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Abstract
The development of ingenious, non-ionising radiation-based technologies in the field
of optical photonics has revolutionised biomedical imaging by superseding the ion-
ising radiation-based technologies such as harmful X-Rays. By implementing novel
optical systems, several biomedical imaging methodologies have been enhanced into
high-throughput and agile systems. These find use in applications ranging from the
visualisation of complex structures inside the biological tissue to detection, identifi-
cation, and monitoring of fatal disorders. Photoacoustic microscopy (PAM) is one
such imaging modality, offering visualisation of micro-macro level structures, owing
to the interplay of the optical excitation with differentiation of the structures resting
on their intrinsic optical absorption-based acoustic detection. Various PAM based
single-wavelength laser systems have shown their applicability for the commonly en-
countered endogenous biomolecules like nucleic acids, haemoglobin, melanin, collagen,
lipids, and many more, by acting as contrast agents for different disorders.

In contrast, photonic crystal fibre (PCF) based supercontinuum (SC) lasers pro-
vide a broad spectral emission bandwidth, typically ranging from 400 nm to 2400
nm. This range is immensely useful since it covers the absorption features of all the
endogenous molecules mentioned above. With this broad bandwidth, a PCF SC laser-
based PAM system should enable the use of a single laser system for targeting all the
endogenous molecules’ specific absorption features that fall within the emission spec-
trum of the SC laser. Nevertheless, the limited pulse energy density (PED) intrinsic
to the PCF-based SC laser sets a major drawback to its practical implementation for
multispectral PAM (MS-PAM) of various endogenous molecules.

In this thesis, we present a novel way to tailor the SC lasers in combination
with a linear variable filter, enabling the utilisation of MS-PAM for specific endoge-
nous molecules in the wavelength region from 1500 nm to 1850 nm - notably lipids
and glucose. The presented SC lasers are built from standard telecom range opti-
cal components, which can be spliced using an arc/fusion splicer, thereby making
them low-cost, compact and flexible optical systems based entirely on fibre compo-
nents. The ‘G2_SC’ laser detailed in the latter part of this thesis, feature PED and
pulse repetition rate (PRR) of over three times higher than any SC laser reported
for MS-PAM applications so far. Moreover, the high-PED of the SC lasers enable
high-resolution MS-PAM studies when used in combination with narrow bandwidth
filters, and the high-(PRR) facilitates much faster image acquisition rates. To further
demonstrate the practicality of the presented SC lasers, we performed MS-PAM of ex
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vivo adipose tissue, multispectral photoacoustic spectroscopy (MS-PAS) of in vitro
glucose solutions as well as MS-PAM of in vivo Xenopus laevis tadpoles. Notably - in
the case of lipids - our studies have shown that the presented SC-based MS-PAM sys-
tem can visualise lipids in both ex vivo tissues and in vivo small animal bodies (with
an acquisition time of less than 52 s), allowing for broad applicability in real-time
biomedical imaging systems.

We are confident that the presented high-PED SC laser system paves a new path
towards more compact and low-cost sources for non-invasive, real-time imaging of mul-
tiple endogenous biological molecules in both developmental biology of small animal
bodies and medical imaging.



Dansk resumé
Udviklingen af opfindsomme, ikke-ioniserende strålingsbaserede teknologier i fotonik-
feltet har revolutioneret biomedicinsk billeddannelse ved at afløse de ioniserende,
strålingsbaserede teknologier såsom skadelige røntgenstråler. Ved implementerin-
gen af optiske kilder, er etablerede biomedicinske billeddannelsesmetodologier blevet
forbedret til hurtige og agile systemer. Disse bruges i applikationer der spænder fra vi-
sualisering af komplekse strukturer inde i biologisk materiale, til opdagelse, identifika-
tion og overvågning af fatale sygdomme. Fotoakustisk mikroskopi (PAM) er en af disse
billeddannelsesmodaliteter, der tilbyder visualisering af mikro- til makrostørrelses-
strukturer, via variationer af den optiske eksitation fordi differentieringen af struktur-
erne er baseret på deres intrinsiske optiske absorptionsbaserede akustiske detektion.
Forskellige PAM-baserede enkelt-bølgelængde lasersystemer har vist deres anvende-
lighed over for de almindeligt forekomne endogene biomolekyler, såsom nukleinsyre,
hæmoglobin, melanin, collagen, lipider og mange andre, der fungerer som kontrasta-
genter for forskellige sygdomme.

