, 40], including in-vivo demonstrations [41–43], volumetric fluor-
escence imaging [44], wide-field [45], dark-field [46], far-field imaging [47], light-sheet [48],
confocal imaging [49, 50], two-photon excitation fluorescence (TPEF) imaging [51–54],
photoacoustic imaging [55], time-of-flight 3D imaging [56], compressive imaging [57–60]
as well as label-free imaging methods such as linear Raman imaging [61, 62]. In addi-
tion, using point scanning at the end of a multimode fibre has been used for two-photon
polymerisation [63] or micromanipulation [64, 65].

The goal of this thesis is the implementation of coherent anti-Stokes Raman scattering
(CARS) imaging through multimode fibre. This technique allows label-free imaging with
chemical contrast [66]. CARS and other non-linear techniques like TPEF and second-
harmonic generation (SHG) are essential tools for performing optical biopsies for diagnos-
ing tumours and other diseases [67]. Thus, implementing CARS through a multimode
fibre would pave the way towards clinical applications of multimode fibre endoscopes.

The thesis is divided into five chapters. The first chapter in an introduction to imaging
through a multimode fibre, and it describes the calibration procedure needed to turn the
multimode fibre into, essentially, a laser scanning microscope that can be used to perform
high-resolution imaging. In the second chapter, the endoscope is built and characterised,
and its focusing performance is optimised. The other three chapters present the results
of implementing non-linear imaging through a multimode fibre published in the following
three papers [68–70]. In the third chapter, a wavelength-dependent characterisation of the
multimode fibre endoscope is performed. The results are then used in the fourth chapter
to demonstrate coherent anti-Stokes Raman scattering imaging through the multimode
fibre endoscope using a picosecond laser system, and in the fifth chapter, to demonstrate
multimodal two-photon excitation fluorescence and coherent anti-Stokes Raman scattering
imaging through a multimode fibre using a femtosecond laser system.
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1. Imaging through multimode fibres

When coherent light is coupled into a multimode fibre, a speckle pattern is created at
the other end of the fibre due to the interference of different fibre modes. Therefore, in
contrast to other imaging methods, an image of any object cannot be directly transported
through the fibre. To use the multimode fibre as a miniature endoscopic probe for imaging,
the light coupled into the fibre has to be shaped using a spatial light modulator in a way
that creates a focused point at the other (distal) end of the fibre using methods known
from the research on focusing through a complex media [71–74] and wavefront correction
methods [75, 76]. This goal is achieved by characterising the light transport through the
fibre before the imaging in a calibration procedure. A focused point can then be scanned
across the imaging plane in front of the fibre, and the whole optical system can be used
as a point-scanning microscope. The procedure for creating a scanning point behind
a multimode fibre is discussed in this chapter.

1.1. Optical setup
A simplified drawing of the multimode fibre endoscope (here, used, for example, for fluor-
escence imaging) is in Figure 1.1. The beam from the laser is split into a signal beam and
a reference beam. The signal beam is shaped using a spatial light modulator (SLM) which
is used in off-axis configuration. In the following text, it is assumed that a phase-only
liquid crystal SLM is used. The hologram displayed on the SLM is Fourier transformed
using a lens. In the Fourier plane, an iris isolates the first diffraction order, which is then
imaged onto the proximal facet of the fibre using a 4f system (a lens and an objective).
The SLM is therefore placed in the far-field of the fibre facet.

It should be noted that another possible configuration of the optics focusing light into
the multimode fibre can be chosen, with an even number (typically four) of lenses between
the SLM and the fibre (used, for example, in [47, 77]). Thus, the SLM is imaged directly
onto the input facet in this configuration. The blazed gratings on the SLM correspond to
different plane waves coupled into the fibre instead of different points in the configuration
used here. While for some experiments, only one of the configurations gains good results
(for example, imaging in the far-field using a step-index fibre [47]), the conclusions of this
thesis hold regardless of the configuration used.

If a digital micromirror device (DMD) [31, 78–80], a binary amplitude modulator, were
used instead of the SLM, the procedures described in this chapter would still hold. The
only difference would be that the calculated holograms would be binarised for the DMD
by thresholding. Albeit DMDs are much faster than SLMs (for example, ViALUX V-7001
has a switching rate 22.7 kHz or even higher if only a part of the chip is used, compared
to less than 200 Hz for Meadowlark HSP1920-1064-HSP8 liquid crystal SLM, used in this
thesis), they are significantly less efficient. The lower efficiency is typically not an issue
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1. IMAGING THROUGH MULTIMODE FIBRES
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Figure 1.1: A simplified drawing of the multimode fibre endoscope.

for linear imaging, as the excitation power is typically orders of magnitude more than the
output power of the laser. On the other hand, high excitation powers are often necessary
for non-linear imaging techniques developed in this thesis. Hence, a liquid crystal SLM is
used.

The light transport through the fibre has to be characterised in a calibration procedure
to use the fibre as a point-scanning device (the calibration procedure is described in
Section 1.4). This calibration requires access to the distal end of the fibre which is imaged
onto a camera using another 4f system. The image of the distal end facet overlaps with
the plane wave reference beam to measure amplitude and phase using phase-shifting
interferometry. After the imaging system is calibrated, access to the distal end of the
fibre is no longer needed, and the whole calibration module can be replaced with a sample.
The fibre and the spatial light modulator perform as a point-scanning microscope. The
signal (fluorescence, for example) is detected through the fibre on a detector placed on
the proximal side.

1.2. Hologram generation

The hologram for the spatial light modulator (SLM) is generated using fast Fourier trans-
form (FFT) [81]. Figure 1.2 shows the hologram generation procedure for a phase-only
modulator placed in the far-field of the input facet of the fibre (a configuration shown in
Figure 1.1. To make the individual pixels visible for the illustration, a spatial light modu-
lator with a resolution of 64 px × 64 px was assumed, about an order of magnitude lower
than real spatial light modulators used in these applications. The hologram generation
is demonstrated in a situation when three focused points with the same amplitude, but
different phases are being generated at the input facet of the fibre.

In the first step of the hologram generation, a complex array with the exact resolution
as the resolution of the SLM is allocated. The requested field is then inserted into the
array. This array represents the plane at the input fibre facet. In this particular example,
three elements of the array are set to non-zero values (Figure 1.2a) to create three points
at the input facet of the fibre, each with a different phase. The quadrants of the array
are then rearranged to prepare the array for the FFT algorithm (Figure 1.2b). The first
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1.2. HOLOGRAM GENERATION
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Figure 1.2: Hologram generation procedure for phase-only modulation. (a) An array (of
complex numbers) with the same resolution as the resolution of the spatial light modulator
(SLM) is allocated and filled with the required field at the input facet of the fibre. (b) The
quadrants of the array are shifted in preparation for the fast Fourier transform. (c) A fast
Fourier transform of the array is calculated. (d) Only the argument of the complex number
in each pixel is used for the phase-only hologram. (e) The beam generated in the far-field
of the SLM contains not only the 1st diffraction order, but also the 0th (reflection) and
other diffraction orders. (f) The 1st diffraction order is separated using an iris and imaged
onto the input facet of the fibre using a 4f system.
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1. IMAGING THROUGH MULTIMODE FIBRES

step of the procedure (Figure 1.2a) is often omitted to speed up the calculations, and the
requested field is inserted in the array directly using the shifted coordinates.

Afterwards, a fast Fourier transform of the array is calculated (Figure 1.2c). The
result of the Fourier transform is the field that needs to be generated in the SLM plane to
obtain the requested field on the fibre facet. Since a phase-only modulator is used, only
the phase of the field (i.e., the argument of each complex element of the array) is used
(Figure 1.2d). That is, the amplitude of the field after the SLM is always near-uniform
(determined by the profile of the laser beam). If a DMD, a binary amplitude modulator,
were used instead, the calculated phase distribution would be binarised [82].

The beam diffracted off the SLM is Fourier transformed using a lens (Figure 1.2e).
Due to a limited 1st order diffraction efficiency of the modulator, a 0th order beam (in
essence, a reflection off the SLM) is being generated in addition to the requested field.
Also, higher diffraction orders might be present. The 1st diffraction order is isolated using
an iris and demagnified onto the input facet of the fibre using a pair of lenses forming
a 4f system.

Figure 1.2f shows the resulting field on the input facet. The three points with the
phases requested in the first step are projected. Due to the diffraction on the rectangular
aperture of the SLM, the points are slightly rectangular and have side lobes, as expected
from Fraunhofer diffraction on rectangular aperture. In addition to the three requested
points, other points, also called ghost orders, are generated due to using a phase-only mod-
ulation. This imperfection could be avoided by using a complex modulation, essentially
encoding both the amplitude and phase into the hologram [83–88]. Such modulation is,
however, lossy and would decrease the total throughput of the fibre imaging system.

This method of hologram generation allows addressing a grid of points on the input
facet of the fibre. For a SLM with resolution of nSLM × nSLM (pixels) and a pixel pitch
of pSLM, the grid of points created at wavelength λ in a focal plane of Fourier transform
lens f1 (the iris plane in Figure 1.1) has a pitch of

piris = f1
λ

nSLMpSLM
.

This grid is demagnified onto the input facet, creating a grid with a pitch of

pin = f1f3

f2

λ

nSLMpSLM
.

The lenses f1, f2 and f3 are optimally chosen when the far-field of the fibre (which creates
a circle at the SLM plane) just fills the active area of the SLM, thus

2 NAf1f3

f2
= nSLMpSLM ,

where NA is the numerical aperture of the fibre. The pitch thus becomes

pin = λ

2 NA
,

independent of the resolution and dimensions of the SLM. The number of points that fit
into the core of the fibre with a diameter of d is

Nin = πd
2

4p2
in

= πd
2NA2

λ2 .
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1.3. TRANSMISSION MATRIX

The number of modes supported by the fibre for a single polarisation state is

NSI = V 2

4
= π

2d2 NA2

4λ2 , NGRIN = V 2

8
= π

2d2 NA2

8λ2 ,

for a step-index (SI) and graded-index (GRIN) fibre, respectively, where V is the normal-
ised frequency (V -number). The number of points corresponding to the core is thus higher
by a factor of 4/π .= 1.3 or 8/π .= 2.5, for a step-index and graded-index fibre, respectively.
Consequently, the grid of points created by this method should be sufficient to control
the fibre modes fully. Decreasing the ratio f1f3/f2 decreases the pitch on the input facet,
unnecessarily increasing the number of input points that can be coupled into the fibre.
Increasing the ratio leads to increasing the pitch, decreasing the number of points and
undersampling the input of the fibre. In addition, the range of spatial frequencies coupled
into the fibre gets limited, making the points at the distal end of the fibre larger.

1.3. Transmission matrix
Since the multimode fibre is a linear system, the light transport through the fibre can
be described in terms of a transmission matrix TM [26, 89–93]. This matrix describes
a linear transmission from the proximal (input) facet to the distal (output) facet (or any
plane in front of the distal facet). Since the optical fields are complex (i.e., they have both
amplitude and phase), the elements of the transmission matrix are complex numbers. If
the transmission matrix is known, the optical field at the distal end of the fibre can be
controlled by modulating the field at the proximal end of the fibre using the spatial light
modulator (see Figure 1.3).

(a) Transmission matrix measurement
Hologram

FT

Input facet Output facet

Fibre

TM

(b) Output point generation
Hologram Input facet Output facet

FT−1 Fibre

TM−1

Figure 1.3: Measurement of the transmission matrix of the multimode fibre and output
point generation.
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1. IMAGING THROUGH MULTIMODE FIBRES

Bases in both the input and output planes must be chosen to measure the transmission
matrix. A convenient choice for a point-scanning device is a point-based basis. The spatial
light modulator is placed in the far-field of the proximal facet of the fibre. Therefore,
a single spatial frequency (a blazed grating) generates a diffraction-limited point on the
proximal facet. In the following, these points are referred to as input points. The distal
end of the fibre is projected onto a camera. Thus, points at the output plane correspond
to individual pixels on the camera chip and are referred to as output points. In literature,
these foci are often referred to as input and output modes [26].

1.4. Fibre calibration procedure
To create the foci on the output facet of the fibre, the light transport through the fibre has
to be characterised by a calibration procedure, i.e., the transmission matrix of the fibre
has to be measured. The procedure, in essence, finds the phase relationship between foci
on the input facet (input points) needed to achieve a constructive interference in a point
at the distal end of the fibre (output point).

The usable range of input points, that is, those that are focused on the core and
therefore coupled into the fibre, is found by raster scanning a point across the input
facet of the fibre by displaying consecutive gratings with different pitch on the SLM, and
measuring the power transmitted by the fibre by integrating all the pixels corresponding
to the fibre core on the camera (Figure 1.4). Only the points that give, e.g., at least 20 %
light transmission (relative to the input points near the centre of the fibre) are selected.

Fibre transmission

FT lens

FT lens

Input facetHologram

MM fibre

Output facet

MM fibre

∑

∑

∑

...

FT lens MM fibre

...

FT lens MM fibre

∑

core core

Figure 1.4: Input points selection. A point is raster-scanned across the input facet and
the power transmission of the fibre are measured.

The selected input points are then displayed one by one. The speckle pattern for each
input point in the sample plane is imaged onto the camera and overlapped with the plane
reference wave. The reference wave might be generated externally or on the SLM as an
additional grating. The phase and the amplitude of each output point for each input
point are measured using phase-shifting interferometry (see Figure 1.5).
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Figure 1.5: Transmission matrix measurement. Selected input points are scanned and the
resulting optical field (amplitude and phase) is measured using phase-shifting interfero-
metry.
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Figure 1.6: Output point generation. All the input points are displayed simultaneously
with a phase set to the negated phase values and an amplitude set to the amplitude
measured during the calibration (Figure 1.5). All the waves, therefore, constructively
interfere in a single output point. The hologram generation is shown only schematically.
In reality, the individual fields are summed, not the respective gratings.
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1. IMAGING THROUGH MULTIMODE FIBRES

A focused output point in the focal plane is then created by displaying all the phase
gratings on the SLM corresponding to the input points simultaneously, with a phase set
to the negated phase values and an amplitude set to the amplitude values measured in
the desired output point as shown in Figure 1.6. Thus, constructive interference of all
the waves corresponding to the input points is achieved in the output point in the focal
plane. The amplitude information suppresses those input points that do not contribute
to the interference in the selected output point and would, therefore, only increase the
background.

An example of the focused point created at the distal end of the fibre is in Figure 1.7.
The same point is shown in linear and logarithmic scales, revealing a speckled background
around the point. The primary source of this background is the usage of the phase-only
modulation. In essence, the wave coupled into the fibre is not being replicated accurately,
which results in some of the power behind the fibre being randomly distributed across the
field of view. Another source of the background in the simplified system discussed here
is not controlling the polarisation of the light coupled into the fibre and thus not fully
controlling all the fibre modes.
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Figure 1.7: Output point example (the fibre was Thorlabs FG050LGA and the point
was generated directly on the facet using a wavelength of 780 nm) in (a) linear scale and
(b) logarithmic scale.

1.5. Other calibration and imaging approaches
The method for calibrating the multimode fibre is not the only possible approach to
generate a scanning point at the distal end of a multimode fibre and use it for imaging.
Many modifications or entirely different methods have been published.

One possible modification of the procedure is a different choice of the basis at the fibre
input in which the transmission matrix is measured. This chapter used a plane-wave basis
in the spatial light modulator plane. This choice implied that the hologram was generated
using Fourier transform. Depending on the number of lenses between the modulator and
the input fibre facet, these plane waves generate either points or plane waves at the input
facet. Another possible basis is a so-called subdomain-based basis [26], where the spatial
light modulator is divided into small rectangles (subdomains). During the calibration
procedure, the phase of each subdomain is then optimised separately. The disadvantage
of this approach is the very low intensity on the camera in the calibration module, as the
very small subdomains must be calibrated one by one, sending most of the light into the
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1.5. OTHER CALIBRATION AND IMAGING APPROACHES

0th diffraction order. Another possible basis is the Hadamard basis [94, 95]. Instead of
modulating the light coupled into the fibre, the fibre itself can be mechanically deformed
to, in essence, shape its transmission matrix so a point at the distal end is created [96].

Another approach to generating a point at the distal end uses digital phase conjuga-
tion [97]. For the calibration, a focused point from a laser is launched into the distal end
of the fibre, and the field at the proximal end of the fibre is measured on a camera. The
measured (phase-conjugated) field is replicated on a spatial light modulator to create the
same point through the fibre. This method requires a precise alignment of the modulator
and the camera. The point can also be generated iteratively [98] or employing other
phase retrieval techniques [99, 100]. While this allows creating of a focused point without
having to use a reference beam, the demonstrated intensity enhancements of the points
were significantly lower than in most papers using holography.

The whole process of characterising the light propagation through the multimode
fibre can be simplified by exploiting the memory effect of the fibre [101–104]. While
using the memory effect could, in theory, reduce the calibration time, it requires a precise
alignment of the laser beam and the fibre (in essence, the fibre could not be treated as
a black box). So far, only very basic transmission imaging has been demonstrated in [103].
The calibration time could also be reduced by compressively sampling the transmission
matrix [105].

Reconstruction of the transmission matrix of a multimode fibre without access to distal
end has been demonstrated by detecting a back-reflection of a thin stack of structured
metasurface reflectors deposited to the distal end [106].

The common denominator in all the papers mentioned above is the fibre system used
as a point-scanning device. After characterising the light propagation through the fibre,
the laser beam coupled to the fibre is modulated to create a single point at the distal
end. A completely different approach is a digital reconstruction of the entire image trans-
mitted through the fibre and scrambled into a speckle pattern [107], often in conjunction
with deep learning [108, 109]. An optical-only approach to this reconstruction has been
proposed in [110] but has only been demonstrated theoretically.
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2. Characterisation of a multimode
fibre endoscope

In this chapter, a multimode fibre endoscope is designed and characterised. The chapter
includes a detailed description of the alignment process and a more in-depth explanation
of the calibration procedure, briefly introduced in Section 1.4. In addition, methods for
evaluating the quality of the foci are described in detail. The chapter thus serves mainly
as an introduction to the terms and methods used in the following chapters.

2.1. Setup for fibre characterisation
A schematic drawing of the optical setup for multimode fibre characterisation is shown
in Figure 2.1. The design of the system was changed multiple times throughout the
experiments presented in this thesis due to different requirements for each experiment
and availability of the components. The changes included, for example, using different
light sources (continuous-wave laser, picosecond laser system, femtosecond laser system),
detectors (photodiodes or photomultiplier tubes) or replacing the spatial light modulator.
The configuration described in this section was used for the experiments presented in this
chapter as well as for the wavelength-dependent characterisation in Chapter 3. The most
important changes to the system for the experiments in other chapters are then described
at the beginning of the respective chapter. Nevertheless, the differences in the timing of
the data acquisition are, for better comparison, described in this section.

Two different lasers were coupled into the system. For most experiments presented in
this chapter, a tunable narrowband continuous-wave (CW) titanium-sapphire (TiS) laser
(M Squared SolsTiS SA PSX F, wavelength tuning range 725 nm–975 nm, maximal power
of 1 W, pumped by Coherent Verdi G5, wavelength 532 nm, maximal power 5 W) was
used. The beam power was controlled using a combination of an achromatic half-wave
plate (HWP3; Thorlabs FBR-AQ2) and a polarising beamsplitter cube (PBS1; Thorlabs
PBS052). Afterwards, the beam was coupled into a polarisation-maintaining single-mode
optical fibre (PM SMF; Thorlabs P3-780PM-FC-2) using another achromatic half-wave
plate (HWP5; Thorlabs FBR-AQ2) and an achromatic doublet lens (L1). Coupling the
light into the single-mode fibre was necessary due to the low pointing stability of the laser
after its wavelength was tuned. Without filtering the beam through the fibre, the beam
position on the liquid crystal spatial light modulator (LC SLM) would change significantly
with wavelength, affecting many measurements. With the fibre, the beam position on the
SLM was stable at the cost of the coupling efficiency, and thus the power incident on the
SLM was wavelength dependent. However, the power changes could be taken into account,
and the data be corrected for this effect. The beam exiting the polarisation-maintaining
single-mode fibre was collimated (L2; Thorlabs AC254-150-B-ML), and its polarisation
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2.1. SETUP FOR FIBRE CHARACTERISATION
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Figure 2.2: The spatial light modulator chip with a resolution of 1920 px × 1152 px was
divided into four parts: two squares 960 px × 960 px (one was used for the experiments,
and the other one was reserved for future use with multiple wavelengths) and two unused
stripes 1920 px × 96 px (which were not used at all).

was filtered using a polarising beamsplitter cube (PBS2; Thorlabs CCM1-PBS252/M).
The filtering ensured a stable polarisation of the beam entering the rest of the system.
Using an achromatic half-wave plate (HWP5; Thorlabs AHWP05M-980), the polarisation
of the beam was set to be vertical, which ensured the maximal efficiency of the SLM.

The second laser used in this chapter was a femtosecond laser (Coherent Chameleon
Discovery). This laser produced two synchronised output pulse trains. One had a fixed
wavelength of 1040 nm, power 4 W, pulse duration 140 fs and a repetition rate 80 MHz.
This output was not used in this chapter. The second output was an optical parametric
oscillator (OPO) with a tuning range of 660 nm–1320 nm, power up to 2 W (at 800 nm),
pulse duration 100 fs, a repetition rate 80 MHz and a built-in pre-chirp pulse compressor.
This output could be coupled into the setup using a mirror mounted on a flip mount. The
power and polarisation of the beam were controlled using a pair of achromatic half-wave
plates (HWP1, HWP2; Thorlabs AHWP05M-980) and a Glan-Taylor calcite polariser
(GT; Thorlabs GT10-B).

A small portion of the beam was picked on a non-polarising beamsplitter (BS1; Thor-
labs BSN11) to monitor the power and the wavelength of the laser. This beam was then
split once more into two beams using another non-polarising beamsplitter (BS2; Thorlabs
BSW11). One beam was used to monitor the power using a photodiode (PD1; Vishay
Semiconductors BPW34, with a custom transimpedance amplifier). The second part was
coupled into a single-mode fibre (SMF; Thorlabs P1-780A-FC-1) using a lens (L3, Thor-
labs AC254-030-B-ML). The fibre was connected to a spectrometer consisting of a pair of
lenses (L4, Thorlabs AC254-100-B-ML, and L5, Thorlabs AC254-125-B-ML), a grating
(SG; Thorlabs GR25-1208) and a camera (CAM1; Basler ace acA1920-150um). The range
of the spectrometer was (780 ± 19) nm for the measurements in this thesis, and it could
be changed by rotating the grating. The spectrometer was necessary for measuring the
wavelength of the tunable TiS laser during the wavelength-dependent characterisation of
the endoscope since the laser did not provide sufficiently accurate information about its
wavelength.

The beam was expanded using a pair of achromatic doublet lenses (L6 Thorlabs AC254-
030-B-ML, and L7, Thorlabs AC254-250-B-ML) to significantly overfill the active area of
a liquid crystal phase-only spatial light modulator (LC SLM; Meadowlark HSP1920-1064-
HSP8) to provide near-uniform illumination of the chip. The resolution of the modulator
was 1920 px × 1152 px. Only a square part of the modulator chip of 960 px × 960 px was
used, as shown in Figure 2.2.
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Figure 2.3: Phase holograms and corresponding intensity in Fourier plane.

After diffracting off the SLM, the beam was Fourier transformed using a lens (L8;
Thorlabs AC254-250-B-ML), allowing separation of the diffraction orders. The SLM cre-
ated four beams with different ranges of spatial frequencies (see Figure 2.3). The position
of the regions in the Fourier space was chosen to minimise cross-talk, i.e., no diffraction
order of any point in the region overlapped any other region.

The 0th order (i.e., in essence, the direct reflection) was always present and was not
used for the experiments. It was reflected off a D-shaped mirror (MD1; Thorlabs PFD10-
03-P01) and blocked on an iris (Thorlabs SM1D12SS). When no hologram was displayed
on the SLM, almost all the incident power ended up in the 0th order. Thus, a stainless-steel
iris was used because of its higher damage threshold.

Another two beams created by the SLM (one for each input polarisation) were coupled
into the multimode fibre. These beams filled two circles in the Fourier plane, correspond-
ing to the core of the multimode fibre. The beams were separated using another D-shaped
mirror (MD2) and were both collimated (L10, L11; both Thorlabs AC254-200-B-ML). The
polarisation of one of the beams was turned by 90◦ using an achromatic half-wave plate
(HWP7; Thorlabs AHWP10M-980). The same type of half-wave plate was also placed
in the other beam (HWP6) to minimise the differences between the two optical paths.
Both beams were then overlapped using a polarising beamsplitter cube (PBS3; Thorlabs
CCM1-PBS252/M). In essence, sending light in the path through L10 and HWP6 (i.e., in
the top left quadrant of the Fourier plane in Figure 2.3) produced a vertically polarised
pattern on the input facet of the fibre. Sending light in the path through L11 and HWP7
(i.e., in the top right quadrant of the Fourier plane) produced a horizontally polarised
pattern on the input facet of the fibre. By setting the relative phase and amplitude of
these two beams on the SLM, the polarisation state at the input of the fibre could be
locally controlled. The input polarisation control was essential when graded-index fibres
were used. These, unlike step-index fibre, do not maintain circular polarisation (this is de-
scribed in Section 2.8 in detail). The polarisation basis could be changed from horizontal
and vertical linear polarisation to a left-handed and right-handed circular polarisation by
inserting two achromatic quarter-wave plates (QWP1, QWP2; both Thorlabs AQWP05M-
980) into the system. Using two quarter-wave plates changed both the input and output
polarisation basis.
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2.1. SETUP FOR FIBRE CHARACTERISATION

The total number of reflections was even for one of the two beams and odd for the other.
The difference was essential to use only a single prism for compensating the dispersion of
the SLM (as discussed in Section 3.2). When a pulsed laser was used, keeping the optical
path difference between the two beams below the pulse length was necessary. Two mirrors
in one of the polarisation beams were placed on a motorised stage, forming a delay line.
The optimal overlap was set by sending two plane waves into the polarisation control
optics, one for each polarisation, and monitoring the interference contrast on photodiode
PD2. The overlap had to be re-established after every re-alignment of the optics.

Since the focused points created at the sample plane at the distal end of the fibre
resulted from the constructive interference of the two input polarisation beams, any phase
drift between the two optical paths decreased the intensity of the point. For example,
a phase drift of π resulted in destructive interference, dropping the excitation power near
zero. Depending on the conditions (mainly temperature changes) during the imaging, this
could happen in less time than it took to capture a single image. The phase difference
between the two beams thus had to be stabilised to make the imaging possible. Since
the system already had a phase modulator (the SLM), the relative phase difference could
be kept constant (at a value corresponding to constructive interference at the sample
plane) by changing the phase during the hologram generation. The relative phase had
to, however, be measured. During the imaging, the distal end of the fibre could be
potentially inserted inside tissue and thus be inaccessible. Consequently, the intensity
of the excitation point could not be monitored on the camera in the calibration module.
The measurement of the phase drift had to be implemented on the proximal side. The
measurement was done by picking a small fraction of both beams on PBS3, and measuring
the interference on a photodiode (PD2; Vishay Semiconductors BPW34). Since both
beams had orthogonal polarisations, to achieve interference, a polariser (POL; Thorlabs
LPVIS100-MP2) with its axis oriented at 45◦ was placed before the photodiode. The exact
implementation of the measurement and phase correction is described in Section 2.5.

The input polarisation control is often implemented using one or two polarising beam
displacers (see [43, 87, 90] for an example) instead of PBS3 and multiple mirrors around
it in Figure 2.1. In such an approach, both beams are kept parallel, and thus both have
a common path. However, the polarising beam displacers are unsuitable for focusing short
pulses as there is no control over the optical path difference between the beams, and the
displacement is wavelength-dependent. On the other hand, the approach with the beam
displacers is preferable for narrowband light sources since it mitigates the drift between
both beams.

The holograms displayed on the SLM had a form of a sum of blazed diffraction gratings,
which caused the position of the beams in the Fourier plane to be wavelength-dependent.
To correct for this effect, a wedge prism (Thorlabs PS812) could be placed in the beam.
The position of the prism corresponded with the position of the image of the SLM created
by lenses L8 and L10/L11. The details of the correction are described in Section 3.2.

The beam was afterwards focused onto the proximal end of the multimode fibre using
a 20× objective (Olympus MPlanFL N 20×/0.45NA).

The fourth beam created by the SLM was the reference beam. It was reflected, together
with the 0th order off MD1. Afterwards, it was isolated using an iris and collimated (L6,
Thorlabs AC254-150-B-ML). To measure the spectral phase (a phase as a function of the
wavelength) of the output points in the fibre imaging plane, the optical path difference
between the path through the fibre (the signal beam) and the reference beam path had
to be as low as possible. Otherwise, the phase would change rapidly with the wavelength,

17



2. CHARACTERISATION OF A MULTIMODE FIBRE ENDOSCOPE

SLM

AI

Trigger in

AI

AI

AI

AI

M
U

X
ADC

&

≥ 1

1

CAM enable

CAM force

&

≥ 1

ADC enable

ADC force

Trigger out

ADC trigger

I/O

I/O

I/O

I/O

I/O

NI DAQ card Camera

Trigger in

Trigger out

PC

USB

PCIe

USB

USB

USB

PCIe

PMT1

PMT2

PD1

PD2

PD3

Detectors Filters

Amplioers

Figure 2.4: Schematics of the electronics. The detectors were connected to analogue
inputs of a data acquisition (DAQ) card. The analogue to digital converter (ADC) in the
card and the camera were triggered by the spatial light modulator (SLM). The trigger
was additionally controlled by four digital outputs of the DAQ card. The photomultiplier
tubes (PMTs) were used only for imaging in Chapters 4 and 5.

and measuring the spectral phase would not be possible (due to 2π jumps). Therefore,
a delay line was placed in the reference beam, consisting of a knife-edge right-angle prism
mirror (P1; Thorlabs MRAK25-P01) and a hollow-roof prism mirror (RR1; Thorlabs
HRS1015-P01) placed on a motorised stage. The length of the delay line was set, so the
interference pattern on the camera almost did not change while modulating the wavelength
of the tunable CW laser by 100 GHz. The optical path difference for the laser wavelength
was minimal at that position. Setting the optical path difference near zero was also
crucial when using the femtosecond laser to achieve interference between the signal and
the reference beam.

