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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 C A R S 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 C A R S 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 C A R S uvnitř tkáně (například lipidové dvoj vrstvy buněč
ných membrán kolem axonů) a chemického kontrastu na polymerových kuličkách. Systém 
je též použit k demonstraci multimodálního zobrazování fixované myší tkáně kombinací 
C A R S 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, 2]. 

While the development in focusing through complex media could overcome some of 
the scattering effects [3], the maximal imaging depth while maintaining subcellular res
olution 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 [4], typically based on fibre 
bundles [5] or graded-index (GRIN) lenses [6-9]. 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 [10, 11]. The diameter of such fibre is typically in the 
range of 100 [im, and the numerical aperture of the fibre determines the spatial resolution 
of the endoscope. These properties make multimode fibres suitable for minimally invasive 
imaging deep inside sensitive tissue. 

Many imaging techniques have been implemented a single multimode fibre, including 
in-vivo demonstrations [12-14]. As for non-linear imaging, two-photon excitation fluores
cence (TPEF) has been shown [15-17]. 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 [18]. CARS and other non
linear techniques like T P E F and second-harmonic generation (SHG) are essential tools 
for performing optical biopsies for diagnosing tumours and other diseases [19]. Thus, 
implementing CARS through a multimode fibre would pave the way towards clinical ap
plications of multimode fibre endoscopes. 

The short version of the thesis is divided into three chapters, corresponding to pa
pers [20-22]. In the first chapter, a wavelength-dependent characterisation of the mul
timode fibre endoscope is performed. The results are then used in the second chapter to 
demonstrate coherent anti-Stokes Raman scattering imaging through the multimode fibre 
endoscope using a picosecond laser system, and in the third chapter, to demonstrate mul
timodal 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. 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 c m - 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 c m - 1 , i.e., 
pa 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 T P E F imaging has been implemented [15-17, 23]. Focus
ing of pulsed lasers through multimode fibres has thus been demonstrated, nevertheless, 
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 is characterised in detail with an em
phasis on the modifications necessary to fulfil the above-discussed requirements and allow 
efficient implementation of T P E F , C A R S and SHG. 

1.1. Setup for fibre characterisation 
A simplified schematic drawing of the optical setup for multimode fibre characterisation 
is shown in Figure 1.1. Two different lasers could be coupled into the system. A tunable 
narrowband continuous-wave (CW) laser was used for most experiments presented in this 
chapter. Another laser used in this chapter was a tunable femtosecond laser. 

The beam from the laser was expanded using a pair of lenses to significantly overfill 
the active area of a liquid crystal phase-only spatial light modulator (SLM). After dif
fracting off the S L M , the beam was Fourier transformed using a lens, allowing separation 
of the diffraction orders. The S L M created four beams with different ranges of spatial 

3 



1. W A V E L E N G T H - D E P E N D E N T B E H A V I O U R OF A F I B R E E N D O S C O P E 

Figure 1.1: Simplified schematic drawing of the setup for multimode fibre endoscope 
characterisation. BS - non-polarising beamsplitter, C A M - camera, H W P - half-wave 
plate, S L M - spatial light modulator, P D - photodiode. 

frequencies. The 0 t h order was always present and was not used for the experiments. The 
reference beam was isolated using an iris and collimated. After passing through a delay 
line, it was overlapped with the beam exiting the multimode fibre using a non-polarising 
beamsplitter. Another two beams created by the S L M (one for each input polarisation) 
were coupled into the multimode fibre. Both beams were first collimated. The polarisa
tion of one of the beams was turned by 90° using an achromatic half-wave plate. Both 
beams were then overlapped using a polarising beamsplitter cube. By setting the relative 
phase and amplitude of these two beams on the S L M , 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. The relative phase between the two input polarisation beams was measured 
and stabilised during the imaging by passing the beams through a polariser with its axis 
oriented at 45° and monitoring the interference on a photodiode. 

The holograms displayed on the S L M 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 could be placed in the beam before it was focused 
onto the multimode fibre using an objective. 

The distal end of the multimode fibre was imaged onto a camera using an objective and 
a lens to characterise the light propagation through the fibre (measure its transmission 
matrix) and create a focused point at the distal end of the fibre. The image was then 
overlapped with the reference beam using the non-polarising beamsplitter cube. For 
imaging in transmission, an amplified photodetector was placed in the beam reflected off 
the beamsplitter. 