Modsat har fotoniske krystal fiber (PCF) baserede superkontinuum (SC) lasere en
bred spektral emissionsbåndbredde, med et typisk bølgelængdeområd fra 400 nm til
2400 nm. Dette spænd er ekstremt brugbart da det overlapper med absorptionslinjer
hos alle de endogene molekyler nævnt ovenfor. Med denne brede båndbredde burde
et PCF-SC laser-baseret PAM system muliggøre brugen af et enkelt laser system til at
ramme alle de endogene molekylers individuelle absorptionslinjer, som falder inden for
emissionsspektret af SC laseren. Ikke desto mindre, så er den begrænsede intrinsiske
puls energi densitet (PED) hos PCF-SC baserede lasere en stor hæmsko for dets
praktiske implementation i multi-spektral PAM (MS-PAM) af forskellige endogene
molekyler.

I denne afhandling præsenterer vi en ny måde at skræddersy SC lasere i kombi-
nation med lineært variable filtre, hvilket muliggør MS-PAM for specifikke endogene
molekyler i bølgelængdeområdet 1500 nm til 1850 nm – især fedtstoffer (lipider) og
glukose. De præsenterede SC lasere er bygget af standard optiske komponenter til
telekom, som kan splidses med en arc/fusion splejser, hvilket derigennem gør dem
til lavpris, kompakte og fleksible optiske systemer, baseret udelukkende på fiberkom-
ponenter. G2_SC laseren, beskrevet i detaljer senere i denne afhandling, indeholder
PED og puls repetitionsrater (PRR) over tre gange højere end nogen anden SC laser
rapporteret til MS-PAM applikationer indtil videre. Yderligere, så muliggør den høje
PED hos SC laserne høj-opløsningsstudier når de kombineres med smalle båndpas
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filtre, og den høje PRR faciliterer meget højere billedrater. For yderligere at demon-
strere det praktiske ved de præsenterede SC lasere, bliver MS-PAM af ex vivo adipøst
væv, MS-fotoakustisk spektroskopi af in vitro glukoseopløsninger og in vivo MS-PAM
af Xenopus Laevis haletudser udført. Værd at bemærke, er at i tilfældet for fedtvæv,
viser vores studier at det præsenterede SC-baserede MS-PAM system kan visualisere
lipider i både ex vivo væv og in vivo i små dyr (med en billedhastighed på min-
dre end 52 s), hvilket giver mulighed for bred brugbarhed i realtids biomedicinske
billeddannelsessystemer.

Vi er sikre på at det præsenterede høj-PED SC laser system baner vejen mod mere
kompakte og lavpris kilder til ikke-invasive og realtids billeddannelse af endogene bi-
ologiske molekyler i både udviklingsbiologier af små dyr og medicinsk billeddannelse.



Preface
This thesis was prepared at the Department of Photonics Engineering and submitted
to the Ph.D. school at the Department of Photonics Engineering as a part of the
requirements to obtain the degree of the Ph.D. in Photonics Engineering from the
Technical University of Denmark (DTU).

The title of the thesis is “Near-Infrared Supercontinuum Lasers for Multispectral
Photoacoustic Applications” and the work presented in this thesis documents the
three years (February 2017-January 2020) of Ph.D. studies carried out at the De-
partment of Photonics Engineering in the Fiber Sensors and Supercontinuum group
with Professor Ole Bang as main supervisor and Associate Professor Christos Markos
as co-supervisor. The project leading to this thesis has received funding from the
European Union’s Horizon 2020 research and innovation programme under the Marie
Skłodowska-Curie grant “SUPUVIR” with the grant agreement No 722380 with nine
other collaborators from six European countries.

The thesis aims to develop high-pulse energy SC laser sources for multispectral
photoacoustic imaging (PAI) and spectroscopy applications.

Kongens Lyngby, January 31, 2020

Manoj Kumar Dasa
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Glossary
AR-PAM Acoustic Resolution Photoacoustic Microscopy.
ASE Amplified Spontaneous Emission.

CAGR Compound Annual Growth Rate.
CW Continuous Wave.

DMD Directly Modulated Diode.
DTU Technical University of Denmark.
DW Dispersive Wave.

ESF Edge Spread Function.

GNLSE Generalized Nonlinear Schröedinger Equation.

IR Infrared.

LASER Light Amplification by Stimulated Emission of
Radiation.

LMA Large Mode Area Fíbre.
LSF Line Spread Function.
LVF Linear Variable Filter.