The reference beam could alternatively be picked on a beamsplitter before SLM. Gen-
erating the reference beam using a separate spatial frequency on the SLM allowed easier
control over its intensity. It had, however, no effect on the results presented in this thesis.

The distal end of the multimode fibre was imaged onto a camera (CAM2; Basler ace
acA1920-155um) using another 20× objective (Olympus MPlanFL N 20×/0.45NA) and
an achromatic lens (L12; Thorlabs AC254-250-B-ML) to characterise the light propagation
through the fibre and create a focused point at the distal end of the fibre. The image was
then overlapped with the reference beam using a non-polarising beamsplitter cube (BS3;
Thorlabs CCM1-BS014/M). A set of absorptive natural-density filters (ND1; Thorlabs
NE30A-B, ND2; Thorlabs NE20A-B) was used to adjust the intensity on the camera.

For imaging in transmission, an amplified photodetector (PD3; Thorlabs PDA36A2)
was placed in the beam reflected off the beamsplitter.

The electrical connection is outlined in Figure 2.4. The photodiodes, as well as pho-
tomultiplier tubes (PMTs, used in Chapters 4 and 5) were connected to a data acquisition
card (DAQ; National Instruments USB-6343). In Chapter 5, the signals from the PMTs
were additionally filtered using an active 10 kHz low-pass filter before being fed into the
analogue inputs of the DAQ card.
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2.1. SETUP FOR FIBRE CHARACTERISATION

The camera in the calibration module and the analogue to digital converter (ADC)
in the data acquisition card were externally triggered by the SLM. The synchronisation
was performed to make the calibration and imaging as fast as possible. Different timing
schemes were tested and used for different experiments in this thesis. The optimal scheme
(used for imaging in Chapter 5) is shown in Figure 2.5. With this timing, the system
displayed about 170 holograms per second with an integration time of 2 ms or about
205 holograms per second if the integration time was 0.9 ms or lower.

Unlike many digital micromirror devices (DMD), the SLM used here did not have
an internal memory for storing whole hologram sequences. Instead, each hologram had
to be uploaded by the imaging software to the SLM separately before it was displayed.
The upload took about 0.5 ms. Exactly 1.18 ms prior the SLM started displaying the new
hologram, the SLM controller produced a negative pulse on its trigger output [111]. These
1.18 ms corresponded to the refresh frequency of the SLM, as the hologram was changed
only in intervals corresponding to an integer multiply of this number. Consequently,
a completely arbitrary frame rate was not possible. The pulse generated by the SLM
controller was with a delay of 5 ms (after being inverted) used to hardware trigger the
camera and the ADC. The delay was longer than 1.18 ms due to the slow response time
of the liquid crystals. It took about 3.8 ms to achieve a sufficiently stable output. The
next hologram was uploaded during the waiting period or the data acquisition. The delay
before uploading the next hologram (measured since the pulse generated) was calculated
so the hologram on the SLM was stable during the whole exposure or ADC integration
time (the longer of the two). This delay was timed in the software. Ideally, during the
imaging, the total per-pixel dwell time would consist only of the delay necessary to form
the pattern on the SLM and the integration time. For a 2 ms integration time, the pixel
dwell time was 5.9 ms. Since the dwell time was limited by the SLM to integer multiples
of 1.18 ms, to decrease it, the integration time had to be reduced to 0.9 ms.

Depending on the current mode of operation, only the camera, the ADC or both were
active. For example, only the camera was used during most of the calibration, and the
ADC was not triggered. On the contrary, during imaging, only the ADC was used. The
conditional activation of the trigger was controlled by two digital outputs of the DAQ card.
In addition, two additional digital outputs were used to force-triggering the camera or the
ADC converter without refreshing the hologram on the SLM. This logic was implemented
using a series of 74HC00 NAND gates.

The acquisition card had only a single ADC. When multiple channels were to be
measured, the input was multiplexed. Figure 2.5c shows the order of the channels in the
multiplex. The ordering was changed in the experiments presented in this thesis. Thus,
three different variants are shown. Three detectors were used for the experiments presen-
ted in this chapter: the power measurement detector, the phase stabilisation photodiode,
and the transmission imaging detector. The three channels were interleaved. A similar
scheme was used in Chapter 4. The scheme was changed in Chapter 5. Here, one sample
was first measured for each photodiode for phase stabilisation. Afterwards, four samples
were taken for each of the two PMTs. Eight samples were taken for the active channel
when only one PMT was used. Increasing the number of samples for the imaging de-
tectors leads to a reduction of the noise. Reducing the number of switches between the
different inputs reduced the cross-talk between the channels. The frequency of the ADC
was 500 kHz (maximal value supported by the DAQ card). The card was configured to
capture as many samples for each channel as possible during the integration time. The
samples for each channel were then averaged.
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Figure 2.5: Timing diagram which shows the synchronisation of the camera and the
analogue to digital converter (ADC) with the spatial light modulator (SLM). Tdelay – delay
between two consecutive hologram uploads (software controlled), Tup ≈ 0.5 ms – time it
took to upload a new hologram, TSLM = 1.18 ms – refresh time of the SLM, Trise ≈ 3.8 ms –
time to achieve a stable modulation, nTSLM (n ∈ N+) – frame time (per-pixel dwell time),
Ttrig = TSLM + Trise = 5 ms – trigger delay, Texp – camera exposure time (here, 1 ms),
Tint – detector integration time (here, 2 ms). All the delays are to scale. The grey pulses
in the SLM output trigger were not being generated and are shown only to emphasise
the refresh frequency of the SLM. The diagram shows three variants for the ADC, which
differed in the configuration of the channel multiplexing: I was used in this chapter, II in
Chapter 4 and III in Chapter 5.
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2.2. MULTIMODE FIBRES

2.2. Multimode fibres
The list of all multimode fibres used in this thesis is in Table 2.1. The fibres were both
commercial multimode fibres and custom-drawn fibres. Due to the limited availability of
some types, not all fibres could be used for all experiments presented in this thesis.

Table 2.1: Specification of all multimode fibres used in this thesis.

Fibre Type Core Cladding NA
Thorlabs GIF50E GRIN 50 μm 125 μm 0.20
Thorlabs GIF50C GRIN 50 μm 125 μm 0.20
Thorlabs GIF625 GRIN 62.5 μm 125 μm 0.275
Prysmian DrakaElite GRIN 50 μm 125 μm 0.29
IPHT GRIN 94fa GRIN 78 μm 125 μm 0.30
CREOL F1b GRIN 50 μm 125 μm 0.30
CREOL F3b GRIN 62.5 μm 125 μm 0.30
CREOL F4b GRIN 100 μm 200 μm 0.30
YOFC GI2017-C GRIN 80 μm 125 μm 0.30
Thorlabs FG050LGA SI 50 μm 125 μm 0.22
CeramOptec Optran Ultra WFGE SI 100 μm 110 μm 0.37
aCustom fibre, drawn at Leibniz Institute of Photonic Technology
bCustom fibre, drawn at University of Central Florida College of Optics and Photonics

Preparing a probe for the imaging setup consisted of the following steps. The fibre
was first stripped of the acrylate coating. Afterwards, the fibre was cleaved to a flat facet
at both ends using a manual cleaver (Thorlabs XL411). The cleaved fibre was glued inside
a ceramic ferrule (Thorlabs CF128 or Thorlabs CF230, depending on the outer diameter
of the fibre), with the proximal end of the fibre being flush with the facet of the ferrule
(see Figure 2.6a), using a UV curable glue (Norland Products NOA 65). This adhesive
minimises the strain on the glued components. For better rigidity during imaging and
easier replacement of the probes, two ferrules connected using a ceramic mating sleeve
(Thorlabs ADAF1) were used (Figure 2.6b). The fibre was glued only to one of the two
ferrules.

(a) Fibre in one ferrule (b) Fibre in two ferrules

10 mm

Figure 2.6: Multimode fibre glued inside (a) a ceramic ferrule, (b) two ferrules connected
using a ceramic mating sleeve.
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2. CHARACTERISATION OF A MULTIMODE FIBRE ENDOSCOPE

2.3. Spatial light modulator characterisation

The response (i.e., the relation between the voltage applied to the pixel and the actual
phase stroke) of liquid crystal spatial light modulators (SLMs) is usually non-linear. The
response had to be characterised to use it as an accurate phase modulator and maximise
the diffraction efficiency. Two different methods for measuring the response were tested.
The measured lookup table (LUT) was then applied to the holograms before uploading
them to the SLM. Alternatively, the LUT could be uploaded to the SLM controller and
applied directly in the hardware.

The first method (which is referred to as the diffractive LUT) was based on measur-
ing the power in the 0th diffraction order (see Figure 2.7a) while displaying binary phase
gratings with different phase strokes (see Figure 2.7b). The manufacturer of the SLM
recommends this method used here [112] and software for converting the measured re-
sponse (Figure 2.7c) into the LUT (Figure 2.7d) was provided. In essence, if the grating
amplitude was 0, 2π, 4π, . . . , the power in the 0th diffraction order was maximal (as the
SLM behaved essentially like a mirror). For π, 3π, . . . , the power was minimal (as it was
diffracted into other diffraction orders).

The second method (linear LUT) for calibrating the phase response of the spatial light
modulator relied on the fact that the modulator phase range exceeded 2π, and a part of
the response was linear (see Figure 2.7d). The goal was to find the start of the linear
region (offset) and the length corresponding to 2π (amplitude). This was achieved by
measuring the power in the 1st diffraction order (Figure 2.8a) when displaying blazed
diffraction gratings with different offsets and amplitudes (Figure 2.8b). The measured
response (Figure 2.8c) then had a single maximum, which corresponded to a blazed grat-
ing with 2π steps (and thus an optimal blaze angle) consisting of linear ramps (having
a triangular, sawtooth-shaped cross-section). Other positions corresponded to gratings
with different steps (and thus less than optimal blaze angle) or using the non-linear part
of the SLM response (and thus, the blazed grating ramps were not linear). The position
of the maximum was then used to generate the linear LUT (Figure 2.8d).

Both methods described here achieved a similar 1st order diffraction efficiency (ratio
of the power in the 1st diffraction order to the power incident on the SLM). There was,
however, a significant difference in the speed of the SLM when using different lookup
tables, as shown in Figure 2.9. The rise time was determined by measuring the power in
the 1st diffraction order on a photodiode (the same setup as in Figure 2.8a) connected
to an oscilloscope, while an empty hologram (constant phase over the whole chip) and
a blazed grating with an amplitude of 2π were alternated. In Figure 2.9a, the lower half of
diffractive LUT was used (the whole LUT had a 4π range out of which a 2π long interval
was used). The measured rise time was 1.9 ms, and the signal became stable at about 7 ms
after the end of the hologram upload. This diffractive LUT was used in all experiments.
When the upper half of the LUT was used (Figure 2.9b), the SLM was significantly slower
with the rise time of 5.9 ms and the required delay for the signal becoming stable of more
than 15 ms. The linear LUT (Figure 2.9c) resulted in a rise time of 4.3 ms and the signal
being stable after more than about 12 ms. The rise time specified by the manufacturer
was 3.3 ms. However, this value was specified at 1064 nm, while the measurements were
done at 780 nm, i.e., a smaller part of the SLM voltage range was used to generate the 2π
phase stroke (and thus the SLM was faster).
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(a) Setup for SLM LUT measurement
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Figure 2.7: Diffractive method for SLM response calibration. (a) Setup for SLM lookup
table (LUT) measurement. The SLM was illuminated with a collimated beam, the dif-
fraction orders were separated using a lens and the power in the 0th diffraction order was
measured on a photodiode (PD). Since the grating had a 50 % duty cycle, there was no
2nd diffraction order, so only 1st and 3rd are shown. (b) Sequence of binary holograms
displayed on the SLM during the measurement. (c) Measured response of the SLM at
780 nm. The minima and maxima of the response correspond to integer multiples of π.
(d) Lookup table calculated from the measured response using the software provided by
the manufacturer of the SLM.
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(a) Setup for SLM LUT measurement
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Figure 2.8: Linear lookup table (LUT) measurement. (a) Setup for SLM lookup table
measurement. The SLM was illuminated with a collimated beam, the diffraction orders
were separated using a lens and the power in the 1st diffraction order was measured on
a photodiode (PD). (b) Sequence of blazed gratings displayed on the SLM during the
measurement. (c) Measured response of the SLM at 780 nm. The position of the maxima
was used to generate the LUT. (d) Lookup table calculated from the measured response.
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2.3. SPATIAL LIGHT MODULATOR CHARACTERISATION

(a) Diffractive LUT, 0–2π (b) Diffractive LUT, 2π–4π (c) Linear LUT

Figure 2.9: SLM time response measured at 780 nm using different lookup tables. Chan-
nel 1 (orange) was a TTL signal. The falling edge corresponds to the end of the new
hologram upload to the modulator. Channel 2 (blue) was a power on the photodiode
placed in the 1st diffraction order (Figure 2.8a). An empty hologram and a blazed grating
with an amplitude of 2π were alternated on the SLM.

It should be noted that the rise or fall time measured on the oscilloscope was a stand-
ard 10 % to 90 % rise time. Due to the shape of the response, it took significantly longer
to achieve a stable value. On the other hand, Figure 2.9 shows the most extreme situ-
ation, where two completely uncorrelated holograms were alternated. In the sequences
of holograms displayed in the fibre setup, the two adjacent holograms were often par-
tially correlated, making the response faster. For example, when a point was being raster
scanned, the holograms for adjacent points on a line were correlated. Thus, the response
of the SLM was faster. Holograms for a point at the end of one line and a point at the be-
ginning of the following line were uncorrelated. The response of the SLM was thus slower.
The optimal delay before the start of the data acquisition thus varied. The delay was
set to the minimum acceptable value during imaging. Imaging with an integration time
of 0.5 s was performed, and the delay was set to the minimal value, which did not cause
additional noise or decrease the measured intensity. This delay was found to be 3.5 ms
(measured from the trigger pulse generated by the SLM). That is 3.5 ms+1.18 ms .= 4.8 ms
after the falling edge of the TTL signal in Figure 2.9. While this value was optimal for
most of the image pixels, the first column of each image was noticeably darker, suggesting
that the delay was too short. This observation agrees with the response in Figure 2.9a,
where it took about 7 ms to achieve a stable output. Instead of reconfiguring the acquis-
ition hardware to change the delay for the first row of pixels, the hologram was sent to
the SLM twice. Only the second measured value for this pixel was used to generate the
image. Since only a small fraction of holograms needed to be repeated, the time penalty
was minimal.

Figure 2.9 also shows that the power in the 1st diffraction order was very slightly
oscillating. The oscillations were related to the refresh frequency of the SLM of about
850 Hz. In the fibre setup, this caused a flickering of the image on the camera in the
calibration module. Also, the noise during the imaging was larger when short integration
times were used. The experiments used integration times of 2 ms or longer to mitigate
the effect of refresh frequency on the measurements. In addition, the data acquisition
was triggered using the SLM, as discussed in Section 2.1. The triggering caused the
flickering to be synchronised with the data acquisition, suppressing the noise induced by
the flickering.
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2. CHARACTERISATION OF A MULTIMODE FIBRE ENDOSCOPE

2.4. Fibre alignment
To properly align the multimode fibre in the system, both the position and the angle of
the proximal facet had to be aligned with respect to the incident beam.

The position of the fibre had to be aligned, so one predetermined spatial frequency
(referred to as the central frequency) on the SLM was focused to a point in the centre
of the input facet. This alignment was performed by moving the fibre laterally and the
focusing objective along its axis. Initially, the central frequency was displayed on the
SLM. The power coupled into the fibre was maximised using a power meter placed at the
distal end of the fibre. Maximising the coupling efficiency placed the fibre very close to
the optimal position. Afterwards, the distal end of the fibre was imaged onto the camera
in the calibration module (CAM2 in Figure 2.1) to perform a more precise alignment.
By changing the spatial frequency of the grating displayed on the SLM (Figure 2.10a),
a focused point was raster-scanned across the input of the fibre (this is referred to as
the grating scan) around the central frequency. For each position, the power coupled
into the fibre was measured by integrating the image on the camera. Only those points
whose position corresponds to the fibre core produced a signal on the camera. Points
focused on the cladding were initially coupled into the cladding. The refractive index of
the glue (1.52) used to hold the fibre in the ferrule was higher than the refractive index
of the cladding (about 1.45). This light coupled into the cladding was thus radiated
out. Thus, these points produced only a little signal on the camera. The resulting image
(Figure 2.10c) was, in essence, the image of the input facet of the fibre. Consequently,
the grating scan indicated whether the input facet was clean or damaged. This procedure
had to be performed each time the fibre probe was replaced, as the fibre mount was not
precise enough to maintain the same position after fibre replacement. Only points on
a cross-like pattern were initially scanned to speed up the process, measuring the vertical
and the horizontal cross-sections of the grating scan (as shown in Figure 2.10c). Moreover,
scanning the facet in full resolution was not necessary to perform the alignment. Scanning
in reduced resolution further sped up the process.

The relative angle of the fibre and the beam had to be aligned, so the far-field of the
fibre was centred on the SLM. The alignment was performed, for example, by laterally
moving the objective that focused the light into the fibre. Of course, after each such
change, the position of the fibre had to be re-adjusted using the grating scan. Thus, the
alignment was an iterative process. This procedure was typically not needed after every
probe replacement. A so-called subdomain scan was performed to verify the alignment.
The grating for the central frequency was placed on a small area of the SLM, called
a subdomain. Each subdomain corresponds to a different plane wave on the input facet.
The subdomain was scanned across the SLM (Figure 2.10b), and the power coupled to
the fibre was again measured using a camera. Only subdomains corresponding to plane
waves with an angle lower than the fibre acceptance angle (determined by its numerical
aperture) were coupled into the fibre. The resulting image (Figure 2.10d) was then, in
essence, the image of the far-field of the fibre multiplied by the beam profile on the SLM.
Thus, the subdomain scan could also verify the beam position on the SLM.

The setup presented in Figure 2.1 used two input polarisations. The fibre position
and angle had to be appropriately aligned for both input beams. The system was initially
aligned for one of the input polarisation beams. Afterwards, using the grating and sub-
domain scans, the beam for the other polarisation was centred in position and angle by
aligning only the three mirrors placed in this beam.
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Figure 2.10: Grating scan and subdomain scan used for alignment of the fibre. (a) In the
grating scan, different spatial frequencies were scanned on the SLM. Each corresponds
to a point on the input facet. (b) In the subdomain scan, subdomains with the central
frequency were scanned across the SLM. Each corresponds to a plane wave on the input
facet. (c) An example of the gratings scan. The position in the grating scan corresponds
to the position on the input facet. The bright area corresponds to the core of the fibre.
The graphs show a cross-section through the centre of the measured scan. (d) An example
of the subdomain scan. The position in the subdomain scan corresponds to the position
on the SLM chip. The bright area corresponds to the numerical aperture of the fibre.
The bright area is not sharp since a graded-index fibre was used. The exact intensity
distribution depends on the beam profile on the SLM. The small ellipticity in both scans
was caused by the prism placed in the beam path.
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Instead of integrating the image on the camera, the photodiode PD3 in the setup
presented in Figure 2.1 could be used to measure the power behind the fibre during both
scans. However, such a photodiode is not often present in multimode fibre imaging setups
(here, it was installed to allow imaging in transmission). On the other hand, the camera
is, in any case, required to measure the transmission matrix of the fibre. Consequently,
the camera was used for the alignment as well.

The output (distal end) was aligned after the fibre input was adequately aligned to
the incident beam. The output facet was focused and centred onto the camera by moving
the objective in the calibration module laterally and axially. Focusing the output facet
onto the camera would measure the transmission matrix at the output facet. Thus, the
focused points would be created on the output facet. Imaging directly on the facet was
typically undesirable. A working distance (the distance between the output facet and the
imaging plane) of a few tens of micrometres was often used. The transmission matrix
could be later numerically propagated from the facet into the desired working distance.
Moving the objective from the fibre by the working distance was a much easier option.
Thus, a plane a working distance away from the fibre was imaged onto the camera during
the calibration, and the points were created at the correct working distance.

When a pulsed laser was used as a light source, the length of the reference delay line
had to be adjusted to obtain interference of the two signal beams (i.e., the two input
polarisation beams propagating through the multimode fibre) and the reference beam.
The reference delay adjustment was performed by sending the central frequency through
the fibre (in either polarisation) and generating the reference beam. The delay line length
was then adjusted to obtain the maximal amplitude of oscillations on the camera.

2.5. Fibre calibration and focus generation

The principles of the calibration were described in Section 1.4. There were, however,
several technical details that were necessary for working and efficient implementation and
were, for simplicity, omitted in Chapter 1. A more detailed explanation is thus provided
here. The steps of the calibration procedure are outlined in Figures 2.11–2.17

As the first step of the calibration procedure, the intensity profile of the reference beam
was measured. A hologram with the selected reference spatial frequency was displayed
on the SLM (Figure 2.11a). The profile of the reference beam was then captured on the
camera (CAM2 in Figure 2.1), as shown in Figure 2.11b. The amplitude of the reference
beam was calculated as the square root of the measured intensity. It was used to correct
the amplitudes of the signal beam measured during the calibration. This step was optional
and unnecessary to perform the calibration and generate a scanning point (that is, the
quality of the focused point would not have been affected by not taking the profile of the
reference beam into account). However, it helped correct the averaged output amplitude
discussed below and shown in Figure 2.16a. In addition, the profile of the reference
beam had to be taken into account when numerical refocusing of the focused point was
performed in Chapter 5.

As discussed in Section 2.8, two input polarisations were necessary when graded-index
fibres were used. Parts of the calibration procedure thus had to be repeated for both input
polarisations. These two consecutive runs differed only by the range of spatial frequencies
generated by the SLM, as shown in Figure 2.3.
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Figure 2.11: Measurement of the intensity profile of the reference beam. (a) Hologram
displayed on the SLM with a single spatial frequency which produced only the reference
beam (i.e., no light was coupled into the multimode fibre). Only a small area of the SLM
is shown for clarity. (b) Intensity profile of the reference beam captured on the camera.

Similarly to the description in Section 1.4, the range of spatial frequencies coupled
into the fibre was determined. A focused point was raster-scanned across the input facet
of the fibre (Figure 2.12a) and the transmitted power was measured by summing the pixel
values on the camera (grating scan), as described in Section 2.4. The grid of the scanned
points was decimated by a factor of three to speed up the procedure. The decimation
resulted in almost an order of magnitude faster measurement. The measured transmission
(Figure 2.12b) was then upsampled to the original grid of points using bilinear interpol-
ation and thresholded. Only points giving more than 20 % of the maximal transmission
were selected to measure the transmission matrix. Setting the threshold even lower and
thus allowing more input points to be coupled into the fibre had a minimal effect on
the resulting point. However, setting the threshold significantly higher reduced the foci
quality, as the transmission matrix was not fully measured.

The transmission matrix of the fibre was measured by overlapping the image of the
output facet on the camera with a plane wave reference beam and employing phase-
shifting interferometry. The measured phase was thus a phase difference between the
signal and reference beams. Any phase drift (caused, e.g., by changes in the temperature
or frequency of the laser) between the two optical paths during the transmission matrix
measurement would thus skew the measured fields. The error in the measured phase would
have decreased the power in the focused point, as the input beams would not interfere
constructively. Consequently, this drift had to be measured and corrected. The correction
was performed by periodically displaying the same pattern during the transmission matrix
measurement and comparing the camera image with a lookup table of images with different
phase drifts. This way, the phase drift was measured using a single camera image. A single
point at the input of the fibre facet (typically close to the axis) and the reference beam
were used to generate the lookup table. The phase of the point was shifted, and the
resulting interference was recorded on the camera (Figure 2.13a). The signal measured
in each pixel was a sinusoidal signal. Thus, three parameters could be obtained in each
pixel: amplitude, phase and offset (Figure 2.13b,c). These parameters were then used to
generate the lookup table for camera images with different phase shifts (Figure 2.13d).

Since the drift was caused mainly by changes in the ambient temperature, the drift
significantly increased if the cover of the setup had been recently opened (to, for instance,
change the fibre or insert a sample). The phase drift during the transmission matrix
measurement can be eliminated by using internal references [26, 113–115], i.e., reference
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Figure 2.12: Selection of the input points for transmission matrix measurement. (a) The
sequence of holograms applied on the SLM (grating scan), corresponding positions of the
focused point on the input facet of the multimode fibre (the arrows show the polarisation
direction) and images captured on the camera. (b) For each position of the focused point,
the average intensity on the camera was measured. The result was upsampled to the grid
of points used for the transmission matrix measurement. Only points giving more than
20 % of the maximal transmission were selected for the measurement.

beams that are sent through the multimode fibre itself. The reference and signal beams
have the same path in such a case. Thus, the phase drift between them is minimal.
However, due to the speckled nature of such references, the calibration must be performed
multiple times with different carefully chosen reference beams to calibrate the entire field
of view. The duration of the calibration is thus significantly increased.

The next step was to measure the transmission matrix. The reference beam was
enabled, and the selected input points were scanned one by one, each with four phase
steps (Figure 2.14). The four images captured on the camera were then processed to
obtain the field (i.e., both the phase and amplitude), which was then corrected for the
intensity profile of the reference beam, as discussed above. The selected central point
was displayed periodically during the measurement, once every four input points. By
comparing the camera image to all images in the lookup table (in Figure 2.13d), the
phase drift was calculated (Figure 2.15). The value was then used to correct the phase
for the following four input points. The field for each input point (after being corrected
for the reference profile and the phase drift) was then saved to the hard drive.
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Figure 2.13: Measurement of the lookup table for correcting the phase drift during the
transmission matrix measurement. (a) Sequence of holograms applied on the SLM (the
reference beam as well as a single point at the input facet were generated), correspond-
ing points (including the phase and polarisation) at the input facet and camera images.
(b) Intensity measured in a single camera pixel and the result of phase-shifting. (c) Meas-
ured amplitude, phase, and offset of the signal across the field of view. (d) Lookup table
of images with different phase drifts generated using the measured fields.
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Figure 2.14: Measurement of the transmission matrix. Each input point selected in
Figure 2.12b was scanned one by one. For each position, four images with different
phase shifts were taken to calculate the amplitude and the phase of the field. During
the measurement, the central point was displayed periodically to measure the drift by
comparing the camera images to the lookup table generated in Figure 2.13d.
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Figure 2.15: Phase drift between the signal and reference beam measured during the
transmission matrix measurement. Since the drift was measured with respect to the phase
at the beginning of the measurement for each polarisation, the values always started at
zero.

During the measurement of the transmission matrix, the sum of the measured amp-
litude and the sum of the amplitude of the Fourier transform of the measured fields was
calculated (Figure 2.16). The input points were scanned in random order to obtain in-
dicative values shortly after the beginning of the transmission matrix measurement. The
calculated averages were used to check the alignment of the calibration module. The
measured averages in Figure 2.16a show that the amplitudes measured in both input
polarisations were similar. The equal values were due to the polarisation not being main-
tained in the fibre. If the polarisation in the fibre was maintained, only one of the input
polarisations would interfere with the reference beam. Thus, the amplitudes measured
for the other input polarisation would be zero.
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Figure 2.16: Averaged amplitude and averaged amplitude of the far-field at the output of
the fibre calculated from the measured transmission matrix.

After the two transmission matrices (for the two input polarisations) were measured,
each of them could be used to create a focused point in a single pixel of the camera
(and thus at the distal end of the fibre or a working distance from the distal end) by
displaying all the input points simultaneously, with their phases set to the negated phase
values and amplitudes set to the amplitude values measured in that particular pixel. Due
to the phase drift between the two input polarisation paths discussed above, the two
points created by the two transmission matrices were not generally in phase. Thus, when
created simultaneously, they did not interfere constructively. This is again in contrast
with systems using polarising beam displacers, where the two points are always in phase
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since there is no drift between the two input polarisation paths. Here, the optimal relative
phase between the two input polarisation beams had to be found by shifting the phase of
one of the two transmission matrices while monitoring the intensity of the focused point
(Figure 2.17a,b). In this example, a point in the centre of the field of view was selected.
However, since the phase difference between the transmission matrices was the same in
all pixels, any output point could be chosen for this measurement. Thus, the phase shift
that gave the maximal intensity for the central point resulted in optimal focus across the
whole field of view.

As discussed in Section 2.1, the value of the relative phase shift was not stable over
time due to phase drift between the two input polarisation optical paths. Since the
calibration module and, thus, the camera was removed for imaging, the same method for
finding the optimal phase difference could not be used to adjust the phase periodically.
Instead, the relative phase difference was monitored on a photodiode (PD2 in Figure 2.1).
A single plane wave was sent to each path to measure the relative phase between the two
optical paths. The two plane waves interfered on the photodiode. The relative phase
difference was then measured using phase-shifting, as shown in Figure 2.17c,d. The first
measurement was performed as a part of the calibration procedure immediately after
measuring the optimal relative phase on the camera. Afterwards, the measurement was
periodically repeated during the imaging and the measured value was used to adjust the
relative phase between the two transmission matrices. This stabilisation made the focused
point stable over time despite the phase drift.

This procedure resulted in a stable focused point in the sample plane at the distal end
of the fibre. The polarisation of the point on the camera was the same as the polarisation
of the reference beam, thus, linear. Depending on the optics between the camera and the
fibre (the quarter-wave plate), the polarisation of the point in the sample plane was either
linear or circular. Output polarisation control would have to be implemented to obtain
an arbitrary in-plane polarisation state, as discussed in Section 5.4.

When imaging at different distances from the facet was required, multiple calibrations
could be performed. Performing calibrations at multiple distances would, however, be
time-consuming. As an alternative, the transmission matrix could be propagated [116,
117] into an arbitrary plane. For the fibres and wavelengths used here, the propagation
could be computed in about 10 to 20 seconds per plane (depending on the fibre used),
which allowed fast refocusing during imaging. Since multiple transmission matrices could
fit into the memory, the propagation of the transmission matrix was done only once and
could be used repeatedly. The refocusing is demonstrated in Figures 5.20 and 5.35.
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(a) Optimal phase measurement sequence

(c) Relative phase measurement sequence

(b) Focused point intensity

(d) Intensity on the photodiode
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Figure 2.17: Measurement of the optimal relative phase between the two input polarisa-
tions. (a), (b) The relative phase of the two input polarisation beams was changed, and
the intensity of the focused point on the camera was monitored to find the optimal value
of the relative phase, resulting in constructive interference of the two input beams at that
particular output point. (c), (d) A single plane wave was sent to each polarisation beam.
The relative phase between the two beams was changed, and the resulting interference
was monitored in a photodiode. This relative phase measurement allowed stabilisation of
the relative phase during imaging, without access to the distal end of the fibre.
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2.6. Focused point characterisation
To assess and optimise the performance of the fibre imaging system under different condi-
tions, the quality of the focused points (which directly affected the imaging performance)
had to be evaluated. The evaluation was done by analysing the image of the lateral point
spread function (Figure 2.20a). For some experiments, a three-dimensional point spread
function (see Figure 2.18) was measured by capturing images with the objective in the
calibration module being focused on different planes.