1.2. 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 S L M 
used in an off-axis configuration. The holograms displayed on the S L M had a form of 
sums of blazed diffraction gratings. Therefore, the diffraction angle changed when the 
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Figure 1.2: S L M dispersion compensation techniques. A . S L M Fourier plane. B. Fibre 
input facet for three situations. C. Measurement of the wavelength tuning range. D. Com
parison for a point on axis. 

wavelength changed, which changed the pattern projected to the proximal end of the 
multimode fibre (Figure 1.2A,B). This effect and methods for correcting the dispersion of 
the S L M is studied in this section. The second highly wavelength-dependent element was 
the multimode fibre itself, which is studied in Section 1.3. 

One option for compensating for the wavelength-dependent behaviour of the S L M is 
to recalculate the hologram after the laser wavelength is changed to keep the diffraction 
angle constant. This method is referred to as the SLM-based correction. This correction 
was applicable only for one wavelength at a time; it could not be used to correct the 
dispersion for a broadband light. Another option for dispersion compensation involved 
placing another dispersive element in the beam path, like a prism [24]. A wedge prism 
was placed in a conjugate plane to the plane of the S L M (i.e., the S L M was imaged into 
the prism) to implement this correction in the endoscope. This method is referred to as 
the prism-based correction. 

The performance of both methods for dispersion compensation is evaluated in Fig
ure 1.2C,D. 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 
the focused points (in terms of intensity enhancement) across the field of view was eval
uated for a range of wavelengths. When no correction was used, the wavelength tuning 
range was the lowest ( ± 7 n m from the calibration wavelength). The prism-based correc
tion increased the wavelength tuning range by a factor of about 2. The resulting tuning 
range of ± 1 7 n m from the calibration wavelength would be sufficient for C A R S imaging 
of lipids and proteins. The SLM-based correction increased the tuning range by a factor 
of 3 to about ±24 nm. However, in this case, the tuning range was likely limited not by 
the S L M , but rather by the bandwidth of the multimode fibre. 

The effect of the S L M dispersion compensation was further demonstrated by imaging 
a 1951 U S A F resolution test chart in Figure 1.3. The figure shows point spread functions 
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A. Calibration B. No correction C. SLM-based correction 
780 nm +5nm +15 nm +5nm +15 nm 
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ŝample [̂ m] x s a m p i e [\im] x s a m p i e [\im] x s a m p i e [\im] x s a m p i e [\im] 

Figure 1.3: Demonstration of the effect of S L M dispersion compensation on imaging 
(group 8 of a 1951 U S A F resolution test chart imaged in transmission). A . Point spread 
function and image at the calibration wavelength of 780 nm. P R is the power ratio, 
and Enh the intensity enhancement of the point. B., C. Points and images after the 
wavelength was tuned. 

after the wavelength was tuned from the calibration wavelength. 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 15nm wavelength change, as the power ratio 
(the fraction of the power at the distal end of the fibre contained in the focused point) 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. 

1.3. 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 1.2. 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, wave
lengths typically used for telecommunication applications and specified in the units of 
M H z - k m - 1 . However, it is not immediately apparent how this specified value correspon
ded 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 telecommu
nication wavelengths and could be significantly different for wavelengths used for imaging. 
Consequently, the bandwidth of different multimode fibres was measured using the fibre 
imaging system. 

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 1.4. 
The endoscope was calibrated at 780 nm for both fibre types. Afterwards, the wavelength 
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Figure 1.4: Focused points after the wavelength was tuned from the wavelength used for 
calibration for A . a step-index fibre (Thorlabs FG050LGA) and B. a graded-index fibre 
(Thorlabs GIF50E). 

A . Thorlabs GIF50E Prysmian DrakaElite B. frequency [THz] 

730 780 830 880 730 780 830 880 -Prysmian 1106MHz-km 
wavelength [nm] wavelength [nm] — Thorlabs FG050LGA 17MHz-km 

Figure 1.5: Bandwidth measurement for different fibre types. A . Enhancement along 
a line across the field of view after the wavelength was tuned from the calibration wave
length of 780 nm. A . Comparison of the bandwidths. The legend shows the measured 
bandwidths. 