MAP Maximum Amplitude Projection.
MI Modulation Instability.
MID-IR Mid-Infrared.
MOPA Master Oscillator Power Amplifier.
MS-PAM Multispectral Photoacoustic Microscopy.
MS-PAS Multispectral Photoacoustic Sensing.

NLSE Nonlinear Schröedinger Equation.

OCT Optical Coherence Tomography.
OPO Optical Parametric Oscillator.
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OR-PAM Optical Resolution Photoacoustic Microscopy.

PA Photoacoustic.
PACT Photoacoustic Computed Tomography.
PAE Photoacoustic Endoscopy.
PAI Photoacoustic Imaging.
PAM Photoacoustic Microscopy.
PAT Photoacoustic Tomography.
PCF Photonic Crystal Fibre.
PED Pulse Energy Density.
Ph.D. Doctor of Philosophy.
PRR Pulse Repetition Rate.

RIN Relative Intensity Noise.

SC Supercontinuum.
SRS Stimulated Raman Scattering.

UV Ultraviolet.

VIS Visible.

XPM Cross Phase Modulation.

ZDW Zero Dispersion Wavelength.
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CHAPTER1
Introduction

1.1 Thesis motivation
LASER, an acronym for light amplification by stimulated emission of radiation, is a
remarkable technology which has been a broad area of research with a wide range of
scientific and industrial applications. With a wide range of scientific and industrial
applications since its invention in 1960, — ultimately turned into a linchpin for the
photonics sector. The global photonics market is estimated to reach €660 B by 2024,
with a compound annual growth rate (CAGR) of 8% over the coming years [1]. Of
many key photonics technologies, fibre-lasers emerged as a strong contender, com-
prehensively outperforming the traditional laser-based technologies with a flourishing
market share of over a CAGR of 10% for the past years [1, 2]. The success of the
fibre-lasers can in part be attributed both to the pace with which they are being
adapted to the new areas of applications and also to the way they are substituting
their counterparts in classical applications: photochemistry, atom trapping, nuclear
fusion, medicine, telecommunications, material processing and many more [3, 4].

The advancement of the fibre-lasers into the applications mentioned above was
feasible primarily due to their ability to emit light in the suitable wavelength regions
required by the specific applications. Driven by the quest to reach new wavelengths in
the electromagnetic spectrum, which were not possible with the classical laser-based
techniques, several attempts were made to develop materials that could lase at new
wavelengths. Fortunately, there is an ingenious way of devising light sources that can
be as broad as a white-light bulb in bandwidth while bearing the spatial coherence
properties of the laser-based on SC [5, 6]. The SC generation was swiftly adapted to
telecommunication range optical fibres [7, 8], followed after the first report of a bulk
glass SC in the 1970s [9]. However, it was the advent of PCF along with efficient
pump lasers which took off the idea of SC from a mere laboratory idea to compact,
affordable commercial lasers about the size of a shoebox [10–14].

Specifically, the fibre-based SC sources enable the use of the diverse pump lasers in
combination of fibres with disparate dispersion and transmission profiles to generate
light from the ultraviolet (UV) to the mid-infrared (MID-IR) region of the electro-
magnetic spectrum [5, 6, 15–18]. This adaptability of the SC sources led to many
appealing inter-sectional applications ranging from the areas like chemistry, physics,
meteorology, bio-medicine and many more [13, 14, 19]. One appealing area which
showed an extended potential for the SC sources is biomedical imaging [20–22]. For
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instance, the commercial long-pulse SC sources are regarded almost implacable for
the use in confocal microscopy [23] and spectral-domain optical coherence tomography
(OCT) [24]. The former benefits by the broad bandwidth of the SC to target specific
exogenous and endogenous molecules inside the biological sample and the latter uses
the broad bandwidth of the SC for non-invasive, high-spatial-resolution volumetric
images in dermatology and ophthalmology [25]. Attempts have already being made
for discerning and realising fibre-based SC sources which further address the coher-
ence properties of the SC, thereby extend its applicability to broader areas of OCT
and other sensitive imaging modalities like coherent anti-Stokes Raman scattering
microscopy [22, 26–30].

In recent years, considerable attention is being received to adapt SC laser sources
for PAI [31]. PAI enables label-free high-spatial resolution imaging; owing to the
wavelength-dependent optical absorption and ultrasonic detection, respectively [32].