Despite using a 12-bit camera, the dynamic range of the images was not sufficient
to capture both the focused point and the speckled background simultaneously, as the
background intensity was often more than three orders of magnitude lower than the peak
intensity. Therefore, images with different exposure times were captured and used to
generate a single high dynamic range (HDR) image (Figure 2.19). In the first step, over-
exposed and underexposed values from all images were removed (based on a threshold),
except for underexposed values in the image with the longest exposure time and overex-
posed values in the image with the shortest exposure time (these should, however, not be
present in the data, since it indicates that the shortest exposure time was still too long).
The remaining (correctly exposed) values were divided by the corresponding exposure
times. Assuming ideal camera linearity, the values obtained after these steps should be
equal for all exposure times. Therefore, all the properly exposed values were averaged to
minimise the noise.
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Figure 2.18: Three-dimensional point spread functions for two different positions of the
focused point.

A typical lateral point spread function is shown in Figure 2.20a. Unlike point spread
functions measured in a regular laser scanning microscope (which would ideally look
close to Figure 2.20b), the point spread functions measured here contained a significant
speckle background (a very rough estimate of the background is in Figure 2.20c). Not
insignificant part of the power in the sample plane was randomly spread across the whole
field of view. The fraction of the power contained in the focused point is called the power
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Figure 2.19: HDR image generation. (a) A 12-bit camera images taken using d1ifferent
exposure times. (b) Calculated HDR image. The image is normalised to its maximal
value and shown in logarithmic scale.

ratio. For demonstration, Figure 2.21 shows two points with significantly different power
ratios. The primary cause of the power ratio not being equal to unity was the usage of
phase-only modulation. Due to the missing amplitude modulation, the modulator did
not precisely replicate the wavefront necessary to create a perfect focus at the distal end
of the fibre. While there is no fundamental limit for the power ratio when a phase-only
modulation is used for focusing through multimode fibres, the power ratio was typically
below 80 %. Of course, achieving significantly higher power ratios is possible by employing
complex modulation (i.e., modulating both the phase and amplitude) [118], by encoding
the amplitude information into the phase-only hologram using, for example, a Gerchberg–
Saxton algorithm [85]. However, such modulation is lossy and thus potentially unsuitable
for non-linear imaging techniques requiring high excitation powers.
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Figure 2.20: Real point created at the distal end of the fibre could be imagined as a super-
position of an ideal point (here, an Airy disk, fitted to the measured point) and a speckled
background (here, roughly estimated as an absolute value of the difference between the
real point and the fit. This point spread function was measured at 780 nm, using a 5 cm
long Prysmian fibre, 50 μm from the fibre facet.

Achieving high power ratios is particularly important for linear imaging, such as linear
fluorescence (which was not used in this thesis) or transmission imaging (see Figures 2.28c
and 3.5 for demonstration) since the random speckle background contributes to the image,
decreasing the contrast. Methods for reconstructing the images based on measuring the
exact distribution of the speckles around the focused point have been shown [119]. How-
ever, it has only been demonstrated for planar samples (1951 USAF resolution test chart
and fluorescent beads on a glass slide), not in all three dimensions. By contrast, during
non-linear imaging, the signal is excited practically only on the focused point and not in
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Figure 2.21: Typical point with (a) high and (b) low power ratio (Thorlabs GIF50E,
50 μm from facet, 780 nm). The difference of the power ratio was caused by disabling one
of the two input polarisations (as described in Section 2.8).

the speckled background. For CARS, this is demonstrated in Figure 3.19. Nevertheless,
achieving high power ratios was still essential, as it directly affected the efficiency of the
imaging system and potentially the damage threshold of the sample.

The power in the focused point had to be estimated to calculate the power ratio from
the HDR image. Thus, a model function was fitted to the data. The choice of the model
function, which affected the accuracy of the calculated power ratio, was problematic in
general. The point spread in a standard laser scanning microscope function is typically an
Airy disc due to the circular aperture. While a point created on the axis at the distal of
a step-index fibre may resemble an Airy disc, it is not generally a valid model, especially
for graded-index fibres, points off the axis and far from the facet. In Figure 2.22, some
examples of different point spread functions are selected from datasets presented in this
thesis. The points were often elliptical, which had to be considered when designing the
model. Not all points showed the concentric rings associated with an Airy disc. Thus,
neither the Airy disc nor a Gaussian function could accurately model all the point spread
functions measured in this thesis. An attempt was made to fit the data with a convolution
of both functions. Such a model, however, had too many parameters to fit reliably. Thus,
this thesis uses the Airy disc as the model function. Due to the ambiguity in calculating
the power ratio, the uncertainty of the value can be very high, and caution must be taken
when comparing the values for different fibres or configurations of the setup. Nevertheless,
it was a significant quantity when, for example, calculating the excitation powers used
during imaging.

The fit of the lateral point spread function was also used to determine the spot size.
The full width at half maximum (FWHM) spot size was calculated directly from the para-
meters of the Airy disk. Since the model allowed the point to be elliptical, two dimensions
were always calculated – the major and minor. If only one value is for simplicity presented
in the graphs in this thesis, it is the major one, i.e., the larger of the two values. The
theoretical limit for the lateral FWHM size of the point spread function is

∆ρFWHM = 0.51λ

NA
,
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Figure 2.22: Examples of measured point spread functions and two different functions
being fitted to them. PR is the power ratio. The dashed lines in the cross-sections are at
1/e2 of the maximal value.
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where λ is the wavelength and NA the numerical aperture [120]. For the axial FWHM
size of the point spread function, the theoretical value is

∆zFWHM = 0.9λ

n −
√

n2 − NA2
≈ 1.8nλ

NA2 ,

where n is the refractive index of the medium, and the approximation is valid for small
numerical apertures.

The third quantity used to describe the quality of the focused point is the enhancement.
There are multiple different definitions of this quantity in the literature. The enhancement
is often defined as the ratio between the optimised intensity and the intensity before
optimising in papers dedicated to focusing through random media [72, 95, 98]. Another
option is to define enhancement as the ratio between the peak intensity and the mean
intensity of the background [40, 41, 62]. In this thesis, the following definition is used:
The enhancement is the ratio of the average intensity in the focused point (defined as the
area with intensity higher than 1/e2 of the maximal value) and the average intensity in
the field of view. This definition is similar to the definition in [36]. The enhancement
essentially considers both the power ratio and the spot size. The drop in the power
ratio and an increase in the spot size both decrease the enhancement. Consequently, it
was used when a single quantity was needed to assess the performance of the fibre (for
example, in Section 3.2 to measure the bandwidth). The enhancement can also be used to
calculate the power ratio if the number of modes is known, as shown in [41, 118]. However,
the necessary assumptions about the density of the modes are generally not met when
graded-index fibres are being used, and the point is created at some distance from the
facet. Consequently, this method was not used here.

2.7. Foci quality across the field of view
The power ratio and the spot size typically changed across the field of view, making the
field of view inhomogeneous. The exact values were affected by many factors, including
the type of the fibre (step-index or graded-index), its numerical aperture, the working
distance (the distance between the focus and the facet) or the beam profile on the spatial
light modulator. When a pulsed laser was used, the bandwidth of the fibre played a role
as well.

An example of the properties of the focused points across the field of view for a step-
index fibre and two working distances is in Figure 2.23. Since the beam exiting the fibre
was divergent, the field of view size increased with increasing working distance. The size
of the points, however, changed as well. While points created on the facet were almost
perfectly circular, points at the edge of the field of view for 50 μm working distance were
elliptical. The ellipticity was caused by a decrease in the effective numerical aperture at
these positions. When used for fluorescence imaging with epi-detection, the collection
efficiency for these points decreases as well, as shown in [39].

Graded-index fibres, on the other hand, behaved slightly differently. Even when fo-
cusing directly on the facet, off-axis points were elliptical due to the effective numerical
aperture being lower in one direction. Therefore, the field of view was not homogeneous
even when imaging directly on the facet or in its proximity. Figure 2.24 shows the prop-
erties of the foci across the field of view for different working distances. The power ratio
was almost independent of the working distance, similar to the step-index fibre. The spot
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Figure 2.23: Evaluation of the properties of the focused points across the field of view for
two different working distances for a step-index fibre (Thorlabs FG050LGA), measured
at 780 nm.
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Figure 2.24: Focused point quality as a function of the working distance for a graded-
index fibre (CREOL F3), measured at 780 nm. The slight tilt of the data was caused by
the axis of the fibre and the axis of the objective not being perfectly parallel.

41



2. CHARACTERISATION OF A MULTIMODE FIBRE ENDOSCOPE

size increased (and thus the enhancement decreased) with increasing working distance
both for points on and off-axis. While for step-index fibres, the diameter of the field of
view increased linearly with the working distance, for graded-index fibres, the size of the
field of view was almost constant up to some working distance (here, to about 50 μm) and
started to increase only afterwards.

Due to the cylindrical symmetry of the fibres, the profiles in Figure 2.23 have a cyl-
indrical symmetry as well. Consequently, to evaluate the performance, only a cross-section
of the profiles (i.e. only points on a line across the field of view) was measured when a cyl-
indrical symmetry was assumed. Under some circumstances, however, this symmetry was
broken. A significant misalignment of the system was one of the possible causes (in that
case, the alignment had to be examined as described in Section 2.4). For fibres with a low
cladding-to-core diameter ratio (that is, with a thin cladding), artefacts caused by the
cleaving procedure could also cause slight asymmetry. The asymmetry of the probe itself
could also be caused by imperfect polishing or splicing (used in Chapter 5).

2.8. Polarisation in graded-index fibres
It has been previously shown that short straight low-NA step-index fibres maintain circular
polarisation [90]. Therefore, if using a basis of circularly polarised input points, only one
input polarisation (e.g. left-handed) is sufficient to create an output point with the same
polarisation state with a high power ratio. If the imaging technique does not require the
polarisation of the focused points to be controlled, this significantly simplifies the setup
since the input polarisation control can be completely omitted like in many publications
including [41, 54, 77, 121].

On the other hand, graded-index fibres do not have this useful property. The difference
between step-index and graded-index fibres is demonstrated in Figure 2.25. Here, the
enhancement for points on a line across the field of view was measured for one step-index
and two graded-index fibres. The measurements were performed with (blue line) and
without polarisation control (red and green lines), with the circular and linear polarisation
basis. With the polarisation control, the choice of the basis had a negligible effect. Two
orthogonal linear polarisations were used for all other experiments in this thesis.

For the Thorlabs step-index fibre, it was sufficient to use only a single circular polarisa-
tion (and thus omit the polarisation control in the setup) to create a circularly polarised
point in the sample plane. This was due to the fibre maintaining circular polarisation
during light propagation. Adding the second input polarisation had a negligible effect
on the measured enhancement. On the other hand, when a linear polarisation basis was
used, the quality of off-axis points dropped when only a single input polarisation was used.
A polarisation control was required to obtain a linearly polarised point in the sample plane
with maximal enhancement. Hence, the linear polarisation was not perfectly maintained
in this fibre.

The graded-index fibres tested here maintain neither the circular nor the linear po-
larisation. The enhancement achieved without the polarisation control was, in general,
about half of the values achieved with the polarisation control (an example of the point
spread functions is in Figure 2.21). Moreover, with some fibres (Thorlabs GIF50E, for
example), the enhancement significantly changed across the facet when only a single in-
put polarisation was used. Consequently, when graded-index fibres were used, employing
the input polarisation control was necessary to achieve the optimal performance of these
fibres.
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Figure 2.25: Polarisation maintaining in different multimode fibres. The images show
enhancement for focused points on a line across the field of view for different polarisation
basis. (a) Circular polarisation (RH – right-handed and LH – left-handed) was used
both at the input and output. Since the step-index fibre maintained circular polarisation,
generating the opposite polarisation at the output was impossible. (b) Linear polarisation
(V – vertical and H – horizontal) was used.
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The simplified explanation of the drop in the enhancement is the following: Consider
that light with vertical linear polarisation was coupled into the fibre during calibration.
After propagating through the fibre, the beam would have vertical and horizontal po-
larisation components. Only the vertical component would interfere with the vertically
polarised reference beam. Thus only the vertical component would be considered when
measuring the transmission matrix. When creating a focused point, the vertically polar-
ised output component would constructively interfere in the desired output point. The
uncontrolled horizontal component would create a random speckle background. Adding
the second input polarisation would control a larger fraction of the fibre modes. Having
better control over the fibre modes decreased the amount of uncontrolled light, decreasing
the background and increasing the intensity of the focused point (and thus the enhance-
ment).

Implementing the input polarisation control was also essential when the output po-
larisation control (i.e., generating an arbitrary in-plane polarisation state of the focused
point) was desired. The output polarisation control is discussed in Section 5.4.

2.9. Reducing the number of input points
Although liquid crystal spatial modulators are much more efficient than digital micromir-
ror devices, they are also noticeably slower. For some types, the rise time is in the order of
tens of milliseconds. The delays then significantly increase the time required to calibrate
the multimode fibre fully. With the SLM used here (Meadowlark HSP1920-1064-HSP8),
the optimised timing (Figure 2.5) and a heavily parallelised software, the calibration of
the Prysmian fibre at 800 nm could be performed in about one minute per input polar-
isation. However, some initial experiments were performed using a significantly slower
Meadowlark HSP512-1064 spatial light modulator and unoptimised software. In this con-
figuration, the calibration for the Prysmian fibre took up to half an hour. The slower
SLM (however, with a more optimised software) was also used for some CARS images in
Chapter 4. Consequently, the possibility of reducing the number of input points and thus
the time required to perform the calibration was investigated.

The holograms for the SLM were generated using a discrete Fourier transform, as
shown in Section 1.2. The range and the number of possible spatial frequencies (and thus
the number and range of the possible locations of the point in the far-field of the SLM,
that is, on the proximal facet of the fibre) were therefore determined by the dimensions
and resolution of the SLM chip. Due to the properties of the discrete Fourier transform,
increasing the resolution of the SLM increased the range of the spatial frequencies and
increasing the size of the SLM increased the resolution in the far-field. The size of the
SLM was typically fixed, so the numerical aperture of the fibre back-propagated to the
SLM (where it formed a circle) exactly filled the active area. Therefore, for a given
fibre, the number of input points was fixed and independent of the resolution of the SLM.
To generate a different number of input points, the Fourier transform was oversampled
(Figure 2.26), and the resulting holograms were subsequently cropped to the resolution of
the active area on the SLM.

Figure 2.27 shows the power ratio and the enhancement for five points across the field
of view for a different number of input points used during the calibration. Increasing the
number of input points (and thus oversampling) had no measurable effect. Decreasing
the number of points by about one-third had only a minor impact on the properties of
the focused points. Any further reduction, however, resulted in a reduced power ratio
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Figure 2.26: Illustration of the input facet of the fibre with different grids of input points.
The mesh shows a grid of points that can be accessed directly using discrete Fourier
transform without oversampling.
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Figure 2.27: Quality of foci for a different number of input points. The solid lines are
a guide to the eye. The red dashed line shows the actual number of guided modes per
polarisation supported by the fibre. The blue dashed line shows the number of points
achieved without oversampling. A graded-index fibre (Prysmian DrakaElite) was used.
The measurement was performed at 780 nm.
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and enhancement. Thus, only an unsubstantial decrease in the time required for the
calibration would be possible at the cost of a more complicated hologram generation.
Since replacing the SLM with a faster type and optimising the timing reduced the time
required to finish the calibration by order of magnitude, this option was not used during
any experiments.

2.10. Effect of the beam diameter
One of the variables while building a fibre imaging setup was the beam diameter on the
SLM. When a phase-only modulation was used, the amplitude of the field on the SLM
(and accordingly, in the configuration used here, the amplitude in the far-field of the fibre)
was not controlled in any way. The beam profile thus determined it. As discussed in
Section 2.6, using phase-only modulation generated a speckled background around the
focused point, i.e., the power ratio was below unity. It could be assumed that different
beam diameters (for practical reasons, only a Gaussian beam profile centred in the centre
of the SLM was considered) have an impact on the achievable power ratio and spot
size. The effect of the beam diameter on the performance of the endoscope was therefore
experimentally investigated.

For the experiment, the actual beam diameter on the SLM was chosen to overfill the
active area massively. Applying a mask on the SLM could reduce the diameter to the
desired value. In essence, all holograms (during the calibration, testing the quality of
the point and imaging) were multiplied by a Gaussian envelope, locally decreasing the 1st

order diffraction efficiency (see Figure 2.28a). While this method was very inefficient, it
allowed changing the effective diameter of the beam without changing any elements in the
system, which was beneficial for testing. The optimal beam diameter would be achieved
using a beam expander for practical use.

To measure the effective beam diameter (Figure 2.28b), a subdomain scan (described in
Section 2.4) was performed, while the same mask was applied to the holograms. Instead
of measuring the power coupled in the fibre (like in Section 2.4), the power in the 1st

diffraction order was measured. For ease of understanding, the position on the SLM was
converted to the units of numerical aperture. The 1/e2 radius of the beam was determined
by fitting a Gaussian function to the measured profile.

Figure 2.28c shows the point spread functions and images of the 1951 USAF resolution
test chart (imaged in transmission). The point spread functions show that the intensity of
the speckled background increased (and thus the power ratio decreased) with increasing
beam diameter and the spot size decreased.

For a graded-index fibre (Prysmian DrakaElite), a complete characterisation of the
points for different beam diameters was performed. Figure 2.29a–d shows the spot size,
enhancement and power ratio for points on a line across the field of view (50 μm from
the facet) for different beam diameters. Figure 2.29 is a comparison for an on-axis point,
showing the trade-off between the power ratio and spot size.

In this experiment, the power efficiency of the setup was estimated as well (Fig-
ure 2.29f). The SLM effectively changed the laser beam diameter by locally decreasing the
diffraction efficiency. Since this resulted in a loss of power, the power being coupled into
fibre for a given beam diameter was significantly lower than if the beam was magnified to
this diameter using a beam expander. Accordingly, the efficiency could not be estimated
by measuring the input laser power and the power in the focused point. Instead, three
factors affecting efficiency were considered. The first was that if the beam exceeded the
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focused points and the imaging. (a) Holograms on the SLM after applying a Gaussian
envelope to effectively reduce the beam diameter. (b) Measured profiles of the beam.
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Figure 2.29: The effect of the beam diameter on the SLM on a graded-index fibre (Prys-
mian DrakaElite). (a)–(d) Properties of focused points created at different positions 50 μm
from the facet for different beam diameters. The dashed lines represent the numerical
aperture of the fibre. (e) Values for an on-axis point. The lines are a guide to the eye.
(f) Relative power efficiency of the system. The efficiency decreased due to the beam
being cropped on the SLM, losses when coupling the light into the fibre and the power
ratio.
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size of the SLM active area, the beam was cropped. This effect could be easily modelled,
assuming a Gaussian beam profile. The second factor arose from the limited acceptance
angle of the fibre, given by its numerical aperture. Thus, only a fraction of the power was
coupled into the fibre. The coupling efficiency was measured by creating a point in the
sample plane and measuring the power just before the first objective (it was not physically
possible to insert the power meter between the fibre and the objective) and just after the
second objective. The coupling efficiency could be calculated, taking the transmission
of the objectives (79 % at 780 nm) into account. If the SLM chip were larger, the losses
associated with cropping the beam would be lower. The losses when coupling the light
into the fibre would, on the other hand, increase. The product of both should be similar.
The third factor was the power ratio of the focused point, which further reduced the
efficiency. By multiplying all three factors, the total relative efficiency was determined.
This quantity was essential for non-linear imaging, where the power ratio was less critical
than during linear imaging. Note that the measurement presented here was relative, i.e.,
it does not show the actual total efficiency of the system, which was noticeably lower, as
the 1st diffraction efficiency of the SLM and the transmission of the optics were not taken
into account. Nevertheless, these factors were almost independent of the beam diameter
on the SLM, not changing the calculated optimal beam radius.

The data in Figure 2.29 show that the optimal beam radius for this graded-index fibre
was close to the numerical aperture of the fibre. A smaller beam led to an increase in
the spot size. When the beam radius was lower than the numerical aperture of the fibre,
the size of the field of view decreased. The power ratio also dropped for beams with
a radius below 0.2 NA. Significantly overfilling the numerical aperture led to a decrease
in the power ratio and the transmission efficiency of the setup. The decrease in spot size
was insignificant. For a beam diameter approaching the numerical aperture, the power
ratio and transmission efficiency were slightly below the maximal values, the spot size
was slightly above the minimum, and the field of view size was unaffected.

2.11. Summary
In this chapter, a multimode fibre endoscope was built, which used a combination of
a tunable continuous-wave laser and a tunable femtosecond laser as a light source. The
system included polarisation control of the beam coupled into the fibre, which was crucial
for achieving high focus quality using graded-index fibres, which (unlike step-index fibres)
do not maintain circular polarisation. Introducing the polarisation control for pulsed lasers
necessitated implementing phase drift correction during the imaging (without access to
the distal end of the fibre), which is typically not needed in multimode fibre endoscopic
systems built for continuous-wave lasers. The drift correction made the focused point
stable over long periods, which was an essential step for imaging.

The alignment and calibration procedure of the system was described in detail Fur-
thermore, the foci generated at the distal end of the fibre were characterised. The speed
and power efficiency of the system was maximised by optimising the triggering of the data
acquisition and calibrating the response of the spatial light modulator. In addition, the
effect of the beam diameter on the spatial light modulator was studied, which showed the
trade-off between the spot size and the power ratio achievable with phase-only modulation,
as well as the impact on the total transmission efficiency of the system.
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3. Wavelength-dependent behaviour
of a fibre endoscope

Implementing non-linear imaging, such as two-photon excitation fluorescence (TPEF),
coherent anti-Stokes Raman scattering (CARS) or second-harmonic generation (SHG)
imaging, through a multimode fibre puts several requirements on the endoscopic imaging
system. In particular, it is necessary to focus light from pulsed lasers. Since the propaga-
tion of light through multimode fibres is wavelength-dependent, the bandwidth of such
fibres is limited, potentially limiting the ability to focus short pulses. In addition, the
pulse length should be kept short and equal across the field of view, which might require
employing dispersion compensation techniques. CARS imaging through a multimode fibre
then puts additional demands on the endoscope. To implement CARS, two wavelengths
separated by around 3000 cm−1 must be focused simultaneously, ensuring a spatial and
temporal overlap of both beams in the sample plane. It is also beneficial to be able to
tune one (or both) of the two wavelengths in a small range (ideally about 250 cm−1, i.e.,
≈ 15 nm) to target different molecules (lipids, proteins and DNA, for example) without
the necessity of repeating the calibration.

In previous research on non-linear imaging through a multimode fibre, out of the
three mentioned methods, only TPEF imaging has been implemented [51–54]. Focusing
of pulsed lasers through multimode fibres has thus been demonstrated [122–124]. Never-
theless, the quality of the foci demonstrated typically did not match the one achievable
with continuous-wave (CW) lasers during linear imaging using similar fibres, and no in-
depth investigation of the differences between different fibres has been conducted. Thus,
it is unclear how to choose a fibre for the endoscope and what modifications are required
compared to a system used for linear imaging.

In this chapter, the multimode fibre endoscope built in Chapter 2 is used to char-
acterise the modifications necessary to fulfil the above-discussed requirements and allow
efficient implementation of TPEF, CARS and SHG. The bandwidth of the system is
discussed, and methods for correcting the dispersion of the spatial light modulator are
presented. The dispersion-corrected system is then used to measure the bandwidth of
different multimode fibres, including a demonstration of the effect of the bandwidth on
focusing light from a femtosecond laser. The dispersion of the fibre used as an endoscope
is measured as well. Lastly, a method for simultaneously focusing two wavelengths using
a single spatial light modulator is evaluated.
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3.1. Spatial light modulator dispersion compensation
The ability to tune the excitation wavelength after calibration is a valuable property for
CARS imaging as it allows exciting different Raman shifts without the necessity to perform
multiple calibrations. The fibre imaging system contained two elements that significantly
changed the behaviour with wavelength. One of the elements was the SLM used in
an off-axis configuration. The holograms displayed on the SLM had a form of sums of
blazed diffraction gratings. Therefore, the diffraction angle changed when the wavelength
changed, which changed the pattern projected to the proximal end of the multimode fibre.
This effect and methods for correcting the dispersion of the SLM is studied in this section.
The second highly wavelength-dependent element was the multimode fibre itself, which is
studied in Section 3.2.

The effect of the SLM dispersion is outlined in Figure 3.1a. When broadband light
was diffracted on a blazed grating on the SLM, different wavelengths were diffracted under
different angles. The input facet of the fibre was placed in the far-field of the modulator.
Thus, different wavelengths focused on different positions on the proximal facet of the
fibre. Consequently, when the wavelength of the laser was tuned after the calibration,
the pattern projected to the proximal end to create a point at the distal end changed (it
both shifted and scaled, as shown in Figure 3.2), causing a degradation of the focused
point. When such a system was used for imaging, the image contrast decreased as the
wavelength was tuned (see Figure 3.5a).

The hologram displayed on the SLM for the central frequency was a blazed grating.
The diffraction angle, θ, thus varied with wavelength, λ, according to

θ ≈ λ

d
, (3.1)

where d is the pitch of the grating. The pitch of the grating could be changed according to
this equation to keep the diffraction angle (and, therefore, the position on the input facet
of the fibre) constant after tuning the wavelength. This method is referred to as the SLM-
based correction (Figure 3.1b). This correction was applicable only for one wavelength at
a time; it could not be used to correct the dispersion for a broadband light. The SLM-
based correction required the hologram to be recalculated after each wavelength change.
Due to the limited spatial resolution of the method for hologram generation (discussed
in Section 1.2), the Fourier transform of the hologram had to be upsampled to achieve
a sufficient resolution of the correction. If a single polarisation was used, a phase ramp
could be added to the hologram to steer the beam finely. When two polarisations were
used, each required a different ramp, making this method inapplicable in this simple form.
Consequently, the shift was applied before the Fourier transform.

Another option for dispersion compensation involved placing another dispersive ele-
ment in the beam path, like a grating [125, 126] or a prism [127]. Another blazed grating
with the same pitch would have the same but opposite effect (if correctly oriented) as
the grating displayed on the SLM. Alternatively, the SLM could be used as another dif-
fraction grating if the beam was redirected back onto it, similarly to [128]. Gratings are,
however, inefficient, which would further lower the transmission efficiency of the system.
On the other hand, a prism can have a high transmission and high enough dispersion to
compensate for the dispersion of the hologram on the SLM. A wedge prism was placed
in a conjugate plane to the plane of the SLM (i.e., the SLM was imaged into the prism)
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SLM image
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Figure 3.1: Dispersion of the hologram (blazed diffraction grating) displayed on the SLM.
(a) The SLM diffracted different wavelengths in different directions. The pattern projected
to the proximal end of the fibre thus shifted with the wavelength. (b) By changing the
hologram on the SLM, the shift could be corrected. However, the correction worked only
for one wavelength at a time (i.e., different holograms were needed for each wavelength).
(c) Another dispersive optical element (here, a prism) placed into the image of the SLM
could compensate for the shift. The prism-based correction also worked for broadband
light.
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to implement this correction in the endoscope, as shown in Figure 3.1c. This method is
referred to as the prism-based correction.

In Figure 3.1, the dispersion and the compensation methods were described for a single
spatial frequency on the SLM. In the imaging system, a range of spatial frequencies
was used to fill the entire core of the fibre at its proximal end and to create a focused
point at the distal end of the fibre. Since the fibre was circular, the spatial frequencies
filled a circle in the Fourier transform of the hologram (Figure 3.2a). The position of
the centre corresponded to the central frequency. When the wavelength was tuned, the
central point shifted, as described above. The circle, however, moved with the central
frequency and scaled with wavelength (Figure 3.2b). The prism-based correction and the
implementation of the SLM-based correction used here corrected only for the shift, not
the scaling (Figure 3.2c).

According to (3.1), the diffraction angle changes faster with wavelength for a smaller
grating pitch (higher spatial frequency). Therefore, the pattern shift in the Fourier plane
was higher for higher central frequency, as shown in Figure 3.2b. The wavelength tuning
range thus depended on the choice of the central frequency when no dispersion correction
was used. In such cases, choosing as low a central frequency as possible without coupling
the higher diffraction orders into the fibre was beneficial. The prism type and the angle
of incidence for the prism-based correction also had to be chosen according to the central
frequency.

Both dispersion compensation methods could be implemented when two input polar-
isations were used. The SLM-based correction required no modification as it did not
depend on any optical element. For the prism-based correction, two different approaches
were possible. In the first approach, two prisms would be used, one in each input polarisa-
tion beam. The orientation of each prism would then be matched to the direction of the
dispersion. For the setup in Figure 2.1, this would mean increasing the distance between
PBS3 and the half-wave plates (HWP6 and HWP7) and placing the prisms there.

The second approach would use only a single prism and is outlined in Figure 3.3.
The polarisation control used two different central frequencies (they only differed in the
horizontal direction of the wave vector), as shown in Figure 3.3a,b. The two points
created by them in the Fourier plane moved with wavelength along a line going through
the 0th diffraction order (Figure 3.3c). The polarisation direction of one of the beams
was rotated by 90◦ using a half-wave plate, while the polarisation of the other beam was
kept the same (Figure 3.3d). The change in the polarisation did not affect the dispersion.
Afterwards, both beams were spatially overlapped. If the number of reflections was odd
in both beams or even in both beams, the overlap would look like in Figure 3.3e, i.e.,
the direction of the dispersion would be different in both beams. Placing a prism in such
a beam would compensate for the dispersion only for one of the two polarisations. If the
number of reflections was odd in one beam and even in the other beam (as is in Figure 2.1),
the direction would be mirrored in one of the beams, and the directions would become
the same (Figure 3.3f). A single prism would thus be sufficient to compensate for the
dispersion in both beams simultaneously. This approach was preferred due to the easier
alignment of the input polarisation control optics. However, it only worked if the central
frequencies for the two polarisations were on a diagonal. Figure 3.3g–i shows the input
facet without and with the dispersion correction.