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 bandwidth measurement was performed in Figure 1.5, similarly to the measure
ment in Figure 1.2C,D. The bandwidth of each fibre was calculated as a F W H M of the 
enhancement averaged across the field of view. 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. Thorlabs GIF50E and Thorlabs GIF50C 
fibres, despite their relatively high bandwidth, were unsuitable for non-linear imaging due 
to the low numerical aperture. In addition, by measuring the bandwidth for three differ
ent lengths of the fibre, it was verified that the bandwidth was inversely proportional to 
the length of the fibre. 
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1.4. 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 1.6, where three different 
fibres were used to focus light from the femtosecond laser. The Prysmian 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 C W 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 1.3, 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. 

Prysmian 

PR = 73% 
Enh = 354 

10 ym 

GIF625 
PR = 45 % 

Enh =158 

10 ym 

FG050LGA 

PR < 10 % 
Enh = 16 

B. 

' M O T 
lO^im 

« 0 
S760 770 780 790 800 

wavelength [nm] 

Figure 1.6: Femtosecond laser focusing through a multimode fibre. A . Focused points cre
ated using the femtosecond laser for two graded-index and one step-index fibres. B. Com
parison of the bandwidth of the three fibres and the spectrum of the laser. 

1.5. 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. 

The spectral phase was measured twice: with and without the fibre, to describe the 
pulse behaviour after being propagated through 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). The spectral phase of the focused point was measured using 
the tunable C W laser by overlapping the focused point on the camera with the reference 
beam. 

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 1.7A. 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 1.7b 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 velocity dispersion value 
of 50fs 2 -mm _ 1 . This value was independent of the position of the output point, which 
implies that a standard pulse compressor, such as a prism compressor, can compensate 
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1.6. S U M M A R Y 

wavelength [nm] frequency [THz] 

Figure 1.7: A . Spectral phase of the focused point measured without a fibre and for two 
fibre lengths. B. Spectral phase difference introduced by the fibre for two fibre lengths 
and multiple positions of the focused point across the field of view. 

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. 

1.6. Summary 

In this chapter, a multimode fibre endoscope was characterised with the goal to efficiently 
focus light from a pulsed laser source and allow non-linear imaging through a single 
multimode fibre. 

An experimental setup was built, which combined 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 
made the focused point stable over long periods. The system was then used to characterise 
the wavelength-dependent behaviour of different multimode fibres. 

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 S L M 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 S L M (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 C A R S imaging. 
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After the dispersion of the S L M 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. Graded-index fibres were able to 
maintain the focus over a few tens of nanometres (for a 5cm long piece of fibre). The 
difference in the bandwidth of different graded-index fibres was, however, 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. 

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 focusing femto
second pulses through multimode fibres. 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 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 50fs 2 -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. 

Results presented in this chapter constitute a substantial step towards implementing 
coherent anti-Stokes scattering imaging and possibly other non-linear imaging techniques 
through a multimode fibre endoscope and were published in [20]. 
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2. 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 [25], 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) [18, 26, 27] Compared to spontaneous Raman microscopy, C A R S microscopy 
offers not only orders of magnitude shorter per-pixel integration times [28], but also has 
higher biochemical specificity [29]. Typical applications of C A R S imaging include op
tical biopsies for diagnosing tumours and other diseases [19, 30-32], label-free imaging of 
lipid-rich tissue structures such as myelinated axons [33] or lipid droplets [34]. 

In CARS, the oscillations of the molecules are driven by the difference frequency 
between the pump and Stokes beam. When this frequency difference approaches a trans
ition of the dielectric medium, the oscillations are driven very efficiently and can be probed 
by the probe beam, generating anti-Stokes emission. Since C A R S is a coherent process, 
not only the energy but also the momentum is preserved. Due to the phase-matching 
condition, the CARS signal is generated predominantly in the forward direction, making 
epi-detection reliant on scattering [35]. 

Both linear and non-linear Raman imaging is also used in endoscopy, including bio
medical applications [28, 36]. The endoscopes are, however, typically bulky with an outer 
diameter of a few millimetres. While this might be acceptable for many applications, 
many others could benefit from the significantly smaller dimensions of multimode fibre 
endoscopes. In Chapter 1, it was demonstrated that focusing light from pulsed laser 
sources through a multimode fibre endoscope is possible. These results open up possib
ilities for implementing non-linear imaging techniques through multimode fibres. This 
chapter presents the first implementation of coherent anti-Stokes Raman scattering ima
ging through a single multimode fibre. 