Figure 1.1: Optical imaging modalities (a): Optical propagation regimes. (b):
Achievable optical propagation depth with respect to the spatial res-
olutions offered by various imaging modalities.

Figure 1.1(a) shows the approximate size of components and the optical propa-
gation regimes of a photon inside a biological tissue for various imaging modalities.
Figure 1.1(b) shows the achievable optical propagation depth and the spatial reso-
lutions for various imaging modalities. It can be seen that the PAM provides an
excellent platform for imaging various molecules/structures at a penetration depths
larger compared to conventional, confocal microscopy and OCT, moreover, with suf-
ficiently high spatial resolution. Exhaustive reviews on PAM and their ability in life
sciences already exist in the literature [33–37]. PAM was reported using several single-
wavelength lasers on cell nuclei in the UV [38], haemoglobin, myoglobin, cytochromes
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and melanin in the VIS [36, 37], collagen, glucose and lipids in the near-IR [39–41]
and lipids and proteins in the MID-IR [42, 43] regions of the electromagnetic spec-
trum [35]. While allowing sufficiently high-PED to perform PAM, single-wavelength
light sources limit the applicability of the system when multispectral PA studies of
the biological molecules are required. The use of laser systems like tunable optical
parametric oscillators (OPOs) was reported for multispectral PA studies of lipids and
glucose [44]. Nevertheless, the high cost and large footprints of OPOs limits its use
for compact MS-PAM systems.

Ideally, the SC-based PAM technology has considerable potential where a single
SC can in principle be used to discern multiple molecules inside the tissue and the
developmental biology in small animal models. Therefore, the use of SC laser sources
for the practice of PAM [45–49] and PAM based multi-modal applications [47, 48]
have also been reported. However, despite the ultrabroad bandwidth associated with
PCF based SC lasers, whose emission span over the absorption features of various
endogenous biological molecules present inside the tissue, the limited PED of the SC
hinders its use for high-resolution MS-PAM applications [50]. Although the use of
SC source for PAM was first reported a decade ago [45], the ability of SC sources for
MS-PAM of endogenous biological molecules remains elusive.

In the current thesis, we address how we can mitigate the drawbacks of the SC
source in the practice of MS-PAM of endogenous biological molecules. As mentioned
earlier, the primary limitation of state-of-art SC lasers for MS-PAM of multiple en-
dogenous molecules is its insufficient PED of the filtered emission bands, as the total
PED of the laser is distributed over an ultrabroad bandwidth emission. Therefore,
we decided to tailor the bandwidth of our SC laser to target specific (one or two)
endogenous molecules instead. Of many endogenous biological molecules inside our
body, we desired to target lipids and glucose, as they are highly coveted for iden-
tification and monitoring of fatal chronic diseases like atherosclerosis and diabetes
mellitus [51, 52]. Moreover, there are a relatively lower number of reports on PAM
of lipids and glucose as their dominant absorption features do not fall within the
conventional optical imaging window (400-600 nm). Both the lipids and the glucose
reveal vibrational-based absorption features in the near-IR (1500-1850 nm) due to
the first overtone of C-H bond vibrations (1650-1850 nm) for lipids [53] and due to
the first overtone and combination bands of C-H and O-H bonds (1450-1600 nm) for
glucose. Furthermore, since the required optical bandwidth for targeting both the
endogenous molecules is only about 350 nm, we decided to use standard telecommu-
nications range optical components to devise a low-cost, compact, all-fibre high-PED
SC source. The idea of SCG in the vicinity of the telecommunications window existed
even before the advent of PCF. The research efforts on pumping standard fibres at
1310 nm (near the zero-dispersion wavelength (ZDW) of the fibre) [54, 55] and 1550
nm (far from ZDW of the fibre) [56] were reported back in the late 1980s [57, 58].
However, the above mentioned SC sources have never been adapted for the use of any
biomedical imaging modality. In the course of this thesis, we formulated to achieve
an SC laser with PED and pulse repetition rates of at least three times higher than
any SC laser reported for multispectral-PA applications of lipids and glucose.
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1.2 Project overview
The project which lead to this thesis has received funding from the European Union’s
Horizon 2020 research and innovation programme under the Marie Skłodowska-Curie
grant “SUPUVIR” with the grant agreement No 722380.