The performance of both methods for dispersion compensation is evaluated in Fig-
ure 3.4. The fibre imaging system with a 50 mm long Prysmian DrakaElite fibre was
calibrated at 780 nm. Afterwards, the wavelength of the laser was tuned. The quality of
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Figure 3.2: Dispersion compensation for more than one spatial frequency on the SLM.
(a) Fourier transform of a hologram that (for one wavelength) creates a point (corres-
ponding to the central frequency) and a circle (corresponding to the radius of the core)
in the Fourier plane of the SLM. (b) Due to the dispersion, the circle in the Fourier
plane both shifts and scales with the wavelength. The different colours (purple to red)
represent different wavelengths (850, 900, 950, 1000, 1050, 1100 and 1150 nm, or different
wavelengths with the same ratios between them). (c) The SLM-based correction com-
pensates for the shift but not the scaling. The figure shows the situation for two different
central frequencies.

the focused points across the field of view was evaluated for a range of wavelengths. The
experiment was performed for three configurations: with no correction (i.e., the prism was
not installed in the setup, and all points were generated using the identical hologram for
all wavelengths), with prism-based correction (i.e., the prism was installed in the setup
and all points were generated using the identical hologram for all wavelength) and with
SLM-based correction (i.e., the prism was not installed, and the set of holograms was dif-
ferent for each wavelength). When no correction was used, the wavelength tuning range
was the lowest (±7 nm from the calibration wavelength). However, the exact width of the
tuning range depended on the central frequency, as discussed above. The prism-based
correction increased the wavelength tuning range by a factor of about 2. The resulting
tuning range of ±17 nm from the calibration wavelength would be sufficient for CARS
imaging of lipids and proteins. The SLM-based correction increased the tuning range by
a factor of 3 to about ±24 nm. However, as discussed in Section 3.2, the tuning range was,
in this case, likely limited not by the SLM, but rather by the bandwidth of the multimode
fibre.

The effect of the SLM dispersion compensation was further demonstrated by imaging
a 1951 USAF resolution test chart in Figure 3.5. The figure shows point spread functions
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Figure 3.3: Spatial light modulator grating dispersion compensation for two input polar-
isations. (a) Fourier transform of a hologram that for a certain wavelength generated two
points at the centre of the fibre facet, one for each polarisation. The dashed line shows
the range of spatial frequencies that could be coupled into the fibre (they corresponded to
the core of the fibre). (b) Hologram calculated by inverse Fourier transform of (a). (c) In-
tensity in the far-field of the spatial light modulator (focal plane of L8 lens in Figure 2.1)
at different wavelengths (represented by different colours). The arrows show the polar-
isation of the beam. (d) The polarisation of one of the beams was rotated by 90◦ using
a half-wave plate. (e) Both beams overlapped in space. Here, the number of reflections in
each beam were the same. (f) By placing a mirror in one of the beams before overlapping
them, the direction of the dispersion was mirrored. (g) Intensity at the input fibre facet
for different wavelengths with no dispersion correction. (h) Intensity at the input fibre
facet when using a prism for dispersion compensation (with the identical hologram for all
wavelengths). (i) Intensity at the input fibre facet when the hologram was corrected for
the wavelength change, i.e. each point was created using a different hologram.
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Figure 3.4: Comparison of the methods for SLM dispersion compensation. The figure
shows the enhancement of points along a line over the field of view after the wavelength
of the laser was tuned from the calibration wavelength of 780 nm (a) when no correction
was used, (b) when the prism-based correction was used (using a single prism), (c) when
the SLM-based correction was used. (d) shows a comparison for an on-axis point. The
numbers in the legend show the bandwidth, calculated as the FWHM of the measured
curve. A 50 mm long Prysmian DrakaElite fibre was used.

after the wavelength was tuned from the calibration wavelength of 780 nm. These points
were used for imaging the resolution test chart in transmission. With no correction,
the contrast in the images dropped to near zero after a 15 nm wavelength change, as
the power ratio of the point dropped significantly. When the SLM-based correction was
used, the drop in the power ratio was slower, allowing imaging over a broader range of
wavelengths without recalibrating the endoscope. These results demonstrate the necessity
for correcting the SLM dispersion for applications where wavelength tuning is required.
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Figure 3.5: Imaging at different wavelengths using the same fibre calibrated at 780 nm
without and with SLM dispersion correction. The top figures show an example of the
focused point in the logarithmic scale (normalised to the maximal intensity at the calib-
ration wavelength). The middle figures are images of group 8 of a 1951 USAF resolution
test chart imaged in transmission. The bottom figures are cross-sections of the images.
The fibre was a 50 mm long graded-index Prysmian DrakaElite.
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3.2. Bandwidth of multimode fibres
The impact of the spatial light modulator on the wavelength tuning range (referred to as
the bandwidth) was discussed in Section 3.1. Another wavelength-dependent element in the
setup which limited the wavelength tuning range was the multimode fibre. The bandwidth
of the commercial fibres is typically specified at 850 nm or 1300 nm, wavelengths typically
used for telecommunication applications, and specified in the units of MHz·km−1. The
specified values of the bandwidth for the commercial fibres are in Table 3.1. However, it is
not immediately apparent how this specified value corresponded to the wavelength tuning
range when the multimode fibre was used as an endoscope. In addition, the bandwidth
of the fibres would typically be optimised for the telecommunication wavelengths and
could be significantly different for wavelengths used for imaging [129]. Consequently, the
bandwidth of different multimode fibres was measured using the fibre imaging system.

The effect of the SLM dispersion had to be eliminated to study the impact of the
multimode fibre on the wavelength tuning range. Consequently, the SLM-based correc-
tion of the SLM dispersion was used, which performed better than the prism-based one
(Figure 3.4).

The bandwidth of the step-index fibres was distinctively lower than any of the graded-
index fibres. The impact on the wavelength tuning range is demonstrated in Figure 3.6.
The endoscope was calibrated at 780 nm for both fibre types. Afterwards, the wavelength
of the laser was tuned away from this value while still monitoring the focused point on the
camera in the calibration module. While for the graded-index fibre, the focused points
persisted over tens of nanometres, for the step-index fibre, it completely vanished within
less than one nanometre.

The focused point for the step-index fibre did not disappear completely for small
wavelength changes, as might seem from Figure 3.6 (which was measured in a single
plane). Instead, due to the chromato-axial memory effect in step-index multimode fibres
described in [130], it shifted along the axis of the fibre (Figure 3.7). In [130], the authors
characterised this effect by calculating the correlation of the speckle patterns measured
at different distances from the facet for different wavelengths. Here, instead of creating
a speckle pattern, the beam coupled into the fibre (Thorlabs FG050LGA, (31 ± 1) mm
long) was spatially modulated to create a focused point at the distal end. After tuning
the wavelength, the three-dimensional point spread function was measured (Figure 3.7a).
The axial shifts were obtained for three different focused points across the field of view by
finding the plane with maximal intensity for each wavelength. This shift would correspond
to a defocus during imaging (Figure 3.7b). The shift was measured to be dz/ dλ =
= −24 μm·nm−1 (the negative sign symbolises that the point moved towards the facet for
longer wavelengths) at 800 nm, identical for all three measured focal points. The shift
was proportional to the length of the fibre. Thus, the normalised shift (per millimetre of
the fibre) for this fibre was −0.77 μm·nm−1·mm−1, a value comparable to values reported
in [130]. Figure 3.7 shows that the power ratio of the three focused points (measured in
the plane with maximal intensity) quickly dropped as the wavelength was tuned. This
drop implies that the chromato-axial memory effect was limited to a few nanometres. In
contrast to step-index fibres, the shift for graded-index fibres was typically about two
orders of magnitude lower (see Figure 5.22), thus negligible. Although the wavelength-
dependent position of the focus could be useful for fast refocusing, it makes the step-index
fibres unsuitable for non-linear imaging due to the inability to focus light from pulsed laser
sources, as discussed in Section 3.3. In addition, when used for CARS, it would not allow
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Table 3.1: Specified and measured bandwidths of the fibres used in the experiment. The
parameters of the fibres are in table 2.1.

Fibre
Bandwidth [MHz·km]

specifieda measuredb

Thorlabs GIF50E 3500 860
Thorlabs GIF50C 700 520
Thorlabs GIF625 ≥ 200 190
Prysmian DrakaElite ≥ 500 1106
IPHT GRIN 94f 116
CREOL F1 194
CREOL F3 668
CREOL F4 257
Thorlabs FG050LGA 15 17
aOverfilled modal bandwidth at 850 nm (820 nm for
Thorlabs FG050LGA)
bFor fibre imaging; measured using enhancement at
780 nm

(a) Step-index fibre

(b) Graded-index fibre

5 μm

−20 nm −10 nm −1 nm −0.5 nm calibration +0.5 nm +1 nm +10 nm

0

1
+20 nm

5 μm

−20 nm −10 nm −1 nm −0.5 nm calibration +0.5 nm +1 nm +10 nm

0

1
+20 nm

Figure 3.6: Focused points at the imaging plane for different wavelengths (relative to
the calibration wavelength of 780 nm) for a step-index fibre (Thorlabs FG050LGA) and
a graded-index fibre (Thorlabs GIF50E) with SLM dispersion correction applied. Both
fibre types have 50 μm core diameter and similar numerical aperture (0.22 for step-index
and 0.20 for graded-index). Both fibres were 50 mm long.
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imaging for multiple Raman shifts using a single calibration, as the spatial overlap of
the pump and Stokes beams would vanish after the wavelength of one of the two beams
was tuned. For these reasons, in this thesis, higher emphasis was put on characterising
graded-index fibres than step-index fibres.

The bandwidth measurement for the graded-index fibre was performed for three dif-
ferent lengths of the fibre to verify that the bandwidth was inversely proportional to the
length of the fibre (Figure 3.8e) [131]. This measurement shows that even a low-bandwidth
fibre could have sufficient bandwidth for an application if only a short piece of fibre is
used.

The graphs in Figure 3.8a–c show that the measured data has side-lobes (local max-
imums for other than the calibration wavelength). The side-lobe is also visible in the
cross-section in Figure 3.8d as a local maximum at about 745 nm for the 150 mm long
fibre. Since the measurement was performed at a single plane (at a fixed distance from
the fibre), the second maximum of the axial point spread function became in focus for
some wavelengths due to the chromato-axial memory effect.

Calculating the spot size and power ratio involved fitting a model function to the
measured HDR image of the points spread function, as described in Section 2.6. Only
a speckle pattern remained in the image when the wavelength was tuned far from the
calibration wavelength. The algorithm still performed the fit for a speckle with the highest
intensity in the image. The result did not indicate an actual focused point being generated.
These artefacts are visible in the spot size and the power ratio in Figure 3.8c. These graphs
include areas with a small spot size and a meagre power ratio and areas with a low power
ratio but large spot size. These points should not be plotted since they do not represent
actual foci useful for imaging. They were, however, left in the graphs to demonstrate
another issue in calculating the power ratio. On the other hand, the enhancement does
not suffer from this artefact.

The bandwidth measurement was performed for all fibres that were available for the
measurement to select fibres suitable for non-linear imaging. The data from the measure-
ment is shown in Figure 3.9a. The bandwidth of each fibre was calculated as a FWHM of
the enhancement averaged across the field of view (Figure 3.9b). The measured and spe-
cified bandwidths are in Table 3.1. The results show a significant difference between the
graded-index fibres. The highest bandwidth was measured for the Prysmian fibre, making
it optimal for non-linear imaging. Another suitable fibre was the custom-drawn CREOL
F3 fibre. Thorlabs GIF50E and Thorlabs GIF50C fibres, despite their relatively high
bandwidth, were unsuitable for non-linear imaging due to the low numerical aperture.

Another method for measuring bandwidth was tested. Instead of creating a focused
point at the distal end and monitoring its quality after the wavelength tuning (Fig-
ure 3.10a), a single point was created at the proximal end of the fibre, and the speckle
pattern at the distal end was measured on the camera in the calibration module (Fig-
ure 3.10b). Afterwards, the correlation coefficient of the speckle patterns before and after
wavelength tuning was calculated. The second method did not involve creating a focused
point at the distal end. Thus, it eliminated the issues with evaluating the quality of the
focused point (Section 2.6). Figure 3.11 shows that both methods produced similar results
both for step-index and graded-index fibres.
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Figure 3.7: Wavelength-dependent focus of a step-index fibre (Thorlabs FG050LGA, (31±
± 1) mm long). (a) Point spread functions (lateral in logarithmic scale and axial in linear
scale) measured at the calibration wavelength and after the wavelength was tuned from
the calibration wavelength. (b) Axial position of the point after the wavelength was tuned
for three different positions of the point in the field of view. The system was calibrated
at 800.2 nm, 50 μm from the facet. The dashed line denotes the calibration wavelength.
The lines are linear fits. (c) Power ratio after wavelength tuning. The lines are a guide
to the eye.
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Figure 3.8: Fibre bandwidth for different fibre lengths. The Prysmian fibre was used. (a)–
(c) Spot size, power ratio and enhancement across the field of view after the wavelength
was tuned from the calibration wavelength of 780 nm. (d) Comparison of the enhancement
measured for a point of axis for the three fibres. (e) Bandwidth dependence on the length
of the fibre. The red line is a reciprocal fit.
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Figure 3.9: Fibre bandwidth for different fibre types. (a) Enhancement along a line across
the field of view after the wavelength was tuned from the calibration wavelength of 780 nm.
(b) Comparison of the bandwidth of different fibres. Since the maximal enhancement was
different for different fibre types (due to different numerical apertures), it was normalised
for better comparison. The measured bandwidths are in Table 3.1.
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(a) Focus quality measurement

(b) Speckle correlation measurement
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Figure 3.10: Two methods used for fibre bandwidth measurement. (a) A focused point
was created at the output fibre facet using the transmission matrix. The quality of the
point was measured while changing the wavelength. (b) A focused point was created at
the input fibre facet. The correlation coefficient of the speckle pattern on the output facet
measured each wavelength and the speckle pattern measured at the calibration wavelength
was calculated.
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Figure 3.11: Comparison of two methods for bandwidth measurement (shown in Fig-
ure 3.10) for two different fibres. The error bars for the enhancement show a standard
deviation across a 30 μm long line across the field of view centred at the fibre axis. The
dashed line shows the calibration wavelength for the enhancement measurement. The step-
index fibre was a 50 mm long Thorlabs FG050LGA, the graded-index fibre was a 50 mm
long Thorlabs GIF50E.
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3.3. Femtosecond laser focusing
The bandwidth of multimode fibres affects their ability to focus broadband light, such as
light from pulsed lasers. The effect is demonstrated in Figure 3.12, where three different
fibres were used to focus light from the femtosecond laser. The Prysmian DrakaElite
fibre had a larger bandwidth than the spectral width of the laser and produced a point
with a power ratio (and size) comparable to the values achieved with a CW laser. The
bandwidth of Thorlabs GIF625 fibre was lower than the spectral width of the laser, which
caused a lower power ratio. As discussed in Section 3.2, bandwidth of step-index fibres
(here, Thorlabs FG050LGA) was much lower than graded-index fibre. The focused point
thus had a meagre power ratio. This shows the importance of choosing a high-bandwidth
fibre when using a pulsed source.

(b) Bandwidth comparison with laser spectral width

sp
ec

tr
al

de
ns

ity
,

in
te

ns
ity

(a) Point spread functions(a) Point spread functions(a) Point spread functions

no
rm

al
ise

d
en

ha
nc

em
en

t

wavelength [nm]

Prysmian DrakaElite
Thorlabs GIF625
Thorlabs FG050LGA
laser spectrum

0

1

760 770 780 790 800

0

1

10 μm

PR = 73 %
Enh = 354

Prysmian DrakaElite

10 μm

PR = 45 %
Enh = 158

Thorlabs GIF625

10 μm

PR < 10 %
Enh = 16

Thorlabs FG050LGA

Figure 3.12: Femtosecond laser focusing through a multimode fibre. (a) Point spread
functions for a high-bandwidth (higher than the spectral width of the laser) graded-index
fibre, low-bandwidth (lower than the spectral width of the laser) graded-index fibre and
a step-index fibre. The images also show the power ratio and enhancement. All fibres
were 50 mm long. (b) Comparison of the bandwidth of the three fibres with the spectral
width of the laser. Since the dispersion of the SLM was not corrected, the bandwidth was
limited not only by the fibre itself but (in the case of the Prysmian fibre) by the SLM
dispersion.

In Figure 3.8, it was shown that the bandwidth of the fibre was inversely proportional
to its length. Consequently, the bandwidth of the Prysmian DrahaElite fibre might not
be sufficient to focus the light from the femtosecond laser if a much longer piece of fibre
was used. On the other hand, the bandwidth of the step-index fibre was so low that it
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could not properly focus the pulses for any practically usable length of the endoscopic
probe.

No method for compensating the SLM dispersion was used in this demonstration, as
the bandwidth of the system (not accounting for the fibre) was larger than the spectral
width of the laser. For a more broadband source, however, using the prism-based correc-
tion would be necessary (as discussed in Section 3.1, the SLM-based correction was not
suitable for broadband light).

As shown in Figure 3.7, step-index fibres have a significant axial chromatic aberration
due to the chromato-axial memory, i.e., they focus different wavelengths into different
planes. The broad range of wavelengths in the femtosecond pulse thus caused the point
spread function to be elongated significantly beyond the diffraction limit (this is demon-
strated in Figure 5.17d). While such foci were used to demonstrate volumetric two-photon
fluorescence imaging of live neurons using a multimode optical fibre [54], step-index fibres
are currently unsuitable for non-linear imaging in general. The reason is twofold. The
very low achievable power ratios make the system very inefficient. More importantly,
the elongated point spread function appreciably limits the sectioning capability of the
endoscope. For CARS imaging, the chromatic aberration could also be detrimental to
chemical contrast, as different Raman shifts could be excited in different planes within
the length of the point spread function. No method for correcting these effects has been
demonstrated so far. Consequently, for most experiments in this thesis, graded-index
fibres were used.

3.4. Spectral phase of the focused point

Controlling the pulse length in the imaging plane is essential for non-linear imaging. When
the laser pulse propagates through the multimode fibre, it broadens due to dispersion.
Thus, the dispersion must be compensated to obtain a transform-limited pulse in the
sample plane.

Different methods for characterising the pulse from a multimode fibre exist [132, 133].
The technique used here was based on measuring the spectral phase of a focused point
created using the calibration procedure described in Section 2.5. That is, the measurement
was performed with a configuration as close as possible to the intended application of the
fibre. Moreover, the measurement technique did not require any modifications to the
setup.

A laser pulse in time-domain (Figure 3.13a) can be described in terms of the time-
dependent electric field given by

E(t) ∝
√

I(t) exp [i (ω0t − Φ(t))] ,

where I(t) is the (time-dependent) intensity, ω0 is the carrier frequency and Φ(t) is the
(time dependent) phase. Employing the Fourier transform and centring the pulse around
the carrier frequency, the electric field can be rewritten in the frequency domain (Fig-
ure 3.13b)

Ẽ(ω) ∝
√

S(ω) exp [−iφ(ω)] ,

67



3. WAVELENGTH-DEPENDENT BEHAVIOUR OF A FIBRE ENDOSCOPE

time t

in
te

ns
ity

I
(t

)

ph
as

e
Φ

(t
)

frequency ω

sp
ec

tr
al

ph
as

e
φ

(ω
)

sp
ec

tr
um

S
(ω

)

(a) Time domain (b) Frequency domain

Fourier transform of E

Figure 3.13: Describing the laser pulse in (a) time domain using the intensity I(t) and
phase Φ(t) and in (b) frequency domain using the spectrum S(ω) and spectral phase φ(ω).

where S(ω) is the spectrum (the intensity of each frequency in the pulse) and φ(ω) is the
spectral phase (the phase of each frequency in the pulse). Expanding the spectral phase
into a Taylor series yields

φ(ω) = φ(ω0) + ∂φ
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The 0th order term is irrelevant unless the pulse is only a few cycles long. The 1st order
only delays the pulse in time; thus, it is also irrelevant to this analysis. The 2nd order term
(group delay dispersion, GDD) causes the pulse frequency to change linearly in time. Such
a pulse is called a linearly chirped pulse. The third-order dispersion (TOD) and possibly
the higher-order terms also change the shape of the pulse. Disregarding the higher-order
dispersion terms, the group delay dispersion and the third order dispersion are thus the
values essential for describing the behaviour of a pulse. Both values can be calculated
from the measured spectral phase.

To describe the pulse behaviour after being propagated through the fibre, the spectral
phase was measured twice: with the fibre and without the fibre. The difference was the
spectral phase change introduced by the fibre. The group delay dispersion introduced by
the fibre was calculated using a polynomial fit. This value was then used to calculate the
group velocity dispersion (GVD), i.e., the group delay dispersion per unit length of the
fibre.

The spectral phase measurement was performed using the tunable CW laser and is
demonstrated in Figure 3.14. The spectral phase of the focused point at each wavelength
was measured by overlapping the focused point on the camera with the reference beam.
Eight images with different phase shifts were captured (Figure 3.14) and used to calcu-
late the phase and amplitude distribution in the image (Figure 3.14). The phase of the
focused point was then the phase in the pixel with maximal amplitude at the calibration
wavelength.

For this measurement, the optical path difference between the signal (i.e., through the
multimode fibre) and reference paths was set to near zero to minimise the linear term
(group delay) in the measured spectral phase to allow phase unwrapping. The position
of the reference delay line stage had to be moved by 6.4 mm for the 25 mm fibre and by
12.8 mm for the 50 mm fibre compared to the position without the fibre to obtain a zero
optical path difference between the signal and reference paths at 780 nm. That means the
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Figure 3.14: Spectral phase measurement of a focused point. The focused point was
overlapped with a plane wave reference beam. (a) Images with different phase shifts of
the reference beam. (b) Calculated spatial distribution of the phase. The noisy values at
the edges are a result of very low amplitude.

delay line length had to be increased by 0.512 mm per millimetre of the fibre. This value
corresponds to an effective group refractive index of the fibre of 1.51.

The spectrometer range was (780 ± 17) nm. Outside this range, only the wavelength
reported by the laser was available, which was not accurate. Consequently, the measured
phase dependence would be inaccurate, and thus the measurements were limited to the
usable range of the spectrometer.

Since measuring all wavelengths and point positions took about an hour, the phase
drift between the two optical paths had to be compensated. Therefore, the laser was
periodically tuned back to the same wavelength, and phase-shifting was performed for
one of the positions of the focused point. If there were no drift, the measured phase for
this point at the calibration wavelength would be constant during the whole measurement.
Any measured difference was thus due to the phase drift.

The measured spectral phase for two lengths of the Prysmian fibre, as well as the
spectral phase measured with no fibre in the setup, are in Figure 3.15a. The phases
were unwrapped, and the constant and linear terms (corresponding to the optical path
difference between the signal and the reference beams) were subtracted. After subtracting
the spectral phase measured without the fibre, the spectral phase introduced by the fibre
(i.e., the dispersion of the fibre) was calculated. Figure 3.15b shows the difference for two
fibre lengths and five positions of the focused point across the field of view.

Performing a polynomial fit of the measured spectral phase yielded the group velo-
city dispersion value of 50 fs2·mm−1. The measured value was higher than the value for
fused silica (38 fs2·mm−1 [134]), which was likely caused by the doping of the fibre core.
Nevertheless, this value was independent of the position of the output point. The fact
that the value was constant for a given length of the fibre implies that a standard pulse
compressor, such as a prism compressor, can compensate for the dispersion introduced by
the fibre. In addition, it was found that the spectral phase was purely parabolic, i.e., the
fibre introduced no third-order dispersion.
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Figure 3.15: Spectral phase measurements results. (a) Spectral phase of the focused point
measured with no fibre and two different lengths of the Prysmian fibre for a point in the
centre of the field of view. (b) Spectral phase difference for two different fibre lengths and
five different positions of the focused point in the field of view.

3.5. Simultaneous focusing of two wavelengths

Focusing the pump and Stokes beams to the same point through a multimode fibre endo-
scope is essential for implementing coherent anti-Stokes Raman scattering (CARS) ima-
ging. The wavelength difference between these two beams is given by the Raman shift
being excited. Typically, the range used for bio-imaging is around 3000 cm−1, corres-
ponding to a wavelength difference in the order of hundreds of nanometres. As shown in
Section 3.2, the bandwidth of the multimode fibres was not sufficient to cover such a broad
wavelength range using a reasonably long fibre (30 mm or more). Therefore, two independ-
ent calibrations had to be performed, one for each wavelength. An optimal solution for
modulating two discrete wavelengths would be to use two spatial light modulators or split
the modulator into two halves, one for each beam. While such configuration was planned
for future versions of the setup, it would make the setup and the software noticeably more
complicated. Hence, both beams were spatially overlapped and focused simultaneously
using a single hologram.

Methods for combining holograms for multiple wavelengths exist for spatial modulators
with a phase range extending over several multiples of 2π [135]. While the modulator used
here had a 5π range at the wavelength of 780 nm (which was used as the CARS pump
beam in Chapter 5), as shown in Figure 2.7, at 1040 nm (CARS Stokes in Chapter 5), the
range was only 3π. Consequently, a different approach had to be employed.

The transmission matrices for the two wavelengths were added before generating the
hologram to create a joint hologram for both wavelengths. Such a hologram created a fo-
cused point at any of the two wavelengths. The cost for the simplicity was the increased
speckled background. In essence, transmission matrix TM1 measured at wavelength λ1
produced a focused point at the distal end at λ1. At wavelength λ2 ̸= λ1, only a random
speckle pattern was produced. Analogously, transmission matrix TM2 measured at wave-
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length λ2 produced a focused point at the distal end at λ2 and a speckle pattern at λ1.
Transmission matrix TM1 + TM2 produced both the points and the background at both
wavelengths λ1 and λ2. Thus, simultaneous focusing of two wavelengths was achieved at
the cost of increased background.

Figure 3.16 schematically shows this approach. In Figure 3.16a, the regions in the
Fourier transform of the hologram for the two wavelengths and the two input polarisations
are shown. Only the regions for the respective wavelength were enabled when focusing
light at a single wavelength. Simultaneously focusing both wavelengths required enabling
all regions. Figure 3.16b–e schematically shows the light distribution on the input facet
of the fibre at both wavelengths. At both wavelengths, the input facet contained light
that created a focused point at the distal end and unwanted light from the transmission
matrix for the other wavelength. A fraction of the unwanted light was coupled into the
core, increasing the background at the distal end. The rest was not coupled in (more
precisely, it was coupled into the cladding and later radiated out due to the glue, as
discussed in Section 2.4) and thus did not contribute to the signal measured at the distal
end. The exact orientation of the unwanted light on the input facet depended on the
number of reflections the two input polarisation beams undertake before being overlapped
(Figure 3.16b,c or Figure 3.16d,e).

The transmission matrices for the two wavelengths had to be normalised when im-
plementing this method in the software. The normalisation was necessary because the
amplitudes measured during the calibration depended on the laser power, the transmission
efficiency of the system, and the camera sensitivity. All three factors were wavelength de-
pendent. If not normalised, the efficiency of the resulting hologram at the two wavelengths
would thus depend on the exact conditions during the calibration.

Here, it was assumed that the prism-based dispersion compensation was not used. In
that case, the ratio of the central frequencies for the two wavelengths was equal to the ratio
of the two wavelengths. Thus, the higher the ratio of the two wavelengths, the lower the
overlap and the higher the achievable power ratios. When the prism-based compensation
was installed, the dispersion was partially compensated, and the overlap of the patterns
for the two wavelengths was larger. The larger overlap caused an additional decrease in
the power ratios at both wavelengths since more unwanted light was coupled into the fibre.
It was, however, only the background that was affected. The power in both the focused
points did not change. Thus, the effect on non-linear imaging was minimal. Suppose
the wavelength tuning range was not an issue. In that case, the orientation of the prism
could be reversed to create the opposite behaviour, i.e., to separate the patterns for the
two wavelengths even more. The increased separation would increase the power ratios at
both wavelengths compared to the situation without the prism. Depending on the ratio
of the two wavelengths, the overlap of the spatial frequencies could then be zero. In such
case, the joint hologram would create points with maximal achievable power ratio at both
wavelengths. However, the total transmission efficiency for each wavelength would still
be halved compared to when two spatial light modulators were used.

Simultaneous focusing of two wavelengths is experimentally demonstrated in Fig-
ure 3.17. The system was calibrated using the tunable CW laser at two different wave-
lengths (730 nm and 860 nm). When only the transmission matrix for the current wave-
length of the laser was used, the power ratios were high. Using the transmission matrix
for the incorrect wavelength produced only a random speckle pattern. A focused point
was produced for both wavelengths when the composite hologram was used. However, the
background intensity increased, and the intensity of the focused points decreased. The
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Figure 3.16: Simultaneous focusing of two wavelengths using a single SLM. (a) Schematics
of the Fourier transform of the hologram, showing the regions used for the two wavelengths
(λ1 < λ2) and two input polarisations. The circles correspond to the core of the fibre,
their centres are the central frequencies. For each wavelength, a different spatial frequency
was used to generate the reference beam. (b)–(e) Input facet of the fibre at the two
wavelengths. The spatial frequencies in the hologram for the correct wavelength were
coupled into the core and generated the focused point at the distal end of the fibre. The
spatial frequencies for the incorrect wavelength were coupled into the fibre only partially
and increased the background of the focused point. The drawing shows two situations:
(b), (c) when the number of reflections was the same for both polarisations beams and
(d), (e) when an extra mirror was placed into one of the beams (here, to polarisation 1).
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of view for a situation when the points were created only using the respective holograms
and when a joint hologram for both wavelengths was used.
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Figure 3.19: Simultaneous focusing of two wavelengths from the femtosecond laser for
CARS. (a) Point spread functions (in the logarithmic scale) measured at two wavelengths
(the frequency difference between them was optimal for exciting polystyrene) when the spa-
tial light modulator displayed two different holograms, one for each wavelength. (b) Point
spread functions measured when the SLM displayed a single hologram, resulting in a com-
bined focus for both wavelengths. The two transmission matrices for the two wavelengths
were added with a 2 : 1 (pump : Stokes) ratio to increase the CARS signal. (c) An estim-
ate of the effective CARS point spread function, calculated from point spread functions
in (b), assuming quadratic dependence on the pump and linear dependence on the Stokes
intensity. Note that the colour scale differs from (a) and (b).

power ratio and the power in the focused point were thus always lower when using the
composite hologram.