2.1. Optical setup 

The setup for CARS imaging using a picosecond laser system (Figure 2.1) was based on 
the setup used for fibre characterisation described in Chapter 1. Consequently, only the 
differences are described here. 
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Figure 2.1: Simplified drawing of the setup for CARS imaging through a multimode 
fibre using a picosecond laser system. BS - non-polarising beamsplitter C A M - camera. 
D M - dichroic mirror, F - filter, H W P - half-wave plate, S L M - spatial light modulator, 
P D - photodiode, P M T - photomultiplier tube, PSB - polarising beamsplitter cube. 

The light source consisted of a 832 nm picosecond laser (Coherent Mira HP-P, used 
as a CARS Stokes beam) and an optical parametric oscillator (OPO; A P E OPO, used 
as a C A R S pump beam). Both beams were combined on a dichroic mirror with an 
adjustable time delay of the pump beam. Focusing of the two wavelengths simultaneously 
necessitated using two photodiodes to stabilise the two input polarisation optical paths, 
one for each beam. For simplicity, no S L M dispersion compensation was used. Prysmian 
DarkaElite graded-index fibre was used for the experiments. The probe length was 30 mm 
to 35 mm. 

For imaging in transmission, the signal was collected through the objective in the 
calibration module, filtered using a short-pass filter and a band-pass filter and focused 
onto photomultiplier tube (PMT). For epi-detection, the signal collected through the fibre 
was reflected off a long-pass dichroic mirror, filtered using a short-pass filter and a band
pass filter and focused onto a P M T . The signal from the P M T was averaged during the 
entire integration time (typically 2 ms). 

2.2. Imaging of polymer beads 
C A R S imaging through multimode fibre was tested on 2[im polystyrene (PS) and 2.5 [im 
polymethyl methacrylate (PMMA) beads on a cover glass. In Figure 2.2, 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 the low collection efficiency, this experiment demonstrated 
that epi detection through the multimode fibre was possible. 

The chemical sensitivity of C A R S is demonstrated in Figure 2.3. Two samples 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 2.3C shows 
the measured spectra of PS and P M M A , corrected for the limited wavelength tuning 
range of the system and the variations of the OPO power. The bandwidth of the system 
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Figure 2.2: A . Brightfield image of the sample (2[im polystyrene beads on a glass slide). 
B . C A R S image of the highlighted area with the signal collected in transmission. C . C A R S 
image with epi-detection. 
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Figure 2.3: Wavelength sweep of 2mn PS and 2.5 [im P M M A beads on a cover glass. A. . 
B . CARS images of beads taken at different Raman shifts. 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 2.4: Chemical contrast on C A R S imaging of a mix of PS and P M M A beads 
with epi-detection. A. , B . C A R S images captured at two different pump wavelengths 
(corresponding to the Raman shifts in the captions). C. Overlay of both images. 
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was sufficient to cover both the PS and P M M A resonances using a single calibration at 
2958 cm" 1 . 

Figure 2.4A,B shows a CARS images of a thicker layer of a mix of PS and P M M A 
beads, captured at two different Raman shifts (corresponding to the peaks in Figure 2.3C). 
The thicker layer of beads was used to increase scattering in the sample and, thus, the 
intensity of the epi-collected signal. Such scattering samples better mimicked imaging 
inside a tissue. Figure 2.4C shows an overlay of both images, demonstrating the chemical 
contrast allowing the differentiation between PS and P M M A . 

2.3. 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 1 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 C A R S signal in the 
sample. 

CARS imaging of 2 [im polystytene (PS) and 2.5 \im 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 C A R S 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. 

Imaging with chemical contrast was demonstrated on a mix of PS and P M M A 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. 

The demonstrated C A R S implementation was, unfortunately, slow compared to other 
endoscopic CARS implementations, where a single image typically takes a few seconds at 
maximum, compared to several minutes (depending on the size 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, could increase the speed to 170 Hz for the same 
integration time. Nonetheless, a liquid crystal S L M would still be slower compared to 
digital micromirror devices (DMDs) used for linear imaging through multimode fibres, 
typically operating at a refresh frequency of about 23 kHz. 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. These attributes 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) could provide efficiency 
approaching one of the liquid-crystal SLMs, while maintaining fast refresh rates. 
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2.3. S U M M A R Y 

The diameter of the fibre probe (Prysmian DrakaElite, about 30 mm long) was 125 \im 
with a 50 \im diameter field of view (FoV) and numerical aperture of 0.3. The dimensions 
of the probes were thus significantly smaller compared to other endoscopic C A R S ap
proaches, where the probes typically have a diameter of a few millimetres. For instance, 
in [37], the diameter of the probe was 2.2 mm (with a 230 \xm field of view), in [38] it was 
2.4mm (180 [im FoV), and in [39] 8mm (about 500 [im 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 [40]. 
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. 