According to the proposal (ID 722380) submitted to the European Commission,
the abstract of the project is

“SUPercontinuum broadband light sources covering UV to IR applications
(SUPUVIR) will combine the efforts of 6 academic and 4 non-academic
beneficiaries to train 15 ESRs for the growing industry within SC broad-
band light sources, giving them extensive knowledge in silica and soft-
glass chemistry, preform design and fibre drawing, linear and nonlinear
fibre and waveguide characterisation, nonlinear fibre optics, SC modelling,
SC system design, patent protection, and in-depth knowledge of a broad
range of the main applications of SC high-power broadband light sources.
The strong blend of academic and non-academic sectors in the consortium
will give the ESRs a unique chance to develop a wide set of technical and
transferrable skills, thus preparing them for long-time employment in the
sector (academic or industry).
Scientifically, SUPUVIR aims at solving current challenges preventing SC
light sources from taking over key market shares or from being used for
cutting-edge research. Specifically, the objectives are to reduce noise and
increase pulse energy of SC modules, as well as investigate SC generation
in emerging wavelength regimes (UV and mid-IR) including fabrication
of novel fibres and waveguides, and finally using SC sources for applica-
tions as to gain valuable knowledge of application requirements. This
research and development will give improved SC sources and SC spectra
enabling new science and applications for optical imaging, spectroscopy,
sensing and control, e.g. optical coherence tomography, IR multimodal
spectroscopy, confocal and fluorescence microscopy, photoacoustic imag-
ing and food quality control.”[59]

Within the framework of the SUPUVIR project, the objectives of the current
thesis are:

∗ To devise improved kHz repetition rate SC laser sources with sufficiently high-
PED for the use in multi-wavelength PAM and other spectroscopy applications.

∗ Demonstrate the use of the developed source for multi-wavelength PAM and
spectroscopy applications.

The majority of the work carried out during this thesis was conducted at DTU
Fotonik, Department of Photonics Engineering at the Technical University of Den-
mark in Lyngby, in collaboration with RECENDT GmbH (partner organisation) in
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Linz, Austria, NKT Photonics A/S (partner organisation) in Birkerød, Denmark and
the University of Kent in Canterbury (external collaborator), United Kingdom. The
details of the secondments are given below:

∗ RECENDT GmbH, Austria
Supervisors: Gregor Langer and Thomas Berer
Duration: May 2017
Activity: Frequency-domain PAM of un-labeled human red blood cells using
intensity modulated diode laser. Part of the results are published in [60].

∗ NKT Photonics A/S, Denmark
Supervisors: Patrick Bowen and Peter M. Moselund
Duration: July - October 2018
Activity: Development of all-fibre high-PED SC laser source (a part of the G2_
SC). Part of the results are published in [61].

∗ University of Kent, United Kingdom
Supervisor: Adrian Bradu
Duration: August - September 2018
Activity: Use of the G2_ SC laser forex vivo and in vivo MS-PAM of lipids
(with Gianni Nteroli). Part of the results are published in [61].

1.3 Thesis outline
The thesis consists of the main results obtained during this Ph.D. study. The thesis
is primarily divided into six chapters.

∗ Chapter 1 presents the motivation of the current thesis, the overview of the
project which secured funding for this thesis, the outline of the thesis, as well
as the dissemination activities, resulted during the course of this Ph.D. study.

∗ Chapter 2 is specifically aimed to provide a frame of reference of the current
thesis and briefly introduce the necessary theoretical concepts to understand
the experimental work presented in the latter parts of the thesis. The chapter,
therefore, summarises interaction of light with matter, photoacoustic imaging,
fibre lasers and amplifiers and fibre-based supercontinuum lasers with a special
focus on non-linear dynamics feature during long-pulse anomalous pumping.

∗ Chapter 3 details the development and characterisation of the G1_SC fol-
lowed by the three applications of G1_SC; Section 4.4 describes the use of
the developed laser for ex vivo MS-PAM of lipids. While, section 4.5 presents
how the G1_SC based MS-PAM system was tailored to measure and monitor in
vitro glucose solutions ranging from low concentrations (commonly encountered
physiological glucose concentrations inside the body, i.e. 0-400 mg/dL) to con-
centrations as high as 8 g/dL. Finally, section 4.6 briefly shows the monitoring
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of aqueous ammonia using the multispectral photoacoustic sensing (MS-PAS)
system.

∗ Chapter 4 describes the development and characterisation of two different
preamplifier configurations, namely: Preamp_ G2_1 and Preamp_ G2_2. Fol-
lowed by the experimental configuration and characterisation of G2_SC. The
rest of the chapter mainly focuses on the G2_SC based ex vivo and in vivo
MS-PAM of lipids.