Figure 3.18 shows that while the power ratio dropped when both wavelengths were fo-
cused simultaneously, the spot size was not affected by summing the transmission matrices.
The drop in the power ratio was higher for the shorter wavelength. This effect can be, in
a simplified way, explained in Figure 3.16d,e, assuming that the power distribution was
near uniform in all the circular regions (which would be the case for a step-index fibre,
but it is not a correct assumption for graded-index fibres). The unwanted signal (blue in
Figure 3.18d, red in 3.18e) was always only partially coupled into the core. Due to the
scaling caused by the dispersion, a larger fraction of this unwanted signal was coupled
into the core at the shorter wavelength compared to the longer wavelength. Thus, the in-
tensity of the unwanted background was higher at the shorter wavelength, and the power
ratio was lower.

The described method had the same outcome when the femtosecond laser was used.
In Figure 3.19, two wavelengths separated by 3059 cm−1 (optimal for CARS imaging of
polystyrene) were focused simultaneously through a graded-index fibre. In contrast to
Figure 3.17, the ratio of the two transmission matrices was set to 2 : 1 (pump : Stokes).
The higher weight of the pump beam caused a lower drop in the intensity of the pump
beam when combining both transmission matrices. On the other hand, the intensity of
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the Stokes beam got lower than in the case of the 1 : 1 ratio. The 2 : 1 ratio increased the
intensity of the CARS signal generated in the sample due to the CARS intensity being
quadratic in the pump and linear in the Stokes intensity. The measured point spread
functions were used to estimate the effective CARS point spread function (Figure 3.19).
The point had a minimal level of background as a result of the non-linearity of the process
and the speckled backgrounds for the two wavelengths being uncorrelated. Thus, the
CARS signal would be generated only in the focused point.

3.6. Summary

In this chapter, the multimode fibre endoscope built in Chapter 2 was used to charac-
terise the wavelength-dependent behaviour of different multimode fibres with the goal to
efficiently focus light from a pulsed laser source and allow non-linear imaging through
a single multimode fibre.

When tuning the wavelength after the calibration of the fibre, the quality of the
focus drops. The degradation was caused by two factors: the wavelength dependence
of the optics projecting the pattern on the proximal end of the fibre and on the fibre
itself. The most wavelength-dependent component in the system was the spatial light
modulator, used in off-axis configuration. The holograms displayed on the SLM have
a form of a sum of diffraction gratings. This grating-like behaviour causes the pattern
projected on the proximal end to shift with wavelength. Two methods for correcting the
wavelength dependence were tested. Since the dispersion of the hologram is known, it
can be recalculated for another wavelength (SLM-based correction). Another option is
using another wavelength-dependent optical element, such as a prism, to compensate for
the dispersion of the SLM (prism-based correction). The SLM-based correction provided
a wider wavelength tuning range. Consequently, it was used to measure the bandwidth
of different fibres, where the wavelength had to be tuned over a range of many tens of
nanometres. On the other hand, the prism-based correction does not require recalculating
the holograms while still providing a sufficient level of compensation for many applications,
such as targeting different Raman shifts during CARS imaging.

After the dispersion of the SLM was compensated for, the bandwidth of different fibres
was measured. Different types of fibres were calibrated using a tunable continuous-wave
laser, and the quality of the focus was observed after the wavelength of the laser was
tuned from the wavelength used for the calibration. It was observed that the focused
point shifts axially with wavelength for step-index fibres due to the chromato-axial effect.
While this property could be, in principle, applicable for fast refocusing by small tuning of
the excitation wavelength, it makes the step-index fibres unsuitable for focusing light from
broadband sources. Graded-index fibres, on the other hand, do not have this property
and were able to maintain the focus over a few tens of nanometres (for a 5 cm long
piece of fibre). The difference in the bandwidth of different graded-index fibres was
almost an order of magnitude, demonstrating that choosing the suitable fibre is crucial
for non-linear imaging. The highest bandwidth was measured for the Prysmian DrakaElite
fibre, followed by Thorlabs GIF50E. The Thorlabs fibre, however, has a lower numerical
aperture, thus, is not suitable for non-linear imaging. The custom-drawn CREOL F3 fibre
also had a bandwidth sufficient for focusing light from a femtosecond laser while having
a larger core diameter (and thus a larger field of view) than the Prysmian fibre.
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3. WAVELENGTH-DEPENDENT BEHAVIOUR OF A FIBRE ENDOSCOPE

The bandwidth directly affects the ability of the fibre to focus light from pulsed light
sources and, thus, its suitability for non-linear imaging. The suitability for non-linear ima-
ging was demonstrated by calibrating the fibres with a femtosecond laser. With a graded-
index fibre with a bandwidth higher than the spectral width of the laser, the power ratio
of the focused point was similar to one achieved with a narrow-band continuous-wave
laser. Due to using a high-bandwidth fibre and controlling the input polarisation, the
achiever power ratios were significantly higher than in previous demonstrations of focus-
ing femtosecond pulses through multimode fibres [53]. Conversely, the low bandwidth of
step-index fibres renders them unsuitable for pulsed lasers, as the achievable power ratios
are very low, and the resulting point spread functions are much longer than expected from
the numerical aperture. The shape of the point spread function would make multiphoton
excitation very inefficient and drastically limit the sectioning capabilities (as previously
shown in [54]). Consequently, graded-index fibres are preferable for non-linear imaging.

The spectral phase of the focused point was measured to characterise the dispersion
of the fibres and examine the options for its compensation. For the Prysmian DrakaElite
fibre, the group velocity dispersion was measured to be 50 fs2·mm−1 at 780 nm, with
almost no third order dispersion. This value was independent of the position of the
focused point. Thus, a standard pulse compressor, such as a prism pulse compressor, is
sufficient to compensate for the group velocity dispersion in the multimode fibre when
used for non-linear imaging.

Simultaneous focusing of two wavelengths through a multimode fibre using a single
spatial light modulator was presented. Adding the respective transmission matrices cre-
ated a joint focus at both wavelengths. This method allowed multiple wavelengths to be
focused without using multiple modulators and possibly complicated modifications to the
system, which might make the optics significantly harder to align. Although the increased
speckled background around the point decreased the efficiency, it did not impose an issue
for non-linear imaging, as the background did not generate any measurable signal.

Results presented in this chapter, mainly the simultaneous focus for two wavelengths
from a pulsed laser source through the multimode fibre with the ability to tune the wave-
length after the calibration constitute a substantial step towards implementing coherent
anti-Stokes scattering imaging and possibly other non-linear imaging techniques through
a multimode fibre endoscope.

Some results presented in this chapter (including the SLM dispersion compensation,
bandwidth measurements, dispersion measurement and demonstration of focusing of femto-
second pulses) were published in [68].
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4. Coherent anti-Stokes Raman
scattering through fibre

Confocal and multi-photon fluorescence microscopy has become state-of-the-art imaging
techniques for imaging living organisms. For many applications, however, labelling the
sample is not an option and other imaging techniques with molecular specificity are needed.
One such technique is confocal Raman microscopy [136], which allows three-dimensional
label-free imaging. Spontaneous Raman imaging, however, requires high excitation powers
and very long integration times, mostly incompatible with in-vivo imaging. These short-
comings can be overcome by the use of coherent Raman scattering (CRS) techniques,
such as stimulated Raman scattering (SRS) or coherent anti-Stokes Raman scattering
(CARS) [66, 137–142] Compared to spontaneous Raman microscopy, CARS microscopy
offers not only orders of magnitude shorter per-pixel integration times [143–145], but
also has higher biochemical specificity [138, 146]. Typical applications of CARS imaging
include optical biopsies for diagnosing tumours and other diseases [67, 147–151], label-
free imaging of lipid-rich tissue structures such as myelinated axons [152–154] or lipid
droplets [155].

In CARS, the oscillations of the molecules are driven by the difference frequency
ωpump − ωStokes between the pump and Stokes beam. When this frequency difference
approaches a transition of the dielectric medium, the oscillations are driven very effi-
ciently and can be probed by the probe beam at ωprobe, generating anti-Stokes emission
at ωCARS = ωpump − ωStokes + ωprobe (the energy diagrams are in Figure 4.1). Typically,
the pump beam is used as the probe beam. Thus, ωCARS = 2ωpump − ωStokes. Since CARS
is a coherent process, not only the energy (Figure 4.1c) but also the momentum is pre-
served. Due to the phase-matching condition (Figure 4.1d), the CARS signal is generated
predominantly in the forward direction, making epi-detection reliant on scattering [156].

Both linear and non-linear Raman imaging is also used in endoscopy, including bio-
medical applications [145, 157]. The endoscopes are, however, typically bulky with an
outer diameter of a few millimetres. While this might be acceptable for many applica-
tions, many others could benefit from the significantly smaller dimensions of multimode
fibre endoscopes. In Chapter 3, it was demonstrated that focusing light from pulsed
laser sources through a multimode fibre endoscope is possible. These results open up
possibilities for implementing non-linear imaging techniques through multimode fibres.
This chapter presents the first implementation of coherent anti-Stokes Raman scattering
imaging through a single multimode fibre.

A laser system generating two synchronised pulse trains at two wavelengths separated
by about 3000 cm−1 (which is the typical range used for bio-imaging) is necessary for
CARS imaging. As a suitable laser system was not available in the Complex Photonics
laboratory of the Institute of Scientific Instruments of the CAS in Brno at the time, the
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Figure 4.1: Energy diagrams for (a) linear Raman scattering, (b) stimulated Raman scat-
tering (SRS) and (c) coherent anti-Stokes Raman scattering (CARS). (d) Phase-matching
condition for CARS.

experiments presented in this chapter were performed at the Department of Spectroscopy
and Imaging at Leibniz Institute of Photonic Technology (IPHT), Jena, Germany. The
fibre imaging system was built in Brno on a portable breadboard and transported to IPHT,
where a suitable picosecond laser system was kindly provided to conduct the experiments.
In total, two two-week-long visits were carried out. The first visit aimed to verify that
focusing a picosecond laser through graded-index fibres is possible and to test the first
CARS imaging through a single multimode fibre with the signal collected in transmission,
including testing a chemical contrast. In between the two visits, the optical system was
modified. The spatial light modulator was replaced with a faster type. The system was
optimised and, more importantly, modified to allow epi-detection, i.e., collecting the light
through the fibre. The goal of the second visit was thus to show that epi-detection is
possible so that the imaging system can work as an endoscope. The data in this chapter
is labelled as dataset 1 and dataset 2 to distinguish the two configurations of the system.

4.1. Optical setup

The setup for CARS imaging (Figure 4.2) was based on the setup used for fibre charac-
terisation described in Chapter 3. Consequently, only the differences are described here.
The setup (excluding the light source) was built on an optical breadboard (120 cm×60 cm,
Thorlabs PBH51507) to make the system portable, which made it possible to move the
system to the laboratory at IPHT, Jena to use a suitable laser system available there.

The light source consisted of a 832 nm picosecond laser (Coherent Mira HP-P), pumped
using a 532 nm CW laser (Coherent Verdi V18), and an optical parametric oscillator (OPO;
APE OPO). The laser pulse durations were 1 ps to 2 ps, the bandwidth of the pump
beam was 13 cm−1 to 22 cm−1 (depending on the wavelength and the pumping condition
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Figure 4.2: Schematics of the setup for CARS imaging through a multimode fibre using a picosecond laser system. BS – non-polarising
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of the OPO) and the bandwidth of the Stokes beam was approximately 10 cm−1. The
wavelengths of both beams were monitored on a spectrometer.

Both beams were combined on a dichroic mirror with an adjustable time delay of
the pump beam. The combined beam was expanded to fill the active area of the liquid
crystal spatial light modulator. For the two datasets, two different SLMs were used. For
dataset 1, Meadowlark HSP512-1064 was used and was calibrated using the linear lookup
table measurement (Figure 2.8). For dataset 2, Meadowlark HSP1920-1064-HSP8 was
used instead, and its response was calibrated using the diffractive method (Figure 2.7).
In both cases, the timing of the SLM, camera and DAQ card were controlled in software,
i.e., the timing described in Figure 2.5 was not used. Consequently, both the calibration
and the imaging were significantly slower (by a factor of about 3 for the Meadowlark
HSP1920-1064-HSP8 and 2 ms integration time) than would be possible with the SLM that
was used. Also, not triggering the detector using the SLM (and thus not synchronising it
with the refresh frequency of the SLM) increased noise for short integration times due to
the flickering.

Similarly to the setup in Section 2.1, the SLM created three beams that were separ-
ated using a lens and multiple mirrors. The reference beam was filtered using an iris and
collimated. Both input polarisation beams were collimated, the polarisation of one was
rotated by 90◦, and both beams were overlapped, with an adjustable delay, on a polar-
ising beamsplitter cube. A small portion of the beam was picked on an uncoated glass
window (BS2, Thorlabs WG41050) to stabilise the phase difference between the two input
polarisation paths. Unlike in the setup in Section 2.1, the pump and Stokes beams were
split on a dichroic mirror (DM3; Thorlabs DMLP805T), and two photodiodes were used
to stabilise the relative phase difference. Using two photodiodes was necessary to stabilise
the relative phase for the two beams (wavelengths) simultaneously, without blanking one
of the beams at a time. The stabilisation of the relative phase was performed at the be-
ginning of every 2 lines of the image for dataset 1 and every 10 lines for dataset 2. Unlike
in the setup in Section 2.1, both input polarisation beams undertook an even number of
reflections. This change was possible since the prism-based correction of the SLM disper-
sion was not used here. The change made the system less sensitive to the alignment of
the laser beams, as a small change in the angle of the beam did not result in a drop of
interference contrast on the two photodiodes.

The beam was focused on the proximal end of the fibre. The distal end was then
imaged onto a camera and overlapped with a reference beam, identically to Section 2.1.

Prysmian DarkaElite was used for the experiments in this chapter. The probe length
was 30 mm to 35 mm. The fibre was stripped of the coating and cleaved using a manual
cleaver (Thorlabs XL411). The fibre was glued in a single ceramic ferrule (Thorlabs
CF128) using Norland Products NOA1375 adhesive. The adhesive had a lower refractive
index (1.375) than the refractive index of the fibre cladding. Using a low-refractive-index
adhesive reduced the losses of light guided in the cladding and, potentially, increased the
collection efficiency since the light was collected not only by the core but also by the
cladding.

The sample (beads on a glass slide) was mounted on a three-axis stage built of Thorlabs
LNR25D/M stages, allowing both the focus and lateral movement of the sample. The
focusing was performed using Thorlabs Z825B motorised actuator mounted in one of the
stages. The lateral movement of the sample was manual only.

For imaging in transmission, the signal was collected through the objective in the cal-
ibration module, filtered using a short-pass filter (Semrock Brightline SP650) and a band-
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(a) Image from Logitech webcam (b) Image from Basler camera

Figure 4.3: A layer of beads on a glass slide viewed from two cameras mounted in the
setup. Both cameras were focused on the distal end of the fibre. (a) Image from a Logitech
webcam, used for navigation over the sample. (b) Image from a Basler camera with
custom optics. Due to the high magnification, this camera was used to estimate the
distance between the sample.

pass filter (Semrock Brightline 550/88) and focused onto a multialkali PMT (for dataset
1; Hamamatsu H10723) or a GaAsP PMT (for dataset 2; Thorlabs PMT2101/M). For
dataset 2, epi-detection was implemented. The signal collected through the fibre was
reflected off a long-pass dichroic mirror (Thorlabs DMLP605), filtered using a short-pass
filter (Thorlabs FESH0600) and a band-pass filter (Brightline 550/88) and focused onto
a GaAsP PMT (Thorlabs PMT2101/M). The signal from the PMT was collected on
a DAQ card at 165 kHz and was averaged during the entire integration time (typically
2 ms).

The setup was equipped with two extra cameras to allow navigation over the sample
and estimation of the distance between the fibre and the sample. For navigation, Logitech
C270 webcam focused on the distal end of the fibre was used since it offered a large field of
view (Figure 4.3a). Basler ace acA640-750uc was used to find the correct sample distance
from the fibre before the imaging. The distal end of the camera was magnified onto
the camera using two lenses with sufficient magnification to estimate the gap between the
fibre and the sample when white light from LED1 was coupled into the fibre (Figure 4.3b).
For the samples with a thin layer of beads, a wide-field image could be performed on the
camera in the calibration module (Figure 4.8a), using LED1 or LED2 for illumination.

The pump and Stokes pulses had to overlap in the imaging plane in space and in time
to generate the CARS signal. While the calibration procedure established the spatial
overlap of the focused points (which could be adjusted in the software if needed), the
temporal overlap had to be set externally by a delay line placed in the pump beam. As
an indicator of the time overlap, sum-frequency generation in a non-linear crystal (BBO,
β-barium borate) was used, see Figure 4.4. Three new wavelengths were generated if
both spatially overlapped beams were focused on the crystal at a suitable angle. Two
of them corresponded to the second-harmonic generation of the two beams and were
always present. Therefore, they could be used to align the crystal. The third wavelength
generated by sum-frequency generation was only present when the pulses overlapped in
time. The time overlap was first established before the SLM, where both beams had
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high power and thus generated a visible signal in the crystal. Afterwards, the crystal
was moved in place of the multimode fibre, a 1′′ non-polarising beamsplitter cube was
placed before the SLM to simulate the fibre dispersion, and the time overlap was adjusted
accordingly. The final adjustment of the time overlap was made during the imaging by
maximising the detected CARS signal.
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Figure 4.4: Setting a time overlap of two beams using sum-frequency generation in a BBO
crystal. When both beams were focused on the crystal, the second-harmonic of both
frequencies ω1, ω2 was generated. If the pulses overlapped in time, the sum frequency was
generated as well.

4.2. Fibre calibration and focus generation

The calibration procedure necessary to create a scanning focus in the sample plane was
identical to Section 2.5. The working distance (i.e., the distance of the focus from the
facet) was chosen to be 50 μm. For CARS, two spatially overlapping foci with two wave-
lengths were required. Each wavelength was calibrated separately (by physically blocking
the other beam). The OPO was tuned to 667.7 nm, corresponding to Raman shift of
2958 cm−1. Before the calibration for each wavelength, the length of the delay line in the
reference beam was adjusted to achieve interference of the signal and reference beam. For
the Meadowlark HSP1920-1064-HSP8 SLM, the complete calibration took approximately
15 minutes and was useable for a few hours of imaging.

To create a joint focus at both wavelengths, the two transmission matrices measured
were added (as described in Section 3.5) with 2 : 1 (pump : Stokes) ratio. This ratio
increased the intensity of the generated CARS signal, since the CARS signal depends
quadratically on the pump intensity and linearly on the Stokes intensity.

The spatial overlap of the points for both wavelengths could be controlled in software
by adjusting the offset between the transmission matrices if needed. The focused point
could be created at positions corresponding to a camera pixel. Here, the pixel spacing in
the sample plane (determined by the camera pixel size and the objective and lens imaging
the sample plane onto the camera) was 0.26 μm. Since the diffraction-limited FWHM size
of the focused points was 1.4 μm for the pump and 1.7 μm for the Stokes beam, the pixel
spacing was sufficient to set the lateral spatial overlap of the two beams in the sample
plane. As for the axial spatial overlap, it was assumed that the axial chromatic aberration
of the optics imaging the sample plane onto the camera was significantly lower than the
size of the axial point spread function. Thus, laterally overlapping beams on the camera
resulted in laterally overlapping beams in the sample plane.
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4.3. ENDOSCOPE CHARACTERISATION

4.3. Endoscope characterisation
After calibrating the endoscope at both excitation wavelengths, the quality of the focused
points across the field of view was evaluated (as described in Section 2.6), see Figure 4.5.
For the pump beam, the power ratio and spot size were symmetrical about the axis of
the fibre. However, the power ratio did not have this symmetry for the Stokes beam.
Typically, such behaviour was caused by a misalignment of the beam on the spatial light
modulator. In this case, it was caused by a non-symmetrical profile of the Stokes beam.
Nevertheless, the spot size at both wavelengths approached the diffraction-limited values
given by the numerical aperture, and the achieved power ratios were sufficient for imaging.

The transmission of the setup (ratio of the power in the focused point and the power
at the input of the setup) was 7.5 % for the pump beam and 2.5 % for the Stokes beam.
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Figure 4.5: Power ratio and spot size across the field of view for both excitation beams
(dataset 2). The spatial light modulator was displaying a combined hologram for both
wavelengths as described in Section 3.5 with 2 : 1 (pump : Stokes) ratio.

The imaging system allowed tuning the OPO wavelength (used as the pump beam
for CARS imaging) after calibration. As described in Section 3.2, the power ratio of the
focused point dropped and its size increased as the OPO was tuned from the calibration
wavelength. As a result, the intensity of the generated CARS signal dropped. This change
had to be taken into account when performing wavelength sweeps. Consequently, the
bandwidth of the system was measured in the same manner as described in Sections 3.1
and 3.2. Figure 4.6 shows the power ratio and spot size after wavelength tuning for
dataset 2. This data was used to correct the wavelength-dependence of the intensity of
CARS signal during wavelength sweeps (Figure 4.11). The small wavelength tuning range
of approximately ±4 nm around the calibration wavelength was caused by not using any
method for SLM dispersion compensation. The data cannot be directly compared to the
data in Figure 3.4, as a different wavelength and central spatial frequency of the holograms
were used, affecting the wavelength tuning range when no compensation method was used.
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Figure 4.6: Power ratio and spot size on a line across the field of view after the OPO wave-
length was tuned from the calibration wavelength of 662.4 nm, indicated by the dashed
line (dataset 2).

4.4. Imaging of polymer beads

CARS imaging through multimode fibre was tested on 2 μm (Sigma Aldrich 78452-5ml-F)
and 7 μm (Sigma Aldrich 78462-5ml-F) polystyrene (PS) and 2.5 μm polymethyl methac-
rylate (PMMA; Bang laboratories PP05N) beads on a cover glass. For some samples,
a scattering layer consisting of 3 % intralipid solution (Sigma Aldrich I141-100ML) in
epoxy was deposited on the reverse side of the coverslip to increase scattering and, thus,
the intensity of the epi-detected signal. The intralipid concentration was chosen to have
a similar scattering coefficient to brain tissue [158]. Nevertheless, since the layer was
deposited on the reverse side of the cover glass (and thus 170 μm from the beads being
imaged), the increase of the back-scattered signal coupled into the multimode fibre was
likely small.

The power in the focused point during the imaging was about 7 mW (dataset 1) or
8.5 mW (dataset 2) for the pump beam and about 6 mW (dataset 1) or 3 mW (dataset 2)
for the Stokes beam. These values were lower than typical for standard CARS microscopy,
where the excitation powers of tens of milliwatts are typically used. While the transmission
of the system would allow higher laser powers, the maximal power was limited by the
sample damage due to the long per-pixel dwell time. As discussed in Section 2.1 the
per-pixel dwell time consisted of the integration time and the delay necessary to update
the hologram on the SLM. For dataset 1, the wait time was 25 ms. For dataset 2, the
wait time was set to 15 ms for short integration times up to 2 ms. The wait time for
longer integration times was reduced to 10 ms. During most of the wait time, the sample
was still exposed to the excitation beams, creating foci on the sample, while no signal
was collected. The damage threshold could be thus lowered by optimising the timing of
the SLM hologram upload and data acquisition (as discussed in Section 2.1) and beam
blanking during the wait time.

For dataset 1, the signal was collected in transmission. For dataset 2, the signal could
be detected both in transmission and in epi, i.e., by collecting the signal through the
same multimode fibre used to deliver the excitation beams. Since the software for these
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4.4. IMAGING OF POLYMER BEADS

experiments supported only a single detector for imaging, trans and epi-detection images
could not be obtained during a single scan. Instead, two scans were performed when
comparing trans and epi, and the detector was switched between them.

Figure 4.7 shows a z-stack of PS beads on a glass slide captured by physically moving
the sample. The figure shows the intensity in the area corresponding to the beads and
around them (i.e., generated in the glass). When the sample was too far away from the
facet (the position in Figure 4.7 is negative), almost no signal was generated, similar to
when the sample was removed from the system. By bringing the sample closer to the
fibre, the beads became focused. Apart from the resonant CARS signal from the beads,
a non-resonant signal inside the glass was generated. When the sample was closer than
the working distance, the intensity of the beads decreased (they became out of focus). In
contrast, the intensity of the signal generated in the glass increased as a larger fraction of
the point spread function was inside the glass slide. Figure 4.7 demonstrates that exciting
CARS in structures as small as 2 μm through a multimode fibre is possible, despite the
low numerical aperture of the fibre and the low laser power used for excitation.
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Figure 4.7: CARS z-stack of PS beads (dataset 1) with the signal collected in transmission.
A positive sample position means that the sample was closer to the fibre than the working
distance of 50 μm. The figure shows a subset of images taken with different positions of the
sample. The intensity of the beads and the area without the beads (thus corresponding
to the signal generated in the glass) was evaluated. The lines are a guide to the eye.

The diffraction-limited axial length (FWHM) of the points spread function was 14 μm
at the pump wavelength and 17 μm at the Stokes wavelength [120]. The measured depth of
focus for the beads was about 12 μm, i.e., comparable to the expected length of the point
spread function (the depth of focus was lower due to CARS being a non-linear process).
This value verified that the length of the point spread function was not noticeably affected
by using a pulsed laser source (when a high-bandwidth graded-index fibre was used).

In Figure 4.7, the CARS signal generated in the sample (the beads and the cover
glass) was collected in transmission. However, this configuration would not be possible if
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the fibre was used as an endoscope inside a tissue. In this situation, the generated signal
must be collected using the same multimode fibre to deliver the excitation beams. CARS
signal is generated predominantly in transmission due to the phase-matching condition.
Epi detection in tissue thus relies on back-scattering. The sample in this experiment
consisted of a single layer of beads on a cover glass. Therefore, there was no scattering
layer below the beads. Epi detection was still possible due to the weak reflections on
the cover glass. The imaging with epi detection is demonstrated in Figure 4.8. A single
layer of PS beads on a cover glass was imaged in transmission and with epi-detection.
As expected, the signal in epi was significantly weaker, and the image was thus noisy.
Nevertheless, the beads were visible. Despite low collection efficiency, this experiment
demonstrated that epi detection through the multimode fibre was possible. An example
of a significantly more scattering sample is in Figure 4.9. A thicker layer of 7 μm PS beads
on a cover glass was imaged here. The larger beads generated a stronger signal (due to
their size being more comparable to the length of the point spread function), and the
lower layers of beads acted as a scattering media, significantly increasing the intensity of
the signal on the epi detector. Such scattering samples better mimicked imaging inside
a tissue.
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Figure 4.8: CARS imaging of 2 μm polystyrene on a cover glass. (a) White light image
of the sample taken in transmission. The sample was illuminated through the multimode
fibre using a white LED. The image was captured on the camera in the calibration module.
(b) CARS image with the signal collected in transmission. (c) The same image with epi-
detection (the signal collected through the multimode fibre).

Figure 4.10 shows a comparison of two epi-CARS images of a single layer of 2 μm and
7 μm polystyrene beads on a cover glass with different integration times of 2 ms and 1 ms.
Reducing the integration time increased the noise in the images. The prevailing reason for
the drop in signal-to-noise ratio was the flickering of the SLM, resulting in periodic changes
in the excitation intensity, which was not in sync with the integration time. Nevertheless,
at 1 ms integration time, the 2 μm beads were still visible with a sufficient signal-to-noise
ratio.

The chemical sensitivity of CARS is demonstrated in Figure 4.11. Two samples (2.5 μm
PMMA and 2 μm PS beads on a cover glass) were imaged with the signal being detected in
transmission. The wavelength of the OPO was tuned, which resulted in different Raman
shifts being excited. Figure 4.11c shows the measured spectra of PMMA and PS, corrected
for the limited wavelength tuning range of the system (as discussed in Section 4.3) and
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Figure 4.9: Images of the same area of the sample of a thick layer of 7 μm polystyrene
beads on a cover glass with the signal collected (a) in transmission and (b) with epi-
detection. Due to the strong scattering in the thick layer of beads, both images have
a similar intensity.
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Figure 4.10: The effect of the integration time on CARS imaging a mix of 2 μm and 7 μm
polystyrene beads on a cover glass with epi-detection. The graphs show a cross-section of
the images along the dashed line.
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Figure 4.11: Wavelength sweep of 2 μm PS and 2.5 μm PMMA beads on a cover glass.
(a), (b) CARS images of beads taken at different Raman shifts. The images were correc-
ted for the limited bandwidth of the system (Figure 4.6) and variations of OPO power.
(c) Intensity of the beads as a function of the Raman shift. The lines are a guide to the
eye.
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Figure 4.12: Demonstration of chemical contrast on CARS imaging a mix of 2 μm PS
and 2.5 μm PMMA beads on a cover glass. The signal was collected in transmission. (a),
(b) Two images recorded at two different OPO wavelengths (corresponding to two different
Raman shifts). (c) Overlay of the two images showing the chemical contrast.
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the variations of the OPO power, assuming quadratic dependence of the generated signal
on the pump intensity and linear dependence on the Stokes intensity. The bandwidth
of the system was sufficient to cover both the PS and PMMA resonances using a single
calibration at 2958 cm−1.

Figure 4.12a,b shows a CARS image of a mixed sample of PS and PMMA beads
on cover glass, captured at two different Raman shifts (corresponding to the peaks in
Figure 4.11c). Figure 4.12c shows an overlay of both images, demonstrating the chemical
contrast allowing the differentiation between PS and PMMA. The signal was collected
in transmission. The same effect was demonstrated using epi-detection in Figure 4.13.
Here, a thicker layer of beads was used to increase scattering in the sample and, thus,
the intensity of the epi-collected signal. The results clearly illustrate that CARS imaging
with a chemical contrast through a multimode fibre endoscope is possible.
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Figure 4.13: Demonstration of chemical contrast on CARS imaging a thick layer (to
increase scattering) of a mix of 2 μm PS and 2.5 μm PMMA beads on a cover glass. The
signal was collected using epi detection (i.e., through the fibre). (a), (b) Two images
recorded at two different OPO wavelengths (corresponding to two different Raman shifts).
(c) Overlay of the two images showing the chemical contrast. (d)–(f) Detailed images
scanned with higher resolution.
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4.5. Summary
In this chapter, the first implementation of coherent anti-Stokes Raman scattering (CARS)
imaging through a multimode fibre was presented.