To conclude, this study demonstrates that it is feasible to perform label-free C A R S 
imaging with chemical contrast through a single multimode fibre of structures as small 
as 2[im with epi-detection. The results presented in this chapter were published in [21], 
which is the first demonstration of label-free non-linear imaging with chemical contrast 
through a multimode fibre endoscope. 
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3. Non-linear imaging using 
a femtosecond laser 

In Chapter 2, 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. C A R S 
imaging can also be performed using femtosecond lasers, which are more commonly avail
able 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. To get a sufficient spectral resolution with a broad
band laser source, spectral focusing is commonly implemented [41]. In essence, both the 
pump and the Stokes beams are stretched to decrease the instantaneous bandwidth of the 
source. 

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 C A R S 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 C A R S and T P E F imaging of fixed 
mouse tissue. 

3.1. Optical setup 
A simplified drawing of the setup for non-linear imaging through a multimode fibre using 
a femtosecond laser is shown in Figure 3.1. The setup was based on the system presented in 
Chapter 2 with implementing some features introduced in Chapter 1. Only the differences 
between the systems are discussed here. 

The femtosecond laser (Coherent Chameleon Discovery) was the excitation source. 
Both outputs of the laser were used. The fixed beam at 1040 nm was used as C A R S 
Stokes beam could also be used as the excitation beam for SHG imaging. The tunable 
beam was used as C A R S pump beam and the excitation beam for T P E F imaging. 

For CARS imaging, glass blocks made of SF57 glass were added to both beams to 
stretch the pulses and implement spectral focusing. Two 110 mm long blocks were inserted 
in both beams. Including the dispersion introduced by the rest of the setup, the fibre and 
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Figure 3.1: Simplified drawing of the setup for non-linear imaging through a multimode 
fibre using a femtosecond laser. BS - non-polarising beamsplitter, C A M - camera, D M -
dichroic mirror, F - filter, H W P - half-wave plate, S L M - spatial light modulator, P D -
photodiode, P M T - photomultiplier tube, P O L - polariser, PSB - polarising beamsplitter 
cube, SF57 - glass blocks. The inset shows the composite probe for C A R S background 
suppression. 

the pre-compensator built-in the tunable output of the laser, both beams were equally 
stretched by 46500 fs2 of GDD. The pulse lengths in the sample plane thus were about 
1300 fs and 930 fs for the pump and Stokes beams, respectively. 

A wedge prism was used to compensate for the dispersion of the S L M , as discussed in 
Section 1.2. Unlike in the previous setups, the fibre was mounted vertically, which was 
more suitable for tissue imaging, as the tissue is typically submerged in a liquid. The 
signals could be detected both in transmission (mostly used for testing) and in epi (for 
tissue imaging) on three PMTs in total. In epi, two channels were available. The green 
channel was used for T P E F and SHG imaging and the red one for CARS. 

3.2. 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 [39, 42]. This signal is 
of the same wavelength as the C A R S signal (which is also a F W M process) generated in 
the sample. Consequently, removing it using spectral filters is impossible when the same 
fibre delivers the excitation beams and collects the C A R S signal. 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. The self-
imaging distance (~ 400 [im, 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. 
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A. Prysmian C R E O L F3 Y O F C GI2017-C 
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Figure 3.2: Background generated in the fibre and its suppression by using the spliced 
probe. A . Images of 2\xm PS beads and images with no sample in focus captured using 
different probes. B. Simple subtraction of the background does not yield a correct image. 
C. Images with epi-detection. D. Contrast of the beads for different splice lengths. 

The impact of the background generated in the fibre on C A R S imaging is demonstrated 
in Figure 3.2. Here, 2 [im PS beads on a glass slide were imaged using different fibre probes. 
Afterwards, 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 C R E O L and Y O F C 
fibre was comparable to the non-resonant signal generated in the glass slide. 