∗ Chapter 5 gives the conclusions of the work presented in this thesis, followed
by an outlook on the different possibilities that can be investigated for SC-based
MS-PAM applications for future endeavours.

1.4 Dissemination activities in the scope of the thesis
The work carried out during the course of this Ph.D. project has resulted in several
peer-reviewed journal publications and conference contributions (both peer-reviewed
proceedings and presentations).

Peer-reviewed journal publications

I. Manoj K. Dasa, Christos Markos, Michael Maria, Christian R. Petersen, Peter
M. Moselund, and Ole Bang. “High pulse energy supercontinuum laser for
spectroscopic optical resolution photoacoustic imaging of lipids in the 1650‐1850
nm window.” Biomedical Optics Express, Vol. 9(4), 1762‐1770, 2018.
DOI: 10.1364/BOE.9.001762 [41]

II. Manoj K. Dasa, Christos Markos, Jakob Janting and Ole Bang. “Multispectral
photoacoustic sensing for accurate glucose monitoring using a supercontinuum
laser.” Journal of the Optical Society of America B, Vol. 36(2), A61-A65, 2019.
DOI: 10.1364/JOSAB.36.000A61 [62]

III. Manoj K. Dasa†, Gianni Nteroli†, Patrick Bowen, Giulia Messa, Yuyang Feng,
Christian R. Petersen, Stella Koutsikou, Magalie Bondu, Peter M. Moselund,
Adrian Podolenau, Adrian Bradu, Christos Markos and Ole Bang. “All-fibre
supercontinuum laser for in vivo multi-spectral photoacoustic microscopy of
lipids in the extended near-infrared.” Photoacoustics, 2020.
† These authors contributed equally to this work.
DOI: 10.1016/j.pacs.2020.100163 [61]

Peer-reviewed conference proceedings

I. Gregor Langer, Bianca Buchegger, Jaroslaw Jacak, Manoj K. Dasa, Thomas A.
Klar, and Thomas Berer. “Photoacoustic microscopy of single cells employing
an intensity-modulated diode laser.” In Photons Plus Ultrasound: Imaging and
Sensing 2018, vol. 10494, p. 104942L. International Society for Optics and
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Photonics, 2018.
DOI: 10.1117/12.2289978 [60]

II. Manoj K. Dasa, Christos Markos, Michael Maria, Ivan B. Gonzalo, Christian
R. Petersen, Deepak Jain, Peter M. Moselund, and Ole Bang. “High Pulse
Energy Supercontinuum Laser for Photoacoustic Detection and Identification
of Lipids in the 1650–1850 nm Wavelength Region.” In CLEO: Applications and
Technology, pp. JTu2A-109. Optical Society of America, 2018.
DOI: 10.1364/CLEO_AT.2018.JTu2A.109 [63]

III. Manoj K. Dasa, Christos Markos, Michael Maria, Ivan B. Gonzalo, Christian R.
Petersen, Peter M. Moselund, and Ole Bang. “Supercontinuum laser for spec-
troscopic photoacoustic imaging of lipids in the extended near-infrared region.”
In Frontiers in Optics, pp. FM3F-5. Optical Society of America, 2018.
DOI: 10.1364/FIO.2018.FM3F.5 [64]

IV. Manoj K. Dasa, Christos Markos, Jakob Janting, Abubakar I. Adamu, Patrick
Bowen, and Ole Bang. “Towards accurate and label-free monitoring of bio-
analytes using supercontinuum based multispectral photoacoustic spectroscopy
in the extended near-infrared wavelength regime.” In Label-free Biomedical Imag-
ing and Sensing (LBIS) 2019, vol. 10890, p. 108900W. International Society
for Optics and Photonics, 2019.
DOI: 10.1117/12.2510284 [65]

V. Manoj K. Dasa, Abubakar I. Adamu, Jakob Janting, Kyei Kwarkye, Christos
Markos, and Ole Bang. “Monitoring of ammonia in an aqueous environment
using a supercontinuum-based photoacoustic sensing system.” In Frontiers in
Biological Detection: From Nanosensors to Systems XI, vol. 10895, p. 108950L.
International Society for Optics and Photonics, 2019.
DOI: 10.1117/12.2510351 [66]