An endoscopic system developed and characterised in Chapter 3 was used with a pi-
cosecond laser system consisting of a picosecond laser (Stokes beam) and an optical para-
metric oscillator (pump beam). Both spatially overlapping beams were focused through
a multimode into the same point, allowing the generation of the CARS signal in the
sample. The fibre imaging system was still under development during the experiments
presented in this chapter. Many optimised features introduced in Chapter 3 had not been
implemented yet. The most significant was not using the optimised timing and triggering
of the data acquisition, which resulted in significantly longer per-pixel dwell times and
increased image noise due to SLM flickering. Due to sample damage, the longer dwell
times also limited the maximal excitation laser powers. In addition, not using any SLM
dispersion correction decreased the wavelength tuning range, reducing the power ratio of
the focused points during the demonstration of the chemical contrast, further reducing the
intensity of the detected CARS signal. Nevertheless, despite the potentially suboptimal
performance of the fibre imaging system during the experiments, the results presented in
this chapter were conclusive.

CARS imaging of 2 μm and 7 μm polystytene (PS) and 2.5 μm polymethyl methacrylate
(PMMA) beads on a glass slide was demonstrated. The signal generated in the sample
was collected in transmission as well as through the same fibre used for the delivery
of the excitation beam, i.e., epi-detection. The epi-detection was possible despite the
CARS signal being generated predominantly in the forward direction and thus relying
on scattering (for thick layers of beads) or the reflection on the air to glass interface
(for a single layer of beads). These results show that the fibre endoscope could be used
for endoscopic applications inside the tissue. This potentially paves the way for the
implementation of other imaging techniques with similar emission patterns like stimulated
Raman spectroscopy (SRS) or third-harmonic generation (THG), where epi-detection is
also reliant on back-scattering from the tissue [159].

Imaging with chemical contrast was demonstrated on a mix of PS and PMMA beads.
Changing the wavelength of the pump beam allowed different Raman shifts to be targeted.
Combining the two images could determine the composition of the mixed sample.

Imaging of 2 μm PS beads was possible using a 1 ms integration time while still having
a good signal-to-noise ratio. As expected for CARS [143–145], the integration time was
significantly shorter compared to linear Raman imaging, which was implemented through
multimode fibres in [61, 62]. The difference in integration time for the implementations
through a multimode fibre is three orders of magnitude while still having specificity to
distinguish cell components, which makes CARS mode suitable for clinical applications.
The integration time was limited by the flickering of the SLM and by the excitation power
being limited by sample damage due to the long per-pixel dwell times. The effect of the
SLM flickering could be minimised by synchronising the acquisition with the SLM, which
would also allow shorter per-pixel dwell times (as discussed in Chapter 3), limiting the
exposure of the sample. Moreover, the sample damage could be limited by beam-blanking
during the hologram formation.

Nevertheless, the demonstrated CARS implementation was still slow compared to
other endoscopic CARS implementations, where a single image typically takes a few
seconds at maximum [160, 161], compared to several minutes (depending on the size
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of the field of view and resolution) demonstrated here. The limiting factor in speed was
the refresh frequency of the liquid crystal spatial light modulator, set to about 55 Hz
(pixels per second). A more efficient implementation of the timing, already discussed in
Chapter 3, could increase the speed to 170 Hz for the same integration time. Additional
improvement could be gained by overdriving the SLM [162]. Nonetheless, a liquid crystal
SLM would still be slower compared to digital micromirror devices (DMDs) used for lin-
ear imaging through multimode fibres, typically operating at a refresh frequency of about
23 kHz [41]. Currently available DMDs are binary amplitude modulators, thus inherently
inefficient. Additionally, they suffer from significantly higher dispersion than SLMs, due
to using tilted micromirrors, which would have to be compensated for [128]. These at-
tributes make them hard to use for non-linear imaging, where high excitation powers
and pulsed laser sources are required. In future, however, phase-modulating micromirror
devices (PLMs) [163–167] could provide efficiency approaching one of the liquid-crystal
SLMs, while maintaining fast refresh rates.

The diameter of the fibre probe (Prysmian DrakaElite, about 30 mm long) was 125 μm
with a 50 μm diameter field of view (FoV) and numerical aperture of 0.3. The dimensions of
the probes were thus significantly smaller compared to other endoscopic CARS approaches,
where the probes typically have a diameter of a few millimetres. For instance, in [160],
the diameter of the probe was 2.2 mm (with a 230 μm field of view), in [161] it was
2.4 mm (180 μm FoV), and in [168] 8 mm (about 500 μm FoV). The small dimensions make
the multimode fibre probes significantly less invasive than any other CARS endoscope
reported.

The endoscope presented here, however, did not have a similar spatial resolution to
the other discussed endoscopes due to the relatively low numerical aperture of the fibre
used. Nevertheless, the numerical aperture is not unreasonably small, as shown in [169].
The resolution of a multimode fibre endoscope depends only on the numerical aperture of
the fibre and is thus independent of the fibre diameter. Consequently, if higher numerical
aperture graded-index fibres become available in the future (providing that such fibres
have sufficient bandwidth), the resolution could be increased without increasing the en-
doscope size. Thus the amount of damage this endoscope would have for imaging inside
the tissue. A thinner cladding fibre could also increase the field of view size to probe
diameter ratio. The cladding of a multimode fibre can be very thin. Consequently, unlike
the other endoscopic probes discussed above, the field of view size of a multimode fibre
(when imaging close to the output facet) could be the same as its diameter. Alternatively,
since commercially available fibres typically have a much thicker cladding, the distal end
of the fibre could be polished into a cone-like shape as shown in [41, 65] and in Chapter 5
to minimise the impact on the tissue.

The speckled background around the focused points, typical for focusing light through
a multimode fibre, did not affect the images due to the non-linearity of the process and the
fact that the speckle patterns for the pump and Stokes beams were uncorrelated. These
factors caused the amount of signal generated anywhere else but the focused point to be
undetectable. This is in contrast to linear imaging (e.g., one-photon fluorescence or linear
Raman imaging), where the speckled background decreases the contrast in the images (in
the case of one-photon fluorescence imaging) or could cause the measured spectra to be
smeared across the field of view (in the case of linear Raman imaging). Another source
for reducing the contrast could be any signal generated in the fibre. Due to the self-
imaging property of graded-index fibres, the focus created at the distal end of the fibre
is being re-imaged multiple times inside the fibre, potentially exciting four-wave mixing
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in the glass fibre. Nevertheless, during the experiments, the intensity measured with no
sample in the system (or a sample far from the imaging plane) was more than an order
of magnitude lower than the signal generated in the sample. No detrimental level of the
unwanted background was thus observed.

To conclude, this study demonstrates that it is feasible to perform label-free CARS
imaging with chemical contrast through a single multimode fibre of structures as small as
2 μm, with epi-detection and integration times of 1 ms.

The results presented in this chapter were published in [69], which is the first demon-
stration of label-free non-linear imaging with chemical contrast through a multimode fibre
endoscope.
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5. Non-linear imaging using
a femtosecond laser

In Chapter 4, coherent anti-Stokes Raman scattering (CARS) imaging through a single
multimode fibre with a chemical contrast was demonstrated. The chemical contrast was
achieved by using a narrowband picosecond laser system and tuning the wavelength of
one of the two excitation beams, which resulted in different molecules being excited.
CARS imaging can also be performed using femtosecond lasers, which are more commonly
available in bio-imaging labs and more suitable for other imaging modalities like two-
photon excitation fluorescence (TPEF) or second-harmonic generation (SHG) imaging.

When such a broadband laser source is used, the spectral resolution is reduced due to
the large instantaneous bandwidth of the source. Assuming both the Stokes and pump
pulses are near transform-limited in the sample plane (which would be optimal for, for
example, TPEF or SHG), many different Raman shifts get excited during the duration of
the pulse, as shown in Figure 5.1. To get a sufficient spectral resolution with a broadband
laser source, spectral focusing is commonly implemented [170–177]. In essence, both the
pump and the Stokes beams are stretched to decrease the instantaneous bandwidth of
the source. The spectral resolution of CARS microscopy (in terms of wavenumbers ν̃) is
given by

∆ν̃ = 2 ln 2
πc

√
2
(
τ−2

p + τ−2
S

) .= 20.8 ps·cm−1
√

τ−2
p + τ−2

S , (5.1)

where c is the speed of light and τp and τS are the pulse widths for the pump and Stokes
beams, respectively [177]. This equation is valid either for transform-limited or equally
chirped pulses (that is, the same amount of group delay dispersion is applied to both
the pump and Stokes pulse). Increasing the pulse lengths thus decreases ∆ν̃, increasing
the spectral resolution. The increase of the pulse length is done by applying group delay
dispersion (GDD), typically using glass blocks. The GDD stretches the pulse width τ0 of
the transform-limited pulse to

τ = τ0

√√√√1 +
(

4 ln 2 · GDD
τ 2

0

)2

. (5.2)

Applying different amounts of GDD to both beams or applying third order dispersion
results in a decrease in the spectral resolution. When the spectral focusing is implemented,
different Raman shifts (within the spectral width of the pulses) then can be targetted by
changing the relative time delay of the pump and Stokes pulses (as shown in Figure 5.1).
The time delay change dt can be converted into wavenumber change dν̃ using

dν̃ = dt

2πc · GDD
.= 5.3 ps·cm−1 dt

GDD
. (5.3)
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Figure 5.1: Explanation of spectral focusing for coherent anti-Stokes Raman scattering
imaging. (a) Frequency-time distribution of the pump and Stokes pulses for a transform-
limited pulse and a linearly chirped pulse (spectral focusing). Applying the group delay
dispersion (GDD) to the transform-limited pulse increases the pulse length τ and decreases
the instantaneous bandwidth ∆ω. The chirp parameter β describes the linear slope of
the frequency-time distribution for the chirped pulse. (b) Illustration of the Raman shifts
being excited during the whole duration of the pulse. Chirping the pulse decreases the
spectral width, increasing spectral resolution. Adjusting the time overlap then allows
targeting different Raman shifts.

The use of pulsed sources allows the implementation of other non-linear imaging tech-
niques such as TPEF [178] or SHG [179] (Figure 5.2). In essence, the implementation of
CARS imaging through the multimode fibre automatically allows for imaging using these
two techniques by just changing the filter on the detector.

Compared to linear fluorescence imaging, TPEF offers inherent sectioning resulting
from the non-linearity of the process. This effect is used in laser scanning microscopes
to suppress out-of-focus fluorescence. In a multimode fibre endoscope, the non-linearity
also suppresses signal generation in the speckled background around the focused point. In
essence, achieving a high power ratio of the focused point at the distal end of the fibre is
thus not nearly as critical as for linear imaging. Another key advantage over linear imaging
is the increased penetration depth due to lower scattering at infrared wavelengths. This
property is, however, perhaps not as important when imaging through a multimode fibre
endoscope, as the imaging is typically performed close to the facet. In addition, the
photobleaching is lower [180].

TPEF imaging through a multimode fibre has been demonstrated in [53]. A femto-
second laser and a graded-index fibre were used. However, the achieved power ratio was
only 28 % due to using a long fibre and not controlling the input polarisation, similarly
do a demonstration in [52]. Two-photon imaging in shown [181] used a combination
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Figure 5.2: Energy diagrams for (a) fluorescence, (b) two-photon excitation fluorescence
(TPEF) and (c) second-harmonic generation (SHG)

of a step-index fibre and a femtosecond laser, resulting in a much longer focus than
would be expected for the numerical aperture and, thus, significantly limited sectioning.
Consequently, employing the results presented in Chapter 3, a more optimal endoscopic
system should be possible.

In this chapter, an implementation of coherent anti-Stokes Raman scattering (CARS)
and two-photon excitation fluorescence (TPEF) through a single multimode fibre and us-
ing a femtosecond laser as the excitation source is presented. In addition, the endoscopic
system shown here can perform polarisation-resolved second-harmonic generation (SHG)
imaging. The main focus of this chapter is the suppression of a strong background sig-
nal during CARS imaging, which is generated in the fibre probe due to the self-imaging
property of graded-index fibres. A composite probe, which significantly reduces the back-
ground, is proposed and characterised in terms of its focusing performance and dispersion.
The probe is then used to demonstrate multimodal CARS and TPEF imaging of fixed
mouse tissue.

5.1. Optical setup
A simplified drawing of the setup for non-linear imaging through a multimode fibre using
a femtosecond laser is shown in Figure 5.3. The setup was based on the system presented in
Chapter 4 with implementing some features introduced in Chapter 3. Only the differences
between the systems are discussed here.

The femtosecond laser (Coherent Chameleon Discovery) was the excitation source.
The parameters of the laser were described in Section 2.1. Here, both output beams were
used. The fixed beam at 1040 nm was used as CARS Stokes beam and could also be used
as the excitation beam for SHG imaging. The tunable beam was used as CARS pump
beam and the excitation beam for TPEF imaging.

The power and polarisation of the fixed beam were controlled using a pair of zero-order
half-wave plates (HWP1, HWP2; Thorlabs WPHSM05-1053) and a Glan-laser calcite
polariser (GT1; Thorlabs GL10-B). For the tunable beam, achromatic half-wave plates
(HWP3, HWP4; Thorlabs AHWP05M-980) and a Glan-Taylor calcite polariser (GT2;
Thorlabs GT10-B) were used.
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5.1. OPTICAL SETUP

For CARS imaging, glass blocks made of SF57 glass were added to both beams to
implement spectral focusing. Two 110 mm long blocks (with an antireflection coating)
were inserted in both beams, adding 49000 fs2 of GDD at 800 nm (used as a pump beam)
and 33000 fs2 at 1040 nm (used as a Stokes beam) [134]. The rest of the optics added about
8000 fs2 at 800 nm and 12000 fs2 at 1040 nm (these values were measured using a home-
built SEA TADPOLE system [182–185]). A 30 mm long fibre added about 1500 fs2. By
setting the pre-compensator built-in the tunable output of the laser to −12000 fs2, both
beams were equally stretched by 46500 fs2 of GDD. According to Equation (5.2), the pulse
lengths in the sample plane thus were about 1300 fs and 930 fs for the pump and Stokes
beams, respectively.

Both beams were combined on a dichroic mirror (DM1; Thorlabs DMLP1000) with an
adjustable time delay of the pump beam (using a hollow roof prism mirror RR1; Thorlabs
HRS1015-P01, placed on a motorised stage; Thorlabs PT1/M-Z8). The combined beam
was expanded to fill the active area of the liquid crystal spatial light modulator. Identically
to the system in Chapter 4, the SLM generated two signal beams (one for each input
polarisation) and the reference beam.

A wedge prism (Edmund Optics 47-624) was used to compensate for the dispersion of
the SLM, as discussed in Section 3.1, which necessitated adding an extra mirror into the
beam for one of the two polarisations.

An extra 4f system was placed between BS1 and L7, which is, for simplicity, not
shown in Figure 5.3. The only purpose of these two lenses was to relay the beam with
unity magnification to extend the optical path. The relay was necessary to mount the
multimode fibre vertically, which is more suitable for tissue imaging, as the tissue is
typically submerged in a liquid. To not affect the stability of the system, most optical
components were still mounted directly on the horizontal breadboard and placed on the
optical table. Only the multimode fibre, lens L7, the objective, two relay lenses and four
mirrors not shown in the drawing were placed on a separate vertical breadboard. The
vertical breadboard was attached to the horizontal one using two large brackets.

Compared to the previous systems, the objective that focused light into the fibre
was replaced with an achromatic lens (Thorlabs AC080-010-B). This lens increased the
efficiency of the system. While the transmission of the objective originally used (Olympus
MPlanFL N 20×) was about 87 % at 800 nm and about 48 % at 1040 nm, it had a very
low (< 10 %) transmission between 910 nm and 990 nm. Thus, it would not be suitable
for exciting eGFP, which has a maximum two-photon absorption at around 920 nm [186].
In comparison, the transmission of the lens was > 95 % over the range of 760 nm–1040 nm.
Since this lens was at the proximal end of the fibre, the increased optical aberrations had
no noticeable effect on the aberrations of the focused point at the distal end of the fibre.

The distal end of the fibre was imaged onto the camera using an objective and an
achromatic lens. Calibrating the probes with the distal end polished in a sharp tip (Fig-
ure 5.7c) for tissue imaging required calibrating in water (or another medium with a similar
refractive index to the sample). Thus, a cover glass was placed between the fibre and the
objective (Olympus Plan N 20×/0.40NA, corrected for the cover glass) and a drop of
water was placed on top. The same procedure was used for flat probes and tissue ima-
ging to minimise aberrations [121]. For imaging beads on a glass slide, the objective was
calibrated in the air (using Olympus MPlanFL N 20×/0.45NA objective with no cover
glass).

The sample was mounted on a three-axis stage build of two Thorlabs XR25P/M stages
equipped with Thorlabs Z825B motorised actuators for lateral movement of the sample
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5. NON-LINEAR IMAGING USING A FEMTOSECOND LASER

and OptoSigma TAMM100-50C stage for focusing. All three axes were thus motorised.
The OptoSigma stage was selected for its low backlash, essential for reliable focusing on
flat samples and precise insertion of the fibre in the tissue.

For epi-detection, the signals generated in the sample were collected through the
fibre and reflected off a long-pass dichroic mirror (DM2; Thorlabs M254C45), passed
through another long-pass dichroic mirror (DM4; Thorlabs DMLP505) and then split by
the third long-pass dichroic mirror (Thorlabs DMLP605) into CARS and TPEF/SHG
channels. The signals were then filtered using a short-pass filter (Thorlabs FESH0700)
and a band-pass filter (Thorlabs FBH650-40 for CARS, Semrock BrightLine 525/39 for
TPEF, Thorlabs FBH520-10 for SHG) and focused on two photomultiplier tubes (PMT1,
PMT2; Hamamatsu H10723-20). This configuration allowed simultaneous collection of
CARS and TPEF or CARS and SHG signals. For transmission imaging, after removing
the flip mirror in the calibration module, the signal was filtered using the same types
of short-pass and band-pass filters (depending on the imaging modality) and focused on
another photomultiplier tube (PMT3; Hamamatsu H10723-20).

The time overlap of the pump and Stokes was set using sum-frequency generation on
a BBO crystal, as shown previously in Figure 4.4. A custom module with a focusing
lens, the BBO crystal and a short pass filter was built for this purpose. The module
included a colour camera (Basler ace acA640-750uc) to monitor the intensity of all three
wavelengths generated in the crystal (second-harmonic generation of the pump beam,
second-harmonic generation of the Stokes beam and sum-frequency generation of both
beams), spatially separated on the camera. The position with the maximal intensity of
the sum-frequency generation was found by adjusting the length of the delay line placed
in the Stokes beam. Initially, this was performed before the SLM, where the beams had
high power. Afterwards, the BBO crystal was mounted in place of the multimode fibre
and the length of the delay line was re-adjusted.

To allow control over the polarisation of the focused points (discussed bellow in Sec-
tion 5.4), an achromatic half-wave plate (HWP7; Thorlabs AHWP05M-980) was used
to rotate the polarisation of the reference beam by 45◦. A polariser (POL2; Thorlabs
LPVIS100-MP2) was then placed in front of the camera in the calibration module to
allow only horizontal linear polarisation or only vertical linear polarisation (depending on
the angle of the polariser) to the camera.

Two cameras were mounted on two sides of the fibre probe to navigate over the samples
(Figure 5.4). Both cameras were manually focused on the tip of the fibre. For navigating
over the surface of the sample, a modified Logitech C270 webcam was used. A more
detailed image of the sample was taken using a USB pen microscope. The sample could
be illuminated by a blue LED through the fibre (LED1; Thorlabs M470F4), white LED
in the calibration module (LED2, CREE XM-L2) or a custom-built ring of white LEDs
attached to the fibre mount. The combination of both cameras then allowed for targeting
structures on the surface of the sample and judging the distance from the surface.
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(a) Logitech webcam (beads) (b) USB pen microscope (beads)

(c) Logitech webcam (brain) (d) USB pen microscope (brain)

Figure 5.4: Images of two different samples (beads on a glass slide and a mouse brain)
taken with two cameras integrated into the fibre imaging system. The Logitech webcam
allowed rough navigation over the surface. Subsequently, the exact position and distance
of the fibre from the surface could be judged on the images from the USB pen microscope,
which had a higher magnification. The blue light comes from LED1 in Figure 5.3. The
bright rectangles in (a) are a reflection of the ring of LEDs mounted above the sample.
In (c) and (d), the fibre had a conical termination (same as in Figure 5.7b).
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5.2. Fibre probe preparation
The probes consisting of a grade-index fibre only were prepared as described in Section 2.2.
To prepare a composite spliced probe (Figure 5.13), the step-index fibre (CeramOptec
Optran Ultra WFGE) and the graded-index fibre (Prysmian DrakaElite, CREOL F3 or
YOFC GI2017-C) were first stripped off the acrylate coating. The GRIN fibre was cleaved
to a flat facet at one end (which became the distal end of the probe) using Fujikura CT-
101 cleaver. The step-index fibre was tapered to have the same core diameter as the
graded-index fibre using 3SAE Large Diameter Splicing System LDS 2.5. Afterwards, the
splicing system was used to cleave the taper on one end, splice it to the distal end of
the GRIN fibre and cleave the other end, forming a short step-index splice with a precise
length. As the last step, the proximal end of the graded-index fibre was cleaved to a flat
facet using Fujikura CT-101 cleaver. The probe was then glued in two ceramic ferrules,
as described in Section 2.2.

Many commercial multimode fibres used in this work have a high cladding-to-core
diameter ratio. Since the size of the field of view is determined by the core diameter, the
overall size of the probe was, in such cases, unnecessarily large, causing more significant
damage to the tissue being imaged and making it harder to penetrate the tissue. Most
of the cladding at the distal end of the fibre could be polished off to mitigate this issue,
forming a conical distal end (see Figure 5.7b) [41, 65].

A custom polishing system was built to make custom polished terminations of the
fibre probes (Figure 5.5). The ceramic ferrule with the fibre glued inside was clamped
in a small chuck (PROXXON 28941). A NEMA 17 stepper motor could rotate the fibre
along its axis. The repeatability of the rotation was ensured by using an inductive endstop.
The fibre mount was magnetically attached to the rotor, allowing a quick inspection of
the polished surface under a microscope.

The polishing was performed using three different polishing papers (Figure 5.6). The
fibre was quickly polished to the desired shape in the first step using a 6 μm grit diamond
polishing sheet (Thorlabs LF6D). Afterwards, the roughness of the surface was decreased
using a 1 μm grit diamond polishing sheet (Thorlabs LF1D) and finally a 0.02 μm grit sil-
icon dioxide polishing sheet (Thorlabs LFCF). The papers were attached to a replaceable
aluminium disc using double-sided tape. The aluminium disc was rotated at a maximum
of 1000 rpm using another NEMA 17 stepper motor. Both motors were controlled using
custom-built electronics. The surface of the polishing disc was kept wet and clean during
the process by rubbing against a lint-free wipe soaked in a solution of dishwashing liquid
in water (which could be added during the polishing using a syringe). The polishing
process was monitored using a camera (USB pen microscope).

Figure 5.7 shows different terminations of multimode fibre imaging probes. Figure 5.7a
shows an unmodified distal end of the CREOL F3 fibre. Since this fibre has a large
cladding-to-core ratio, it was feasible to polish off part of the cladding (5.7b) to form
a conical probe to minimise the damage to the tissue being imaged. The core was not
touched. Thus, the optical properties of the probe were not affected. Since no light
propagated through the polished surface, achieving a surface with optical quality was
unnecessary. The next step was also to polish the core (5.7c). Here, the core was polished
at approximately 45◦, forming a sharp tip. Since the output facet of such a probe was
not flat, the probe had to be calibrated inside a medium with a similar refractive index
as the tissue (in water, for example). In addition, since the light propagated through one
of the polished surfaces, this surface had to be polished to a very low surface roughness.
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fibre probe

polishing disc

syringe (water)

camera

rotating platform

inductive sensor

fibre rotation

fibre x, y position

fibre z position

disc cleaning

disc rotation

LED light

magnetic mount

mini chuck

water waste

control panel

disc position

Figure 5.5: Polishing system used for modification of distal ends of fibre probes (see
Figure 5.7 for examples). The multimode fibre, which was glued into a ceramic ferrule
was attached in a chuck and polished using a rotating disc with polishing paper. The
polishing was monitored using a USB pen microscope from the top.

50 ¿m

(a) 6 ¿m grit paper (b) 1 ¿m grit paper (c) onal (0.02 ¿m) paper

Figure 5.6: Surface of a multimode fibre after polishing using different polishing papers.
The surface is the 45◦ side of a side-view probe (Figure 5.7d) before coating with a reflect-
ive layer.
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Figure 5.7: Distal ends of different types of fibre probes. (a) Unmodified distal end
of a 62.5/125 μm (core/cladding) diameter fibre. (b) The same fibre with the cladding
polished into a cone in order to minimise tissue damage and make the insertion into the
sample easier. (c) In addition to the cladding, the core was polished into a sharp tip. This
shape prevents tissue from sticking to the fibre. (d) Side-view probe [77]. (e) Side-view
probe with parts of the cladding polished off (front side of the probe; the bright circle is
the light guided in the core and reflected off the 45◦ facet, i.e., this circle is the field of
view of the probe). (f) Unmodified spliced probe. The splice suppresses the non-linear
background being generated in the fibre when used for CARS imaging. (g) Spliced probe
with the splice being polished into a sharp tip.

This probe type was used for SHG imaging published in [187], where it helped with tissue
sticking to the fibre and easier penetration. Another option for terminating fibre imaging
probes is the side-view probe (Figure 5.7d) [77]. The side-view probe allows off-optical-
axis imaging, similar to the probes in [23, 188–191], where a prism was attached or 3D
printed to the end of the probe. Instead of securing a prism, the end of the fibre was
polished at 45◦ and at about 8◦ on the opposite side. The 45◦ side was afterwards coated
with a metal layer, forming a mirror. The light guided inside the fibre was thus reflected
and exited the fibre through the 8◦ facet. This probe allowed imaging in a plane parallel to
the axis of the fibre, which further reduced the damage to the tissue being imaged [43]. For
fibres with a high cladding-to-core diameter ratio, parts of the cladding close to the distal
end of the probe could be polished off to reduce the impact of the probe (Figure 5.7e).

5.3. Calibration procedure
The calibration of the endoscope was identical to the procedure described in Section 2.5
and Section 4.2.

Since femtosecond laser pulses were used, the length of the reference delay line had
to be adjusted precisely to achieve interference of the signal and reference beams on the
camera. The adjustment was made by generating a random speckle pattern at the input
of the fibre and observing the amplitude of the oscillations on the camera while adjusting
the length of the delay line (Figure 5.8). This procedure allowed setting the delay within
a few micrometres from the optimal position giving maximal interference contrast.

By employing the optimal timing scheme described in Figure 2.5, whole calibration
procedure of the CREOL F3 fibre took about a minute per wavelength and input polarisa-
tion, and thus the whole calibration necessary for CARS imaging (i.e., two wavelengths
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Figure 5.8: The amplitude at the distal end of the fibre measured at different positions
of the delay line in the reference beam. The input of the fibre was filled with a random
speckle pattern. The amplitude was consequently averaged across the field of view for
each position (only a subset of images is displayed here).

and two input polarisations) took less than five minutes. For controlling the polarisation
of the focused point (for SHG imaging), the calibration had to be run twice with changing
the angle of a polariser (as discussed below in Section 5.4). Therefore, in that case, the
whole calibration took less than ten minutes.

5.4. Polarisation control
The non-linear interaction of light with molecules during coherent anti-Stokes Raman scat-
tering imaging or second-harmonic generation imaging results in excitation polarisation
dependence of the generated signal. The polarisation sensitivity of CARS can be used,
for example, to characterise the orientation of the lipid and water molecules inside the
myelin sheath [152, 192, 193]. Similarly, during SHG imaging, the polarisation response
allows, for example, for measurement of local collagen fibril orientation [194–197]. Accord-
ingly, implementing the control over the polarisation of the focused point is beneficial for
these non-linear imaging techniques and broadens the possible applications for diagnosing
pathological states of tissue.

In Section 2.8, the input polarisation control (the control over the polarisation of the
beam entering the fibre) was discussed. It was shown that it was necessary for efficient
focusing when graded-index fibres were used. This section discusses output polarisation
control (the control over the polarisation of the beam exiting the fibre). While the input
polarisation control might be a necessary condition for the output polarisation control
(especially for step-index fibres), it is not a sufficient condition and further modifications
of the system presented in Section 2.1 were necessary.
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5. NON-LINEAR IMAGING USING A FEMTOSECOND LASER

Several techniques for polarisation control have been implemented in random me-
dia [198–200]. These, however, typically rely on strong mode coupling, which is not ne-
cessarily present in multimode fibres. In addition, the method presented in [200] requires
a source with a bandwidth substantially larger than the bandwidth of the medium. Nev-
ertheless, a polarisation control of the output of the multimode fibre was demonstrated
in [201], where the mode coupling was artificially introduced by using a 2 m long fibre
coiled to 5 loops and pressed by clamps. However, this study showed no spatial control
of the output, making the method unsuitable for imaging.

Control of the polarisation of the focused point at the end of the fibre was demon-
strated in [26], where two points with orthogonal polarisation states were generated at
the output of the fibre. Generation of an arbitrary polarisation state of the focus was not
demonstrated, nor was any imaging application. Here, the same technique was implemen-
ted into the endoscope for non-linear imaging.

Two spatially overlapping points with orthogonal polarisation states and with known
relative phase difference had to be generated to produce an arbitrary in-plane polarisation
state of the focused point at the distal end of the fibre. These two points formed a basis.
The basis could be linear (e.g. horizontal and vertical polarisation) or circular (left-handed
and right-handed polarisation). By adjusting the relative amplitude and phase of the two
points, any in-plane polarisation state could be generated.

In [26], the two orthogonally polarised points were created by, in essence, simultan-
eously measuring two transmission matrices, one for each output polarisation state. The
beam in the calibration module was split using a polarising beam displacer placed in front
of the camera. Two images of the fibre were thus created on the camera, one per polar-
isation. This approach has, however, several limitations. Calcite beam displacers have
a wavelength-dependent displacement, therefore, could not be used with a broadband
light source like the femtosecond laser used here. A polarising beamsplitter cube could
be used instead in conjunction with two cameras [90]. Nonetheless, this method yielded
two orthogonally polarised points, but their relative phase was unknown. In addition, the
relative phase was not guaranteed to be independent of the position of the point in the
sample plane. Due to having two different images of the fibre, the relative position of the
two points was also not known with adequate accuracy to overlap them at the distal end
of the fibre.