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. 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. Here, a short piece of a step-index fibre (CeramOptec 
Optran Ultra W F G E , tapered to have the same core diameter as the graded-index fibre) 
was spliced to the distal end of the graded-index fibre, forming a composite probe (see 
inset in Figure 3.1). 

Figure 3.2D shows the impact of the splice length (for the C R E O L F3 fibre) on imaging 
polystyrene beads. The total length (the graded-index part plus the step-index splice) of 
all probes was 30 mm. For each splice length, a signal-to-background ratio was evaluated. 
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Figure 3.3: Characterisation of the background generated in the fibre. A . Images taken 
with no sample in the system. B . Suppression of the background signal. C. Wavelength 
dependence of the background signal. 

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 spectral dependence of the background fibre was tested by imaging at different 
Raman shifts (covering Raman shifts typically used for bio-imaging of lipids, proteins 
and D N A [43] and PS and P M M A ) with no sample in the system. The images (with the 
signal being collected in transmission) captured during this experiment are in Figure 3.3. 
This figure shows both the spectral dependence of the signal and the suppression of 
the background. Figure 3.3B 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. 
Correcting the data for the drop of power ratio and increase of spot size measured in 
Figure 3.4 showed an optimal length of the splice of 2 mm. For this splice length, the 
signal-to-background ratio should be maximal. By C A R S imaging of polystyrene beads 
in Figure 3.2, 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. 

3.3. Focusing performance of composite probes 

The focusing performance of the spliced probes was evaluated by measuring the three-
dimensional point spread functions (Figure 3.4A). For the step-index fibre, the point 
spread function was significantly longer (despite the fibre having a higher numerical aper
ture) and the intensity of the background was much higher (i.e., the power ratio was 
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lower). These effects were both caused by the low bandwidth of the fibre and were ex
pected 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. 

Figure 3.4: Focusing performance of the spliced probes. A . Measured point spread func
tions. B. Power ratio, spot size and spot length at two wavelengths as a function of the 
splice length (the total length the probe was 30 mm). The bars show the range of values 
across the field of view. The dashed lines are diffraction-limited values. C. Power ratio for 
different points across the field of view. D. Wavelength tuning range at 789 nm measured 
using the femtosecond laser. 

Figure 3.4B 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 points close to the axis and the maximal spot size and lowest power ratio 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. Figure 3.4C shows the power ratio across the 
field of view. The data confirms that the maximal achievable power ratio decreased for 
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the spliced fibre, nevertheless, it was more homogeneous across the field of view. In this 
regard, the probes with long splices behaved more like step-index fibres. 

The bandwidth of step-index fibres is significantly lower than graded-index fibres, 
and they suffer from the chromato-axial memory effect [44]. The step-index splice thus 
decreased the total bandwidth of the spliced probes compared to the bandwidth of the 
pure graded-index fibre. Figure 3.4D shows that the wavelength tuning range indeed 
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 using a tunable C W laser after the wavelength was tuned from 
the value used for the calibration to quantify the shift for the spliced fibres. For the 
CeramOptec step-index fibre tapered to 70 \im outer diameter (and the numerical aperture 
of the beam limited to 0.30), the axial shift was — 0.33 [ im-nm _ 1 -mm _ 1 (negative, as the 
point shifted closer to the fibre for longer wavelengths). For the C R E O L F3 graded-index 
fibre, the shift was — 0.007 [jm-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 
2mm long splice (that is 2mm long step-index fibre and 28mm 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. 

3.4. 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 imaging of 
PS and P M M A beads and fixed mouse tissue. Brains and sciatic nerves were obtained 
from wild-type and transgenic Tg(Thyl -EGFP)MJrs / J transcardially perfused adult mice. 

The chemical contrast of C A R S was achieved in terms of spectral focusing. Different 
Raman shifts (within the spectral width of the laser) could thus be excited by changing the 
time delay between the pump and Stokes beams. The spectral focusing is demonstrated 
in Figure 3.5 by C A R S imaging a mix of 2[im PS and 2.5 (im P M M A beads on a glass 
slide. By capturing two images with two different time delays, the two types of beads 
could be differentiated. Hence, a chemical contrast was achieved using spectral focusing. 
The result is similar to what was achieved in Figure 2.4 by using a picosecond laser system 
and tuning the wavelength of the pump beam. 