VI. Abubakar I. Adamu, Manoj K. Dasa, Md Selim Habib, Rodrigo Amezcua-Correa,
Ole Bang, and Christos Markos. “Towards an all-fiber system for detection and
monitoring of ammonia.” In Frontiers in Biological Detection: From Nanosen-
sors to Systems XI, vol. 10895, p. 1089506. International Society for Optics
and Photonics, 2019.
DOI:10.1117/12.2509575 [67]

VII. Abubakar I. Adamu, Manoj K. Dasa, Kyei Kwarkye, Getinet Woyessa, Ole
Bang, and Christos Markos. “Optical ammonia sensors based on Hollow core
fiber and photoacoustic spectroscopy.” In Laser Science, pp. JW4A-64. Optical
Society of America, 2019.
DOI: 10.1364/FIO.2019.JW4A.64 [68]

Conference contributions
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I. Manoj K. Dasa, Christos Markos, Michael Maria, Ivan B. Gonzalo, Christian R.
Petersen, Deepak Jain, Peter M. Moselund, and Ole Bang. “High Pulse Energy
Supercontinuum Laser for Photoacoustic Detection and Identification of Lipids
in the 1650–1850 nm Wavelength Region. CLEO USA 2018 (Dynamic e-poster
presentation).

II. Manoj K. Dasa, Christos Markos, Michael Maria, Ivan B. Gonzalo, Christian R.
Petersen, Peter M. Moselund, and Ole Bang. “Supercontinuum laser for spec-
troscopic photoacoustic imaging of lipids in the extended near-infrared region.”
Frontiers in Optics 2018 (Oral presentation).

III. Manoj K. Dasa, Christos Markos, Jakob Janting, Abubakar I. Adamu, Patrick
Bowen, and Ole Bang. “Towards accurate and label-free monitoring of bio-
analytes using supercontinuum based multispectral photoacoustic spectroscopy
in the extended near-infrared wavelength regime.” SPIE Photonics West congress
2019 (Oral presentation).

IV. Manoj K. Dasa, Abubakar I. Adamu, Jakob Janting, Kyei Kwarkye, Christos
Markos, and Ole Bang. “Monitoring of ammonia in an aqueous environment
using a supercontinuum-based photoacoustic sensing system.” SPIE Photonics
West congress 2019 (Oral presentation).

V. Manoj K. Dasa, Christos Markos, Patrick Bowen, Peter M. Moselund, Ben-
jamin O. Efunbajo, Kyei Kwarkye, Christian R. Petersen and Ole Bang. “Sin-
gle Mode Fiber based Supercontinuum Lasers for Multispectral Photoacoustic
Imaging of Lipids.“ SPIE Photonics West congress 2019 (Oral presentation).

VI. Oyewole B. Efunbajo, Manoj K. Dasa, Kyei Kwarkye, Patrick Bowen, Peter M.
Moselund, Peter E. Andersen, and Ole Bang. “Relative intensity noise dynamics
in supercontinuum generation with varying repetition rates for multi-modal
imaging applications.” SPIE Photonics West congress 2020 (Oral presentation).

VII. Manoj K. Dasa, Kyei Kwarkye, Gianni Nteroli, Benjamin O. Efunbajo, Magalie
Bondu, Getinet Woyessa, Niels M. Israelsen, Adrian Podolenau, Adrian Bradu,
Christian R. Petersen, Peter M. Moselund, Patrick Bowen, Christos Markos
and Ole Bang. “High-pulse energy supercontinuum sources for multi-spectral
photoacoustic imaging in the near-infrared wavelength region.” SPIE Photonics
West congress 2020 (Invited presentation).
(Presented by Christian R. Petersen.)

1.5 Dissemination activities outside the scope of the
thesis

The following peer-reviewed publications were also drafted during the course of this
Ph.D. study. However, they lie outside the scope this thesis.
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Peer-reviewed journal publications

I. Kyei Kwarkye, Mikkel Jensen, Rasmus D. Engelsholm, Manoj K. Dasa, Deepak
Jain, Patrick Bowen, Peter M. Moselund, Christian R. Petersen and Ole Bang.
“In-amplifier supercontinuum sources and cascaded mid-infrared supercontin-
uum sources with low noise through gain-induced soliton spectral alignment.”
Scientific Reports 2020 (In peer-review).

II. Yazhou Wang, Manoj K. Dasa, Abubakar I. Adamu, J. E Antonio-Lopez, Md
Selim Habib, Rodrigo Amezcua-Correa, Ole Bang and Christos Markos. “High
pulse energy and quantum efficiency mid-IR gas Raman fiber laser targeting
CO2 at 4.22 µm.” Optics Letters 2020 (Submitted 31 January 2020).