Instead of splitting the beam in the calibration module, a polariser was placed before
the camera, allowing only one polarisation state to be calibrated at a time. The calibration
procedure thus had to be performed twice in total, with the polariser (POL2 in Figure 2.1)
set to 0◦ and 90◦. Thus, two sets of transmission matrices (one for each orientation of
the polariser) were obtained to generate vertically and horizontally polarised points. The
polarisation of the reference beam was rotated by 45◦ using a half-wave plate to achieve
interference of the signal beam and the reference beam regardless of the orientation of the
polariser.

The relative phase of these two points was initially unknown and had to be measured.
This situation was similar to the relative phase between the two input polarisation beams
as described in Section 2.5. Measuring the relative phase delay was performed by setting
the polariser to 45◦, displaying both (spatially overlapping) horizontally and vertically
polarised points and monitoring the intensity while changing the relative phase difference
between the two transmission matrices. When the two points were in phase, the polar-
isation of the resulting point was linear with 45◦ angle. The measured intensity behind
the polariser was thus maximal. When in the opposite phase, the polarisation was linear
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with 135◦ angle, and the intensity was minimal. Any other phase difference produced
an elliptically (or circularly) polarised point. This step also allowed checking the spatial
overlap of both points, as both should be focused onto the same camera pixel.

Mounting the polariser directly in front of the camera resulted in working polarisation
control at the camera plane. Due to reflection phase changes on the mirrors in the
calibration module, the polarisation of the point at the distal end of the fibre was not
generally the same as the polarisation of the point on the camera. Figure 5.3 shows only
one mirror for simplicity. In reality, three silver mirrors (Thorlabs PF10-03-P01) were
placed between the objective and the camera. The additional mirrors were necessary
to mount the fibre and, thus, the objective vertically. The issue with reflection phase
changes was mitigated by measuring the reflection phase shifts and taking them into
account when measuring the relative phase on the camera. The polariser (set to 45◦)
was once moved directly after the objective in the calibration module, and the relative
phase measurement was repeated. The difference between the value measured with the
polariser in both positions was the reflection phase change. This value was constant (for
a given wavelength). Hence, it was sufficient to measure the phase shift once and use it to
correct all the following values measured with the polariser in front of the camera. This
procedure resulted in a polarisation control of the focused point at the fibre output.

The relative phase of the two output points for two polarisation states was a constant
value for the given calibration, thus, did not have to be stabilised during the imaging.
This is in contrast to the relative phase of the two input polarisation beams described in
Section 2.5 and is a result of the two output beams having the same optical path.

After the relative phase of the two points was known and their spatial overlap was
verified, a point with an arbitrary polarisation could be generated by adjusting the relative
amplitude and phase of the two transmission matrices.

The performance of the polarisation control was evaluated in terms of the extinction
ratios. The polariser in the calibration module was removed after the calibration, and
another polariser of the same type (Thorlabs LPVIS100-MP2) was mounted directly after
the objective in the calibration module. The polariser was rotated in 9 steps over a range
of 180◦, and HDR images of focused points on a line across the field of view were captured
for each orientation (Figure 5.9). The intensity of the focused point for each orientation
was extracted from the images. A sinusoidal function was then fitted to the data. The
maximum and minimum values from the fit were used to calculate the extinction ratio
(Figure 5.9b). In addition, after removing the polariser, it was verified that the power
ratio and spot size were independent of the polarisation. The calculated extinction ratios
in Figure 5.9b were noisy due to the random speckle background around the focused
points. Nevertheless, the values were in all cases larger than 100 across the field of view,
sufficient for polarization-resolved second-harmonic generation imaging in [187].
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(a) Point spread functions measured through a polariser
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Figure 5.9: Evaluation of the performance of output point polarisation control. (a) Point
spread functions (in logarithmic scale) of three focused points with different linear po-
larisation angles measured through a polariser with nine different orientations of its axis.
(b) Power ratio, spot size and extinction ratio (measured using images in (a)) for four
points along a line across the field of view with four different linear polarisations angles.
The data was measured at 1040 nm using CREOL F3 fibre.
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5.5. Background suppression

When fibres are used for delivery of the excitation beams for coherent anti-Stokes Raman
scattering imaging, an unwanted background signal can be generated inside the fibre
itself due to four-wave mixing (FWM) and other non-linear processes [168, 202–204].
This signal is of the same wavelength as the CARS signal (which is also a FWM process)
generated in the sample. Consequently, removing it using spectral filters is impossible
when the same fibre delivers the excitation beams and collects the CARS signal. Several
solutions have been proposed to mitigate this issue, such as using hollow-core photonic
crystal fibres [202, 204]. However, as standard multimode fibres were used in this work,
none of these approaches was applicable. In [205, 206], the authors suppress the signal
generated inside the delivery fibre by setting the polarisation of the pump and Stokes
beams to be orthogonal inside this fibre. This approach, however, requires additional
optics (a dual-wavelength wave-plate) being placed after the fibre. Thus, the approach
was not applicable when the fibre was inserted directly into the tissue as the last optical
element, and no bulky optical elements could be attached to its distal end. A different
solution thus had to be used, based on breaking the beam propagating in the multimode
fibre into low-intensity speckles.

Due to the self-imaging property of graded-index fibres, the focused point created in
the sample plane close to the distal end of the fibre was re-imaged multiple times inside the
fibre itself (Figure 5.10a). The fidelity of the foci gradually decreased due to imperfections
of the fibre. Nevertheless, multiple high-intensity points were created in the glass fibre
close to its distal end. The self-imaging distance (≈ 400 μm, depending on the type of
the fibre) was similar at both the pump and the Stokes wavelengths, making the points
for the pump and the Stokes beams overlap inside the fibre in space. In addition, the
self-imaging distance was short enough so that the points for the pump and Stokes beams
overlapped time, at least for a few points closest to the distal end of the fibre. In these
points, a potentially strong signal was generated by four-wave mixing.

The impact of the background generated in the fibre on CARS imaging is demonstrated
in Figure 5.11. Here, 2 μm beads on a glass slide were imaged using different fibre probes.
The generated CARS signal was measured simultaneously both in transmission and in epi.
After the beads were imaged, the sample was removed, and another image was captured to
evaluate the intensity of the unwanted background. Ideally, no signal should be generated
when no sample is in focus. The measured images, however, showed a strong signal. For
the Prysmian fibre, the signal generated in the fibre was, in fact, of a higher intensity
than the signal generated in the beads. The background intensity for the CREOL and
YOFC fibre was comparable to the non-resonant signal generated in the glass slide.

The visible non-uniformity of the epi-collected signal generated in the beads and in the
glass slide (Figure 5.11e) for the CREOL F3 and YOFC fibres with the splice was caused
by a minor tilt of the sample. For the forward-generated CARS signal to get coupled into
the fibre and be detected on the epi-PMT, it had to be reflected off the glass-air interface
of the glass slide. Since the glass slide was about 1 mm thick, even a slight tilt of the glass
slide (with respect to the axis of the fibre) caused the reflected light to miss the fibre core.

The two significantly brighter beads in the image with epi-detection and the YOFC
fibre with no splice were beads placed on top of other beads (i.e., not all the beads were
in the same layer). The scattering in the lower layer of beads significantly increased the
epi-CARS signal generated in the upper layer of beads.
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Figure 5.10: Self-imaging in graded-index multimode fibres and suppression of high-
intensity points inside the composite probe by splicing a short piece of a step-index fibre
to the distal end of the probe. The graphs show the amplitude of the optical field inside
the fibre. The data was taken from the supplement to [70].
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Figure 5.11: Demonstration of the background signal generated in the fibre and the
suppression of the background by the addition of the splice to the distal end. For each
probe, two images were taken: an image of 2 μm polystyrene beads on a glass slide and
an image with no sample in focus. The signal was collected both in transmission and
through the fibre (epi-detection).
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These two effects illustrate that evaluating the intensity of the signal in epi for quant-
itative analysis of the background suppression might be problematic. In addition, the
background signal generated in the fibre was partially reflected off the distal end facet
due to the refractive index contrast between the glass and the air. This reflection further
increased the intensity of the background signal detected in epi. During tissue imaging,
this reflection would be substantially reduced as the refractive index of the media (about
1.33) would be closer to the refractive index of the fibre. This assumption was verified
by immersing the distal end of the fibre in water. The water reduced the intensity of the
background detected in epi by about an order of magnitude. Consequently, transmission
images were used to evaluate the background suppression, as these were more indicative
of the suppression levels when imaging inside a tissue.

The laser power during the imaging was close to the damage threshold of the beads.
A strong signal was generated momentarily when a bead was photo-damaged, visible
mainly in epi. Afterwards, the bead no longer generated the CARS signal. This effect is
visible, for example, in the images captured with the CREOL F3 fibre. A bright horizontal
line (coincident with the direction of the scan) was detected in epi. Afterwards, the bead
was no longer detectable. The damage could be eliminated by decreasing the laser power,
using a coarser scan (larger pixel pitch) or a faster scan (reducing the integration time or
the trigger delay). These would, however, reduce the resolution or signal-to-noise ratio of
the images. Another option would be beam-blanking during the hologram formation, as
discussed in Chapter 4.

To test that the background signal was not generated in the laser and not in another
optical component of the endoscopic system, a 700 nm long-pass filter was placed just
before the lens (labelled L7 in Figure 5.3) and the signal was measured on the transmission
PMT. Since the filter did not fit between the lens L7 and the fibre, it was replaced with
an objective to rule out this lens. In all cases, the same intensity of the background was
measured. This measurement proved that the signal was generated inside the fibre.

By blocking one beam at a time, it was verified that the background was generated
only when both pump and Stokes beams were present. The signal also disappeared when
the beams did not overlap in time (then, however, no signal CARS could be generated
in the sample). When the foci for the two wavelengths did not spatially overlap in the
sample plane in the lateral direction (which was done by generating the points in different
pixels for each wavelength) or in the axial direction (done by propagating the transmission
matrix for only one of the two wavelengths to a different plane), no signal was generated
either. The intensity of the signal was quadratic in the pump power and linear in the
Stokes power. These observations conclude that the background signal was generated
due to four-wave mixing in the high-intensity points created inside the fibre due to the
self-imaging.

The spectral dependence of the signal generated in the fibre was measured by perform-
ing CARS imaging with no sample inserted in the system. The system was calibrated
for the fixed wavelength laser beam (used as CARS Stokes beam) at 1040 nm and for
multiple wavelengths of the tunable beam (used as CARS pump beam), corresponding
to Raman shifts from 2807 cm−1 to 3107 cm−1. This range covers Raman shifts typically
used for bio-imaging (lipids, proteins, DNA [207]) and PS and PMMA (used here for test-
ing). Afterwards, CARS images with no sample were taken (the signal was collected in
transmission), and the values were averaged over the field of view. The measured spectra
in Figure 5.12 showed a significant difference between different fibres. The difference sug-
gests that the intensity of the background signal was perhaps influenced by the details in
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Figure 5.12: Spectral dependence of the signal generated in the fibre for three different
graded-index fibres. The input power to the setup was constant for all measurements.
The lines are a guide to the eye. The dashed lines show Raman shifts typically used for
bio-imaging (lipids, proteins, DNA) and Raman shifts for imaging PS and PMMA (used
for imaging beads for testing).

the doping (which were, unfortunately, not available for the commercial fibres). Neverthe-
less, the signal was generated in all GRIN fibres, as already demonstrated in Figure 5.11.
Consequently, a method for suppressing the background was needed regardless of the type
of graded-index fibre. For the rest of the experiments in this section, CREOL F3 fibre
was used.

The background was generated due to the high-intensity points created due to the
self-imaging property of the graded-index fibres. Using a fibre which did not have a self-
imaging property would not allow the creation of high-intensity points. Instead, the
beam would be spread into random speckles, with intensity supposedly low enough not
to generate a noticeable signal. Step-index fibres do not support self-imaging. However,
the bandwidth of step-index fibres is very low, making them inappropriate for usage
with femtosecond pulses for reasonably long fibre probes, as shown in Chapter 3. Hence,
a graded-index fibre had to be used. Instead, the distal end of the fibre had to be modified
not to allow the creation of high-intensity points inside the fibre. Any modification that
would break the focused points into random speckles would decrease the intensity of the
background. For example, the distal facet of the fibre could be made diffusive. In the
approach presented here, a short piece of a step-index fibre was spliced to the distal end
of the graded-index fibre, forming a composite probe (Figure 5.13).

The graded-index part of the probe still had the self-imaging property, as shown in
the fields in Figure 5.10. However, only a random speckle pattern was re-imaged, with
a low probability of creating a high-intensity point. In addition, since the propagation
of light through the step-index splice was very wavelength dependent, the fields for the
pump and Stokes beams were uncorrelated in the graded-index fibre, further decreasing
the intensity of the background.

Figure 5.11 shows, for three different graded-index fibres, that adding the step-index
splice to the end of the graded-index fibre reduced the background generated in the probe.
For the CREOL and YOFC fibre, the background dropped significantly below the intens-
ity generated in the sample. Thus, the composite probe allowed CARS imaging of the
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Figure 5.13: Distal end of the composite probe for four-wave mixing background suppres-
sion. The step-index fibre was tapered to have the same core diameter as the graded-index
fibre. Then it was spliced to the graded-index fibre and the splice was cleaved to the de-
sired length (here, 250 μm).

polystyrene beads with a sufficient signal-to-background ratio. However, the background
suppression was insufficient for the Prysmian fibre to enable imaging. The high back-
ground generated in the Prysmian fibre shows that while adding the splice reduces the
background, choosing a suitable graded-index fibre is also essential.

If the step-index splice were very short, the background suppression would be minimal,
as it would have almost no effect on the beam. On the other hand, if the splice were too
long, the bandwidth of the probe would be too low for femtosecond pulses. An optimal
length of the splice thus had to be found. Consequently, the performance of the spliced
probes was evaluated. In this section, the suppression of the background is discussed.
In the following sections, the focusing performance and the dispersion of the probes are
assessed. The composite probes were then used to demonstrate CARS imaging of polymer
beads with chemical contrast using a femtosecond laser and spectral focusing and tissue
imaging.

The only available step-index fibre with a sufficient numerical aperture (the same
as the graded-index fibre or higher) was the CeramOptec Optran Ultra WFGE. This
fibre, however, had a core diameter of 100 μm, significantly larger than any of the graded-
index fibres used here. If spliced directly on a graded-index fibre with a small core size,
the achievable power ratios would be very low, as the graded-index fibre would have
significantly fewer modes than the step-index fibre. Thus, it would not be possible to
control the propagation in the step-index fibre fully. The CeramOptec step-index fibre
was thus tapered to have the same core diameter as the graded-index fibre before splicing.
Such step-index fibre had only twice as many modes as the graded-index one (not counting
the higher order modes, which were not excited due to the lower numerical aperture of
the graded-index fibre). The tapering, however, resulted in a noticeable step on the probe
due to the substantially different outer diameters of both fibres, as shown in Figure 5.13.
This step did not affect the optical properties of the probe, nevertheless could be an issue
if the probe was inserted deeper into tissue than the length of the splice. The problem
could, if necessary, be mitigated by using a more dimensionally compatible pair of fibres.
Alternatively, the distal end of the graded-index fibre could be polished into a conical
shape before splicing, smoothing the step out.

Figure 5.14 shows the impact of the splice length (for the CREOL F3 fibre) on imaging
polystyrene beads. For each splice length, two images were captured, one with the beads in
focus and one with no sample (Figure 5.14a). For each bead position in a 40 μm diameter
field of view (beads outside this area were excluded due to lower excitation intensity),
a ratio of bead intensity and the intensity with no sample was calculated. This value was
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Figure 5.14: Suppression of the signal generated in the fibre by using the composite probe.
(a) CARS images of 2 μm polystyrene beads on a glass slide for different splice lengths and
images with no sample in focus. The excitation wavelengths were 789 nm and 1040 nm,
corresponding to a Raman shift of 3059 cm−1. The signal was collected in transmission and
spectral focusing was implemented in the setup. (b) Bead-to-background ratio calculated
from images in (a). The error bars show the standard deviation across the field of view.

113



5. NON-LINEAR IMAGING USING A FEMTOSECOND LASER

then averaged over all beads (Figure 5.14b). In essence, the signal-to-background ratio was
determined as a function of the length of the splice. This ratio increased with increasing
splice length up a 1 mm long splice. Afterwards, the ratio started to drop again. This
drop suggests that while the intensity of the background decreased with the increasing
length of the splice, the intensity of the CARS signal excited in the sample dropped. For
polystyrene, the optimal length of the splice was about 1 mm. The glass blocks were
removed from both beams to verify that the splice reduced the background when spectral
focusing was not used, and the experiment was repeated (for one splice length only).
The blue data points in Figure 5.14b confirm that the background reduction was similar
regardless of the spectral focusing.

The spectral dependence of the background suppression in the CREOL F3 fibre was
tested by imaging at different Raman shifts with no sample in the system. The images
(with the signal being collected in transmission) captured during this experiment are in
Figure 5.15. This figure shows both the spectral dependence of the signal (that is, the
blue data points in Figure 5.12 were calculated by averaging the values in each image
in the first row of Figure 5.15) and the suppression of the background. In addition, the
images show that the intensity of the background was often not the same across the field
of view.

To estimate the level of background suppression for different splice lengths at different
Raman shifts, the values in each image in Figure 5.15 were averaged and normalised
to the value with no splice. Figure 5.16a shows that increasing the length of the splice
decreased the intensity of the background signal. The actual level of suppression depended
on the Raman shift, but for splices 2 mm or longer, the suppression was at least an
order of magnitude. By averaging the data for all Raman shifts, the relative background
suppression as a function of the length of the splice was obtained in Figure 5.16. The
graph shows that the intensity of the background decreased with the length of the splice.
However, these data points do not consider that the intensity of the signal generated
in the sample also changed due to the power ratio and spot size. Using the measured
power ratios and spot sizes for different splice lengths in Figure 5.18, the data were
corrected for this change, assuming a quadratic dependence of the generated signal on the
intensity of the pump beam and linear dependence on the intensity of the Stokes beam.
The corrected data have a minimum for a 2 mm long splice. For this splice length, the
signal-to-background ratio should be maximal. By CARS imaging of polystyrene beads
in Figure 5.14, the optimal length was determined to be 1 mm. The spectral dependence
of the background likely caused the difference. Nevertheless, a 1 mm to 2 mm long splice
provided a level of background suppression sufficient for imaging.
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Figure 5.15: CARS images in logarithmic scale taken in transmission with no sample for
different Raman shifts and splice lengths. The measured signal is the undesired non-linear
background generated in the fibre due to self-imaging. The GRIN fibre was CREOL F3.
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Figure 5.16: (a) Signal generated in the fibre as a function of a Raman shift and the
length of the splice. The values were averaged over the whole field of view. (b) Signal
generated in the fibre as a function of the length of the splice averaged over all Raman
shifts. The figure shows both the measured data and data corrected for the drop in the
excitation power (caused by the drop in the power ratio and increase in the spot size).
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5.6. Focusing performance of composite probes
The focusing performance of the spliced probes was evaluated by measuring the three-
dimensional point spread functions, as described in Section 2.6. Figure 5.17 shows an
example of the lateral and axial point spread functions for a graded-index fibre (CREOL
F3) with no splice, a graded-index fibre with a 2 mm and 5 mm splice and a step-index
fibre (CeramOptec, tapered to 70 μm outer diameter to have the same core diameter as the
graded-index fibre). For the step-index fibre, the point spread function was significantly
longer (despite the fibre having a higher numerical aperture) and the intensity of the
background was much higher (i.e., the power ratio was lower). These effects were both
caused by the low bandwidth of the fibre and were expected of a step-index fibre. The
point spread functions for the spliced probes were, in general, more similar to the graded-
index fibre, as the length of the step-index splice was too short to noticeably impact the
focusing performance of the probe.

20 μm

(a) no splice

di
st

an
ce

fro
m

fa
ce

t
[μ

m
]

0

20

40

60

80

100

10−4

10−3

10−2

10−1

100

(b) 2 mm splice (c) 5 mm splice (d) step-index only

Figure 5.17: Lateral and axial point spread functions (measured using a femtosecond
laser tuned to 789 nm) for graded-index fibre with no splice, graded-index fibre with two
different splices and a step-index fibre with the same core diameter.

Figure 5.18a shows the power ratio and the lateral spot size across the field of view
measured using the femtosecond laser at 789 nm. The data shows that the maximal
achievable power ratio decreased, and the minimal spot size increased with the increasing
length of the splice. On the other hand, especially for the 5 mm splice, the power ratio
distribution across the field of view was more homogeneous. In this regard, the probes
with long splices behaved more like step-index fibres. This is also shown in Figure 5.18b,
which shows the power ratio and lateral and axial spot size as a function of the splice
length. The error bars show the range of the values across the field of view. The error
bar length thus indicates the difference between the maximal and minimal value in the
field of view. Typically, the minimal spot size and highest power ratio were achieved for
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Figure 5.18: Focusing performance of the spliced probes. (a) Distribution of the power
ratio and the lateral spot size across the field of view for different probes, measured at
789 nm. (b) Power ratio, lateral and axial spot size as a function of the length of the splice
for two wavelengths. SI only was a step-index fibre tapered to the same core diameter.
The error bars show the range of the values across the field of view. The dashed lines
show the diffraction-limited spot size given by the numerical aperture of the probe.
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Figure 5.19: CARS z-stack of 2 μm polystyrene beads on a glass slide. The signal was
collected in transmission. Positive sample positions mean that the sample was closer to
the fibre facet. A fibre with a 5 μm long splice was used. The lines are a guide to the eye.

points close to the axis and the maximal spot size and lowest power ratio at the edge of
the field of view. Thus, the ends of the error bars show values close to the axis and at the
edge of the field of view.

For the graded-index fibre and fibres with a splice length up to 2 mm, both the lateral
and axial spot sizes approached the diffraction-limited values for the numerical aperture of
the fibre. For longer splices, the size of the points increased, and the maximal power ratio
decreased. The power ratio was significantly lower for the step-index fibre, and the axial
spot size was considerably higher than the diffraction-limited value. The exact values of
the power ratio and lateral spot size for the step-index fibre vary slightly depending on
the time overlap of the signal and reference beam during the calibration.

The length of the point spread function was verified by a z-stack of polystyrene beads
on a glass slide (Figure 5.19) by physically moving the sample. The measured depth of
focus was 11 μm (FWHM), a value comparable to the value measured using the picosecond
laser in Figure 4.12. Figure 5.20 shows another approach to capturing the z-stack. Instead
of physically moving the sample (Figure 5.20a), the focused point could be moved by
propagating the transmission matrix into a different plane (Figure 5.20b), as describe in
Section 2.5. Both methods produced similar results when imaging the beads. However, the
results were not identical because the size of the focused points increased with increasing
distance from the facet, as shown in Figure 2.24.

The bandwidth of step-index fibres is significantly lower than graded-index fibres, and
they suffer from the chromato-axial memory effect, as discussed in Section 3.2. The
step-index splice thus decreased the total bandwidth of the spliced probes compared
to the bandwidth of the pure graded-index fibre. Figure 5.21 shows the evaluation of
the wavelength tuning range of the spliced probes. After the calibration was performed
using the femtosecond laser, the wavelength was tuned from the calibration wavelength
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Figure 5.20: CARS z-stacks of 2 μm polystyrene beads on a glass slide measured (a) by
physically moving the sample with respect to the fibre and (b) by a shift of the focal plane
with respect to the fibre (by propagating the measured transmission matrix to a different
plane) with the sample being stationary.

of 789 nm. Afterwards, the power ratio and the spot size of the points across the field
of view were measured (Figure 5.21a). This data was used to calculate the wavelength
tuning range as a function of the splice length. Figure 5.21b shows that the wavelength
tuning range decreased with the increasing length of the splice. However, for the splice
lengths used here, the change was small and thus had only a minor impact on imaging.

The chromato-axial memory effect in step-index fibres results in the focused point
moving with wavelength along the axis of the fibre. The three-dimensional point spread
functions were measured after the wavelength was tuned from the value used for the cal-
ibration to quantify the shift for the spliced fibres. The focal shift was determined by
locating the maximum in each point spread function for each wavelength. This measure-
ment could have been performed using the femtosecond laser for the graded-index and
spliced fibres. However, using the femtosecond laser for the step-index fibre resulted in
very long points and low power ratios (Figure 5.17d). Thus, the M Squared SolsTiS
tunable CW laser (used in Chapter 3) was used in this experiment.

Figure 5.22a shows the axial point spread functions at the calibration wavelength of
about 800 nm and after the wavelength was tuned from this value. Clearly, for the step-
index fibre (which was tapered to 70 μm outer diameter to have the same core diameter
as the graded-index fibre), the wavelength change did not result solely in a focus shift.
Instead, multiple maxima were formed at some wavelengths. To simulate the situation
when the 0.37 NA step-index fibre was used as a splice at the distal end of the 0.30 NA
graded-index fibre, the angle of incidence to the step-index fibre was limited to 0.30 NA
by multiplying the hologram on the SLM by a circular aperture. In this case, the point
shifted without developing the second maximum.

Figure 5.22b shows the calculated axial positions of the points. For the CeramOptec
step-index fibre tapered to 70 μm outer diameter, the axial shift was −0.33 μm·nm−1·mm−1.
This was a lower value than the one measured for Thorlabs FG050LGA in Figure 3.7 and
the theoretically predicted value in [130]. This difference was likely caused by some
differences in the refractive index profile of the fibres (which the manufacturers do not
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Figure 5.21: Wavelength tuning range (bandwidth) measurement. (a) Power ratio and
spot size across the field of view after the wavelength was tuned from the calibration
wavelength of 789 nm (indicated by the dashed line). (b) Wavelength tuning range as
a function of the length of the splice. The error bars show the standard deviation of the
values across the field of view. The line is a reciprocal fit.
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Figure 5.22: Axial shift of the focus after wavelength tuning for different probes, measured
using a tunable CW laser. (a) Axial point spread functions. (b) Position of the focus.
The dashed line denotes the calibration wavelength. The lines are linear fits (the slopes
of the fits are in the legend).
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provide). For the CREOL F3 graded-index fibre, the shift was −0.007 μm·nm−1·mm−1,
almost two orders of magnitude lower than shift for the step-index fibre. The shift for
the spliced fibres was approximately equal to the total shift caused by the graded and
step-index parts. For example, for the probe with 2 mm long splice (that is 2 mm long
step-index fibre and 28 mm long graded-index fibre), the shift was approximately four
times higher than the shift of the pure graded-index fibre, though still more than an order
of magnitude lower than the shift for the pure step-index fibre. Consequently, the shift
for the spliced fibre was still small, thus, had a minimal impact on imaging.

5.7. Dispersion measurement
In Section 3.4, the dispersion of a graded-index fibre was measured using the tunable CW
laser. Since this laser was later unavailable, a different approach was used to measure
the dispersion of the composite probes, utilising the femtosecond laser. To measure the
dispersion, the setup in Figure 5.3 was modified. LED2 was replaced with a single-mode
fibre (Thorlabs P1-780A-FC-1) connected to a home-built spectrometer, as shown in Fig-
ure 5.23. A natural density filter was placed before the single mode fibre to limit the
power coupled into the single mode fibre and prevent non-linear effects in the fibre.

The spectrometer consisted of a collimation lens (L14; Thorlabs AC254-100-B-ML),
diffraction grating (DG; Thorlabs GR25-1208), a lens (L16; Thorlabs AC254-125-B-ML)
and a camera (CAM2; Basler ace 2 a2A1920-160umBAS). The spectra were measured
by averaging multiple rows on the camera and the wavelength axis was calibrated using
a tunable narrowband continuous-wave titanium-sapphire (TiS) laser (M Squared SolsTiS
SA PSX F). In addition, a fraction of the beam was picked on a non-polarizing beamsplit-
ter (BS3; Thorlabs BSW11) and focused on a photodiode (PD3; Vishay Semiconductors
BPW34) using a lens (L15; Thorlabs AC254-060-B-ML) to measure the power coupled
into the single-mode fibre.

After calibrating the system (as described in Section 5.3), lens L11 was removed from
the calibration module. Afterwards, the beam reflected off the non-polarizing beamsplitter
(BS2) was coupled into the single-mode fibre using an achromatic lens (L13; Thorlabs
AC080-020-B-ML). This way, a single point created at the distal end of the multimode
fibre was imaged onto the single-mode fibre. The exact position of the point coupled
into the fibre was determined by raster-scanning the point across the field of view of the
multimode fibre and measuring the power coupled into the single-mode fibre using the
photodiode in the spectrometer (PD3). The reference beam was coupled into the same
fibre as well. By adjusting the length of the delay line in the reference beam, interference
of both beams in the spectrometer was achieved. By stepping the phase of the signal
beam, the spectral phase and amplitude were measured as shown in Figure 5.24.

The measurement of the spectral phase was performed without the fibre and with
different fibre probes (Figure 5.25a). Due to reflections in the system, the measured
spectra included a high-frequency component. Consequently, the measured data were low-
pass filtered. Identically to the measurement in Section 3.4, the spectral phase measured
with no fibre was subtracted to obtain the spectral phase difference introduced by the fibre
(Figure 5.25b). Afterwards, a third-degree polynomial was fitted to the measured spectral
phase to determine the group delay dispersion and third-order dispersion (Figure 5.25c,d).

Identically to the measurement in Section 5.3, a pure graded-index fibre (with no splice)
introduced almost no third-order dispersion. The fibre added only 50 fs2·mm−1 of group
velocity dispersion, in agreement with the measurement performed in Section 5.3 (which
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Figure 5.23: Setup modifications for dispersion measurement. In addition, the reference
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to Figure 5.3. BS – non-polarising beamsplitter, CAM – camera, DF – diffraction grating,
L – lens, ND – natural density filter, P – knife-edge right-angle prism mirror, PD –
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Figure 5.26: TPEF imaging of 2 μm fluorescent beads. (a) TPEF images taken using
probes with different splice lengths. For all images, the input power to the setup was
constant. (b) Average intensity of the beads as a function of the length of the splice. The
error bars show one standard deviation of the intensity across the field of view. The graph
also shows data corrected for the drop in the excitation power caused by the decrease in
the power ratio and increase of the spot size for longer splice lengths (see Figure 5.18).

was performed using a different graded-index fibre and a slightly different wavelength).
Adding the splice to the probe did not significantly change the value of group delay
dispersion. However, negative third-order dispersion was added by the splice.