Label-free coherent anti-stokes Raman scattering imaging was demonstrated by ima
ging a sciatic nerve extracted from a wild-type mouse (Figure 3.6A). The composite fibre 
probe was used, which consisted of the C R E O L F3 graded-index fibre and a 2 mm long 
step-index splice. The probe was calibrated 30 [im from the facet at 802 nm (pump) and 
1040 nm (Stokes), corresponding to Raman shift of 2853 c m - 1 (optimal for exciting lipids). 
The figure shows that the myelin sheaths surrounding the axons were visible as rings in 
the transversal cut. The images showed no excessive background, confirming that the 
composite probe suppressed the signal generation in the fibre. A n attempt was made 
to image the same sample using a pure C R E O L F3 graded-index fibre (with no splice). 
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Figure 3.5: Chemical contrast of C A R S imaging with spectral focusing. A . CARS images 
of a mix of PS and P M M A beads captured for two different time delays between the 
excitation beams. B. Overlay of both images C. Intensity of the beads as a function of 
the time delay (and corresponding Raman shifts). 

However, the intensity of the background was so high that it was impossible to find any 
structures in the images. The image of the sciatic nerve was 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 3.6B. Here, the fibre was inserted about 1.5 mm deep into the tissue, significantly 
deeper than could be imaged in a standard scanning microscope. 

A whole brain from the transgenic mouse was used to demonstrate two-photon ex
citation fluorescence imaging (Figure 3.6C). The image show that the endoscope could 
perform T P E F imaging inside tissue with sufficient signal-to-noise ratio and image somas 
and surrounding processes. 

Multimodal C A R S and T P E F imaging is demonstrated in Figure 3.6D. In this image, 
a surface of a cut from the transgenic mouse brain cerebellum was imaged. The green 
T P E F channel shows the axons and the red C A R S channel shows the myelin sheath. 

Figure 3.6: C A R S and T P E F images of fixed mouse tissue. A . C A R S image (at 2853 c m - 1 ) 
of a transverse section of a sciatic nerve taken from a wild-type mouse. B. C A R S image 
of myelin sheaths in the corpus callosum of a wild-type mouse brain taken with the probe 
inserted 1.5 mm inside the tissue. C. T P E F imaging inside a fixed transgenic mouse 
brain showing a soma and surrounding processes. D. Multimodal CARS (red channel) 
and T P E F (green channel) imaging on the surface of a fixed cerebellum slice extracted 
out of a transgenic mouse brain. 
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3.5. 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 2 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 S L M dispersion correction was implemented and the 
pixel rate was increased to about 170 Hz. 

After testing C A R S 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 C A R S 
signal. 

In Chapter 2, CARS imaging of PS and P M M A 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) 
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 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. 
The optimal length of the splice was found to be about 1 mm to 2 mm. 

Tissue imaging using the composite probes was performed to test the background 
suppression on a more realistic sample. The probes were used to image myelinated nerve 
fibres in a sciatic nerve extracted from a mouse and in the cerebellum of a mouse brain. 
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3.5. S U M M A R Y 

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 background and made label-free C A R S imaging of biologically relevant 
structures possible. The epi-detection was possible despite the C A R S signal being gener
ated predominantly in the forward direction (thus epi-detection relying on scattering in 
the underlying tissue) and the small collection area of the fibre probe. 

In addition to C A R S , T P E F imaging of neurons in a fixed transgenic mouse brain was 
shown. 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 C A R S imaging of myelin in the white matter, and T P E F imaging of mossy 
fibres expressing G F P 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 T P E F imaging presented in this chapter were published in [22]. 
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 [45]. The fibre polishing system presented here was 
used for the preparation of the side-view probes in [46], which were used for in-vivo linear 
fluorescence imaging in mouse brain published in [14]. 
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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 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 [20], 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 C A R S imaging. 

CARS microscopy through a single multimode fibre was demonstrated in the second 
chapter. C A R S 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 [21], 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 C A R S imaging through 
a multimode fibre of structures as small as 2 [im 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 third chapter presented multimodal C A R S and T P E F 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 
to mitigate the issue. This probe, published in [22] 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. 
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CONCLUSIONS 

The research in this thesis increased the capabilities of multimode fibre endoscopes 
by C A R S imaging. It led to the implementation of SHG imaging (which is not part 
of this thesis but was demonstrated in [45] using the imaging system developed in this 
thesis). These techniques, together with T P E F (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 C A R S 
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 P L M 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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