By fitting the spectral phase measured with no fibre in the system, it was found that
the system without the fibre (and not including the SF57 glass blocks) introduced about
11500 fs2 of group delay dispersion and about 73000 fs3 of third-order dispersion. These
values were inaccurate, as they included the objective in the calibration module and a half-
wave plate in the reference beam. Nevertheless, the values measured without the fibre
show that the amount of third-order dispersion introduced by the fibre was comparable
to the value added by other optical elements in the system.

To approximately verify the measurement of the dispersion, 2 μm fluorescent beads
(Nile Red, Polysciences Fluospheres F8825) on a glass slide were imaged using two-photon
excitation fluorescence using different fibre probes (Figure 5.26). The average fluorescence
intensity of the beads across the field of view was evaluated. As shown in Figure 5.26b, the
fluorescence intensity decreased with the increasing length of the splice. The measured
values, however, did not take into account the change in the point quality (the size and
the power ratio) caused by the splice, discussed in Section 5.6. The measured data was

125



5. NON-LINEAR IMAGING USING A FEMTOSECOND LASER

corrected for that phenomenon, assuming quadratic dependence of the fluorescence on
the excitation intensity. After applying the correction, the fluorescence intensity slightly
increased with the length of the splice. This increase agreed with the results obtained by
measuring the spectral phase. That is, the negative third-order dispersion of the spliced
probe was partially compensating for the positive third-order dispersion of the system.
Nevertheless, the measurement performed with the beads confirmed that adding a short
step-index splice to the graded-index fibre had only a small effect on the pulse length in
the sample plane.

5.8. Spectral resolution
Spectral focusing (Figure 5.1) allows CARS imaging with chemical contrast using a broad-
band light source like a femtosecond laser. By applying the same amount of GDD to both
beams, the spectral resolution is increased beyond the spectral width of the light source.
Different Raman shifts (within the spectral width of the laser) can then be excited by
changing the time delay between the pump and Stokes beams.

The spectral focusing is demonstrated in Figure 5.27 by CARS imaging a mix of 2 μm
PS and 2.5 μm PMMA beads on a glass slide. Both beads were excited simultaneously
when the SF-57 glass blocks were not installed in the system. Changing the time delay
had only a small impact on the contrast between both beads (Figure 5.27a). The change
in relative intensity of the different types of beads when changing the time delay was
likely caused by not compensating the GDD added by the setup to the Stokes beam since
the laser has a built-in pre-chirp pulse compressor only in the tunable beam (used as the
pump beam). Thus, some level of spectral focusing was still present. When the glass
blocks were installed in the beams, the PS beads generated signal at a different delay
(the time delay was converted to the Raman shift using Equation (5.3)) to PMMA beads
(Figure 5.27b). By capturing two images with two different time delays, the two types of
beads could be differentiated (Figure 5.28). Hence, a chemical contrast was achieved by
means of spectral focusing. The result is similar to what was achieved in Figure 4.12 by
using a picosecond laser system and tuning the wavelength of the pump beam.

Due to the chromato-axial memory effect, step-index fibres focus different wavelengths
to different distances from the facet. If such fibre was used for CARS imaging with
a broadband laser and the effect was different for the pump and the Stokes beams, different
Raman shifts could be excited in different parts of the point spread function. To verify
that this did not occur with the spliced probes, three time-delay sweeps were measured
with different positions of the beads with respect to the focused point (beads in focus and
±5 μm from the focus), as shown in Figure 5.30. The three measured spectra had the
same position of the maxima. Thus, the same Raman shift was excited within the whole
length of the point spread function.

To evaluate the spectral resolution, CARS imaging inside dimethyl sulfoxide (DMSO)
at the 2919 cm−1 Raman transition (the spectral width of this peak is 16 cm−1 FWHM)
was performed. The fibre imaging system was calibrated 30 μm from the facet at 798 nm
(pump) and 1040 nm (Stokes). Afterwards, the distal end of the fibre was submerged into
the DMSO, and a series of images with different time delays were taken. By averaging
the values in each image across the field of view and converting the time delays to Raman
shifts, the spectrum was obtained (Figure 5.29).
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Figure 5.27: Intensity of the CARS signal generated by the sample as a function of the
time delay between the Stokes and the pump pulses without and with spectral focusing.
For spectral focusing, the delay was converted to Raman shift. The sample was a mix of
2 μm PS and 2.5 μm PMMA beads on a glass slide. A spliced probe consisting of CREOL
F3 graded-index fibre and a 2 mm long step-index splice was used. The generated CARS
signal was collected in transmission. The lines are a guide to the eye.
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Figure 5.28: Demonstration of spectral focusing on imaging a mix of 2 μm polystyrene
and 2.5 μm PMMA beads on a glass slide. (a), (b) CARS images with two different
delays of the Stokes beams that maximize the intensity of either type of the bead (see
Figure 5.27b). (c) Overlay of both images demonstrating the chemical contrast. A spliced
probe consisting of CREOL F3 graded-index fibre and a 2 mm long step-index splice was
used. The generated CARS signal was collected in transmission.
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Figure 5.30: Spectral focusing at different parts of the axial point spread function using
a fibre with a 2 mm long splice. (a) CARS images of 2 μm polystyrene beads on a glass
slide taken with the beads placed at three different distances (in focus and ±5 μm out of
focus) taken with different time delays between the Stokes and pump beams. (b) The
average intensity of the beads as a function of the time delay for the three distances. The
identical position of the maxima confirms that the same Raman shift was excited through
the whole length of the point spread function.

The measured spectral width was 55 cm−1 (corresponding to a time delay of 0.50 ps),
independent of the splice length. The theoretical spectral resolution for 46500 fs2 of GDD
used in the setup according to Equation (5.1) was 28 cm−1. The resolution achieved in this
system was thus lower than expected. Although the measurement could not be performed
with a probe with no splice due to the high background, the fact that the spectral width
did not vary with the length of the splice shows that the spliced probes did not affect the
spectral resolution.

Numerous changes to the setup were tested to narrow down the source of this dis-
crepancy, including removing the prism for dispersion compensation, disabling the input
polarisation control, altering the spatial overlap of the points, or changing the laser power.
None of these modifications, however, increased the spectral resolution. Performing ima-
ging of the same sample in a home-built laser scanning microscope gained the expected
spectral width. Thus, the reason for the decreased spectral resolution of the endoscopic

129



5. NON-LINEAR IMAGING USING A FEMTOSECOND LASER

system was not found. Nevertheless, the achieved resolution would be sufficient for bio-
imaging, e.g., to differentiate proteins and lipids.

5.9. Working distance
The multimode fibre endoscope could, in principle, be calibrated at any distance from the
facet (working distance), with the extreme being infinity (far-field imaging) [47]. Since
the spot size increased with the working distance due to the reduced effective numerical
aperture (Figure 2.24), the peak intensity and the resolution decreased. Nevertheless,
imaging was still possible, as demonstrated in Figure 5.31 on two-photon excitation fluor-
escence imaging of 2 μm fluorescent beads (Sigma Aldrich L4530-1ML) on a glass slide.
When imaging 300 μm from the facet, the field of view was much larger than the core size.
However, the individual beads could not be resolved due to the large spot size. When
imaging 50 μm from the facet, the field of view was close to the size of the core. The
resolution was higher, and the individual beads could be resolved.

0
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20 μm

(a) 300 μm

0

167

10 μm

(b) 50 μm

Figure 5.31: TPEF images of 2 μm fluorescent beads on glass slide taken with two different
working distances of the endoscope (the sample was moved between the images so the
beads are in focus in both images). The dashed circle in (a) shows the area imaged in (b).

Imaging long distances from the facet is possible in the air or another transparent
media. The scattering inside the tissue (between the fibre facet and the focal plane) plays
a significant role in tissue imaging. It limits the maximal working distance, similar to
the maximal imaging depth in a standard scanning microscope. For imaging through
a multimode fibre, the collection efficiency also drops significantly with working distance
due to the minimal collection area (limited by the core size).

The limitation of the working distance is demonstrated in Figure 5.32 on TPEF and
CARS imaging on a surface of a fixed cerebellum slice (details of this sample are in
Section 5.10), with the fibre being very close to the surface. A series of images were
captured at different distances from the facet by numerically propagating the transmission
matrices to other planes. The figure shows the average measured intensity of the structures
at each distance. The exact shape of the measured curves depends on the sample being
imaged. That is, on the scattering properties of the tissue and on the structures being
imaged (very bright structures could be imaged further away from the facet). In general,
imaging with a sufficient signal-to-noise ratio was possible over a few tens of micrometres
from the facet.
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Figure 5.32: Intensity of CARS and TPEF signals inside of mouse brain (cerebellum) as
a function of the working distance (distance of the focal plane from the facet). An overlay
of the CARS and TPEF images for distance of 20 μm is shown in Figure 5.40. The lines
are a guide to the eye.

5.10. Tissue imaging
The imaging capability of the fibre imaging system developed in this thesis was tested
on two-photon excitation fluorescence and coherent anti-Stokes Raman scattering ima-
ging of fixed mouse tissue. Brains and sciatic nerves were obtained from wild-type and
transgenic Tg(Thy1-EGFP)MJrs/J adult mice. Mice were transcardially perfused with
4 % paraformaldehyde (PFA) and further fixed for 24 to 48 hours. The samples were then
stored in phosphate-buffered saline (PBS) until imaging.

Before imaging, the samples were embedded in 2 % agarose in PBS to ensure the
stability of the sample in the system during imaging (Figure 5.33). The agarose blocks
were then attached to the sample stage and immersed in PBS.

A whole brain from the transgenic mouse was used to demonstrate two-photon ex-
citation fluorescence imaging. For the first demonstration in Figure 5.34, the system
was configured for CARS imaging. That is, the glass blocks for spectral focusing were
installed in the system, stretching the laser pulses and decreasing the efficiency of two-
photon excitation. In addition, both laser outputs were used, that is, wavelengths of
802 nm and 1040 nm. The non-degenerate excitation [208, 209] using the combination of
two laser pulses yields an effective wavelength of about 905 nm, efficiently exciting the
green fluorescent protein (GFP). The time overlap of the two beams was set to maximise
the fluorescence signal. The composite probe was used, consisting of the YOFC FI2017-C
graded-index fibre and 1 mm long step-index splice. Note that the images in Figure 5.34
were taken with the probe being inserted deeper than was the length of the splice, and
part of the graded-index fibre, as well as the step at their interface, were thus inside
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(a) Sciatic nerve (b) Mouse brain

Figure 5.33: Examples of sample mounting. Both the sciatic nerve and mouse brain were
mounted using agarose. The blue light came from LED1 in Figure 5.3 and was used for
navigation over the sample. The images were captured using the webcam mounted in the
setup and focused onto the distal end of the fibre.

the tissue, causing no issues with the insertion. This system configuration was chosen to
demonstrate that it also allowed TPEF imaging. The total laser power in the plane was
69 mW and 114 mW for the tunable and fixed beams, respectively. Only part (determined
by the power ratio) of the laser power was in the focused point, exciting the fluorescence.
The rest was randomly spread across the field of view as a speckle pattern. The power
ratios were about 61 % and 39 % for the tunable and fixed beam, respectively. The excit-
ation powers thus were 42 mW and 45 mW for the tunable and fixed beam, respectively.
The fibre was calibrated 30 μm from the facet. The diameter of the field of view during
imaging was set to 66 μm, as the signal quickly dropped outside this area. The integra-
tion time was set to 2 ms, and the pixel pitch was 0.46 μm. This configuration resulted
in each image taking about 100 s. The generated fluorescence was collected through the
same multimode fibre (epi-detection). The images in Figure 5.34 show that the endoscope
could perform TPEF imaging inside tissue with sufficient signal-to-noise ratio and image
somas and surrounding processes and subcellular structures.

Figure 5.35 shows the sectioning capability of the endoscope. After the fibre was
inserted into the brain, three images were taken at three focal planes by numerically
propagating the transmission matrices to different planes. These images were performed
using the composite consisting of the YOFC FI2017-C graded-index fibre and 1.5 mm long
step-index splice. In addition, the probe was coated with a thin layer of parylene. Parylene
is a hydrophobic polymer, which limits tissue sticking to the fibre facilitating smoother
penetration of the probe into the tissue and its easier cleaning after the experiment. For
the excitation, only the tunable beam of the laser was used this time, with the wavelength
set to 920 nm. The glass blocks were removed from the system, and the pre-compensator
built into the laser was set to 11000 fs2 (which was the maximal value at this wavelength)
to compensate for the dispersion in the system and the fibre and make the two-photon
excitation efficient. The excitation power (in the focused point) was about 60 mW. The
images in Figure 5.35 show that sectioning was achieved, as different structures could be
imaged at different distances from the facet.
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Figure 5.34: TPEF imaging inside different parts of a fixed transgenic mouse brain show-
ing (a), (b) soma and surrounding processes, and (c) dendritic subcellular structures,
possibly dendritic spines or axonal boutons. The captions show the approximate anterior-
posterior (AP) and medial-lateral (ML) stereotaxic coordinates in reference to the bregma
point and the depth at which the images were captured.

Label-free coherent anti-stokes Raman scattering imaging was demonstrated by ima-
ging a sciatic nerve extracted from a wild-type mouse (Figure 5.36). The composite fibre
probe was used, which consisted of the CREOL F3 graded-index fibre and a 2 mm long
step-index splice. The probe was calibrated 30 μm from the facet at 802 nm (pump) and
1040 nm (Stokes), corresponding to Raman shift of 2853 cm−1 (optimal for exciting lipids).
The power in the focused points was 52 mW (pump) and 28 mW (Stokes). The CARS
signal was collected using the same multimode fibre (epi-detection). The diameter of the
field of view was 66 μm; the pixel pitch was 0.23 μm and the integration time was set to
2 ms. The time overlap of the beams was set to maximise the contrast in the images.
Figure 5.36 shows that the myelin sheaths surrounding the axons were visible as rings in
the transversal cut and lines in the lateral cut of the sciatic nerve. The images showed no
excessive background, confirming that the composite probe suppressed the signal genera-
tion in the fibre. An attempt was made to image the same sample using a pure CREOL
F3 graded-index fibre (with no splice). However, the intensity of the background was so
high that it was impossible to find any structures in the images.

The non-linear interaction of light with molecules during coherent anti-Stokes imaging
results in excitation polarisation dependence of the generated signal [192, 193]. In the
case of myelin, the intensity of the signal depends on the membrane orientation since the
long lipid chains are always aligned perpendicular to the membrane [210]. As discussed in
Section 5.4, the endoscope could generate any in-plane polarisation state of the focused
point. This allowed demonstration of the polarisation sensitivity in Figure 5.37 on imaging
myelin in a transverse section of the sciatic nerve.

In this demonstration, the three images were captured in a sequence. A complete
image using horizontal polarisation was captured first, followed by the second image us-
ing vertical polarisation. If the sample moved during the imaging, the movement would
result in a shift between the images, possibly making any analysis problematic. The en-
doscope, in principle, allowed complete random-access of the points (both their position
and polarisation). Thus, the order of the polarisation and position of the point could
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Figure 5.35: Demonstration of the sectioning capability of the endoscope during TPEF
imaging inside a fixed mouse brain in (a), (b) cerebellum, and (c) subcortical structures.
During each set of the three images, the fibre was stationary inside the tissue, and the
refocus was achieved by applying a different sequence of holograms on the SLM. The cap-
tions show the approximate anterior-posterior (AP) and medial-lateral (ML) stereotaxic
coordinates in reference to the bregma point and the depth at which the images were
captured.
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Figure 5.36: CARS images of a sciatic nerve taken from a wild-type mouse. All three
images were taken on the surface of the sample.
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Figure 5.37: Excitation polarisation dependence of the CARS signal of myelin in a trans-
verse section of the sciatic nerve taken from a wild-type mouse. The arrows show the
polarisation direction of the excitation beams.

be interchanged. That is, the point would be scanned across the field of view only once,
and for every position, multiple values using different polarisations would be measured.
Multiple images would take the same time regardless of the order used. However, chan-
ging the polarisation during the scan would ensure the alignment of the resulting images.
Alternatively, to measure the membrane orientation, only the pixels required for the ana-
lysis could be scanned (selected based on an initial full-frame scan done using a circular
polarisation), as demonstrated on second-harmonic generation imaging in [187] using the
endoscope and imaging software developed in this thesis.

The images above were taken using 2 ms integration time. To show shortening the
integration time still allowed imaging, in Figure 5.38, the integration time was reduced
to 0.5 ms, which still allowed imaging with a good signal-to-noise ratio. Compared to
the demonstration in Chapter 4 (Figure 4.10), the decrease in the integration time had
a significantly lower impact on the signal-to-noise ratio (despite the imaging being faster
due to a shorter delay between individual pixels). This had three reasons. The most
important was triggering the acquisition by the SLM, which synchronised the integration
time with the refresh rate (flickering) of the SLM. In addition, the signal from the PMT
was filtered using a 10 kHz third-order low-pass filter, which reduced the noise. Lastly,
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Figure 5.38: CARS images of a sciatic nerve captured using two different integration
times.
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Figure 5.39: CARS image of myelin sheaths in the corpus callosum of mouse brain taken
with the probe inserted 1.5 mm inside the tissue.

due to the changes in multiplexing of the individual analogue inputs of the DAQ card
(see Figure 2.5c), the card captured 2.4 times more samples (when a single PMT was
used) during the integration time compared to the configuration used in Chapter 4 and
the crosstalk between the individual channels was reduced.

The images of the sciatic nerve were taken on the surface of the samples, as the fixed
sciatic nerve was too hard to insert the fibre. To demonstrate imaging deep in tissue,
myelinated nerve fibres in the corpus callosum were imaged in Figure 5.39. Here, the fibre
was inserted about 1.5 mm deep into the tissue, significantly deeper than could be imaged
in a standard scanning microscope.

In Figure 5.34, it was shown that the configuration of the endoscope typically used
for CARS could be used for TPEF imaging as well, despite the stretched pulses, resulting
in lower excitation efficiency. Consequently, it was possible to perform simultaneous two-
photon excitation fluorescence and coherent anti-stokes Raman scattering imaging when
two detectors with different filters were used. The multimodal CARS and TPEF imaging
is demonstrated in Figure 5.40. In these images, a surface of a cut from the transgenic
mouse brain cerebellum was imaged. The green TPEF channel shows the axons and the
red CARS channel shows the myelin sheath. The TPEF image was sparse due to sparse
labelling, while label-free CARS showed dense myelin structures in the focal plane.
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20 μm

Figure 5.40: Multimodal CARS (red channel) and TPEF (green channel) imaging on
the surface of a fixed cerebellum slice extracted out of a transgenic mouse brain. Both
channels were recorded during a single scan on two different PMTs.

5.11. Summary

In this chapter, two-photon excitation fluorescence (TPEF) and coherent anti-Stokes Ra-
man scattering (CARS) imaging through a single multimode fibre endoscope using a femto-
second laser was presented.

The system used in Chapter 4 was used and modified to utilise a femtosecond laser
with two synchronised outputs (one of them with a tunable wavelength) as an excitation
source. In addition, the prism-based SLM dispersion correction was implemented, and the
timing of the data acquisition was triggered by the spatial light modulator (as discussed
in Chapter 3), increasing the pixel rate up to about 170 Hz and decreasing the impact
of the SLM refresh frequency (flickering) on the measured imaging data. The endoscope
also employed polarisation control of the focused point. By changing the hologram on the
SLM, any in-plane polarisation state of the point could be generated. Such polarisation
control can be useful, especially for second-harmonic generation imaging.

After testing CARS imaging of polymer beads using the femtosecond laser, it was
realised that a strong background was generated in the fibre probe. This signal, generated
via four-wave mixing (FWM), arose from the self-imaging property of graded-index fibres.
In essence, the focused points were created not only in the sample plane but also inside
the fibre generating a strong background signal, spectrally overlapping with the CARS
signal.

In Chapter 4, CARS imaging of PS and PMMA beads was performed using a pico-
second laser system. The Prysmian fibre was used, and no noticeable unwanted back-
ground signal was observed. When the same fibre was used with the femtosecond laser
to probe the same Raman shift, a very strong signal was generated in the fibre. In fact,
at this Raman shift and using this fibre, the intensity of the background generated in
the fibre was so strong that its suppression by more than an order of magnitude was
insufficient to image the polystyrene beads. The reason for this immense difference, un-
fortunately, remained unexplained. When the strong background in the Prysmian fibre
was discovered, performing additional characterisations using the same or a different pi-
cosecond laser system was no longer practicable. Since only one of the femtosecond laser
outputs was tunable, measuring using different wavelengths (and the same Raman shifts)
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was impossible. Thus, it was impossible to determine if the background was caused by
using femtosecond pulses (despite the pulses being stretched to about one picosecond
for spectral focusing), an unfortunate choice of wavelengths or whether there were other
causes.

Since the primary cause of the background was not known, the sources of the back-
ground had to be suppressed. The field inside the fibre had to be broken into a low-
intensity random speckle pattern and uncorrelated for the two wavelengths used for CARS.
Completely replacing the graded-index fibre with a step-index fibre (which does not have
the self-imaging property and would thus not create the foci) was not feasible due to the
low bandwidth. Consequently, a short piece (≤ 5 mm) of a step-index fibre was used and
fusion-spliced at the distal end of the graded-index fibre. Thus, the resulting composite
probe behaved more like a graded-index fibre and had a relatively high bandwidth while
not generating the high-intensity points inside the fibre.

The composite probes consisting of YOFC GI2017-C or a custom-drawn CREOL F3
graded-index fibre and a splice made out of CeramOptec Optran Ultra WFGE step-index
fibre (tapered to have the same core diameter as the graded-index fibre) allowed imaging of
polymer beads on a glass slide. Adding even a 0.25 mm long splice reduced the background.
The total reduction was one to two orders of magnitude, depending on the splice length
and the Raman shift used. The intensity of the background dropped significantly with
the increasing length of the splice. At the same time, however, the intensity of the signal
generated in the sample decreased as well. By CARS imaging of polystyrene beads (at
3059 cm−1) and characterising of the background suppression over a wider range of Raman
shift (2807 cm−1 to 3107 cm−1, which covers the typical Raman shifts used for bio-imaging)
the optimal length of the splice was found to be about 1 mm to 2 mm.

The focusing performance of the composite probes was tested. It was found that
adding a few millimetres long splice to the graded-index fibre had only a small impact
on the achievable power ratios and spot size. The bandwidth, and thus the wavelength
tuning range after the calibration, decreased with the increasing length of the splice.
However, this decrease for the short splices was also slight and was caused mainly by the
focused point shifting axially with wavelength, as expected from a step-index fibre. The
dispersion measurement showed that adding the splice had minimal effect on the group
delay dispersion introduced by the fibre. The splice, however, added negative third-order
dispersion. The values were, however, comparable to the dispersion introduced by other
optical elements in the endoscope. The negligible impact of the splice on the foci and the
dispersion was also verified by TPEF imaging of fluorescent beads.

Tissue imaging using the composite probes was performed to test the background sup-
pression on a more realistic sample. Probes consisting of two different graded-index fibres
and different lengths of the step-index fibre were used to image myelinated nerve fibres in
a sciatic nerve extracted from a mouse and in the cerebellum of a mouse brain. The images
had sufficient contrast without any noticeable background. When trying to image with
a graded-index fibre without the splice, the intensity of the background signal generated
in the fibre was so high that no structures were visible. These images showed that adding
the short splice to the distal end of the graded-index fibre effectively suppressed the back-
ground and made label-free CARS imaging of biologically relevant structures possible.
The epi-detection was possible despite the CARS signal being generated predominantly
in the forward direction (thus epi-detection relying on scattering in the underlying tissue)
and the small collection area of the fibre probe.
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In addition to CARS, TPEF imaging of neurons in a fixed transgenic mouse brain
was shown. The sectioning capability was demonstrated by numerically propagating the
transmission matrices of the fibre into different planes and thus shifting the focal plane
(refocusing) by only changing the holograms projected on the spatial light modulator. The
two non-linear imaging techniques were combined to perform multimodal imaging in the
fixed cerebellum.

The presented work thus showed that multimodal imaging through a multimode fibre
of structures deep is possible with a sufficient signal-to-background ratio by performing
simultaneous CARS imaging of myelin in the white matter, and TPEF imaging of mossy
fibres expressing GFP in the cerebellum of a fixed brain from a mouse.

The suppression of the background generated in the fibre, the characterisation of the
composite probes and the multimodal CARS and TPEF imaging presented in this chapter
were published in [70]. Furthermore, the fibre imaging system built for this work was
used for the implementation of polarisation-resolved second-harmonic generation imaging
through a multimode fibre (not part of this thesis), published in [187]. The fibre polishing
system presented here was used for the preparation of the side-view probes in [77], which
were used for in-vivo linear fluorescence imaging in mouse brain published in [43].
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Conclusions

The presented thesis deals with non-linear imaging through a multimode fibre endoscope.
The thesis was focused mainly on the technical aspects of implementing non-linear imaging
using multimode fibres. The goal was to implement two-photon excitation fluorescence
(TPEF) and coherent anti-Stokes scattering (CARS) imaging through a single multimode
fibre endoscope.

The first chapter was a brief introduction to the multimode fibre calibration procedure
which is needed to turn a single multimode fibre into a point scanning microscope with
a small footprint. The endoscope was then built, characterised and optimised in the
second chapter.

The third chapter investigated the bandwidth of a multimode fibre imaging system
and its impact on focusing a femtosecond laser beam through the multimode fibre. It was
found that compensating the dispersion of the off-axis holograms displayed on the spatial
light modulator was necessary to use the entire bandwidth of the fibres. As expected,
a bandwidth of reasonably long (at least 30 mm) step-index fibre was found too low for
using it with a femtosecond laser, making graded-index fibres the type of choice. Nev-
ertheless, a significant difference between the different graded-index fibres tested further
emphasised the need for proper selection of the fibre for non-linear imaging applications.
This study, partially published in [68], was a substantial step towards efficiently focusing
laser pulses through a multimode fibre. Moreover, it enabled implementing non-linear
imaging techniques through a single multimode fibre, mainly CARS imaging.

CARS microscopy through a single multimode fibre was demonstrated in the fourth
chapter. CARS imaging of polystyrene and polymethyl methacrylate beads on a glass
slide was performed using a picosecond laser and the fibre imaging system developed
in the previous chapter. This demonstration, published in [69], has the potential to be
the least invasive and fastest label-free endoscopic bio-imaging method with chemical con-
trast reported so far. It demonstrates that it is feasible to perform CARS imaging through
a multimode fibre of structures as small as 2 μm with integration times as low as 1 ms.
Despite the low collection efficiency of the probe, epi-detection was successfully demon-
strated, which paves the way for other non-linear imaging techniques such as stimulated
Raman spectroscopy (SRS) or third-harmonic generation (THG), where the epi-detection
relies mainly on scattering.

The fifth chapter presented multimodal CARS and TPEF imaging through a mul-
timode fibre. When implementing CARS imaging and using a femtosecond excitation
source, a strong background signal generated in the graded-index fibre probe was dis-
covered, which diminished the contrast of the images. This signal was a direct consequence
of the self-imaging property of the graded-index fibre, which resulted in high-intensity
points inside the probe. A composite probe consisting of a long graded-index fibre and
a few millimetres long step-index fibre spliced at the distal end of the probe was proposed
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to mitigate the issue. This probe, published in [70] and patented, reduced the background
by more than an order of magnitude while maintaining sufficient bandwidth for focusing
femtosecond pulses, an essential step for CARS imaging of tissue.

The research in this thesis increased the capabilities of multimode fibre endoscopes
by CARS imaging. It led to the implementation of SHG imaging (which is not part of
this thesis but was demonstrated in [187] using the imaging system developed in this
thesis). These techniques, together with TPEF (also shown here) form a basis for optical
biopsies. Implementing them through the miniature multimode fibre thus could lead
towards diagnosing tumours deep in tissue with minimal damage.

While the presented work showed that it is feasible to perform non-linear imaging
techniques, including label-free imaging, through a multimode fibre, there is still a long
way towards a practical implementation for, for example, clinical applications. In addi-
tion, some issues with the current implementation remained unsolved. Thus, the first
step of follow-up research should be to address the two issues with CARS imaging with
a femtosecond laser that have not been fully explained here, namely, the exact source of
the background signal generated in the fibre and the reduced spectral resolution of CARS
compared to a microscope. While the background was suppressed sufficiently to allow
imaging, narrowing down its exact source would require performing additional measure-
ments using the picosecond laser system and using a femtosecond laser system at different
wavelengths (neither of which was possible at the time of discovering the background) as
well as another type of graded-index fibres. As for the reduced spectral resolution, this
would require a more in-depth characterisation of the pulses in the sample plane.

Another technological progress could be made in developing the multimode fibre
probes. Tissue imaging would greatly benefit from using the side-view probes, now com-
monly used within ISI Complex Photonics group for linear imaging in-vivo. In addition,
the probes should ideally have a larger numerical aperture. While the highest numerical
aperture of currently commercially available graded-index fibres is about 0.30, advances
in manufacturing fibres and graded-index lenses could potentially allow higher values.
A dimensionally more suitable pair of step-index and graded-index fibre should be found
if it is necessary to continue using the composite probe for background suppression.

A substantial step towards applications would be to implement the non-linear tech-
niques using a digital micromirror device (DMD) as a spatial light modulator, used com-
monly for linear imaging through multimode fibres. DMDs offer about two orders of mag-
nitude higher frame rates than liquid-crystal spatial light modulators. Their low efficiency
(caused by a binary amplitude modulation) and high dispersion makes them challenging
to use with pulsed light sources for non-linear imaging techniques, where high excitation
powers and proper control over the dispersion are necessary. This could, however, change
soon when phase-modulating micromirror devices (PLMs) become commercially available.
Currently, these devices from Texas Instruments are only available as samples. Combin-
ing a PLM with a higher-power laser system would allow non-linear imaging with frame
rates more suitable for in-vivo applications.

These steps would then open the possibilities for biological applications. Thus, the
next step would be testing tissue imaging, including diagnosing tumorous tissue or other
pathological states. Showing that such determination could be done in-vivo would set the
scene for possible clinical applications of the endoscope.
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