Peer-reviewed conference proceedings

1. Kyei Kwarkye, Mikkel Jensen, Rasmus D. Engelsholm, Manoj K. Dasa, Deepak
Jain, Patrick Bowen, Peter M. Moselund, Christian R. Petersen and Ole Bang.
“Low noise in-amplifier and cascaded mid-infrared supercontinuum sources through
gain-induced spectral alignment.” In High-brightness Sources and Light-driven
Interactions Congress, OSA, Prague 2020.

2. Getinet Woyessa, Manoj K. Dasa, Kyei Kwarkye, Christian R. Petersen and
Ole Bang. “Long Wavelength Mid-Infrared Supercontinuum Source.” In High-
brightness Sources and Light-driven Interactions Congress, OSA, Prague 2020.

3. Yazhou Wang, Manoj K. Dasa, Abubakar I. Adamu, J. E Antonio-Lopez, Md
Selim Habib, Rodrigo Amezcua-Correa, Ole Bang and Christos Markos. “Mid-
IR gas-filled Raman fiber laser at 4.22 µm with high pulse energy and ef-
ficiency.” In High-brightness Sources and Light-driven Interactions Congress,
OSA, Prague 2020.
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CHAPTER2
Theory

2.1 Interaction of light with matter
The transformation of optical technologies for the context of medical imaging has at-
tracted considerable interest over the past few decades. The success of optical imaging
can, in part, be attributed to the non-ionizing nature of the optical photons, thereby
providing a safe mode of radiation for medical applications [69]. Apart from the non-
ionizing nature, optical interaction mechanisms based on its absorption, scattering
or fluorescence enable not only the structural information of the imaging sample but
also provide its functional information [70]. To discern the underlying mechanisms of
optical imaging, it is essential to understand the interaction of optical radiation with
the matter, especially within the biological sample. Figure 2.1 shows the schematic
of light-matter interaction through a Jablonski diagram [70].

Figure 2.1: Jablonski diagram showing various light-matter interaction mechanisms.
Adapted from [70].

When the optical radiation is incident on a medium, the electromagnetic field
of the optical radiation interacts with the atoms of the constitutive matter. The
molecules in the ground state can absorb optical radiation and transit to the allowed
excited energy levels. The de-excitation of the electron from the excited energy levels
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can occur via many different mechanisms like nonradiative relaxation, fluorescence,
phosphorescence, and Raman scattering. Of the many different mechanisms, scatter-
ing, fluorescence and absorption are few of the essential mechanisms which played
a crucial role in devising ingenious optical technologies for the interest of medical
imaging.

For example, scattering-based techniques like OCT and Raman spectroscopy have
already become mature biomedical modalities. OCT provides high-resolution, cross-
sectional tomographic images of various biological systems based on the back-scattered
or back-reflected light from the imaging sample [69, 71]. Commercial OCT systems
have already taken off the market for the use in diverse applications ranging from
diagnostics (dermatology [72], ophthalmology [73] and cardiovascular [74]) to non-
destructive testing [75, 76] and many more [77].

On the other hand, Raman scattering-based techniques provide an agile way of
identifying the biological compounds based on their endogenous fingerprints. More-
over, the advanced imaging techniques like stimulated Raman scattering microscopy,
coherent anti-stokes Raman microscopy and surface-enhanced Raman spectroscopy
have already seen widespread biomedical applications.

Another appealing de-excitation mechanism-based imaging modality is fluores-
cence microscopy, which uses the fluorescence and phosphorescence signal emitted
from the sample after the subsequent excitation of optical radiation. Fluorescence
microscopy has always been an essential tool for the analysis of the distribution of var-
ious molecules inside the biological samples [78]. Especially the advanced fluorescent-
based imaging techniques like multi-photon fluorescence microscopy provide distinct
advantages over established techniques, enabling deep tissue 3-D imaging [79].

Each of the above-mentioned optical technologies has its respective advantages
and disadvantages. However, since the focus of the current thesis is based on a PAI
methodology and since in PAI, the absorption is the primary essential underlying
optical mechanism, we, therefore, limit our discussion to the only absorption.

2.1.1 Optical absorption
The optical absorption coefficient (µA) describes the optical absorption of any medi-
um/sample, which is the probability of a photon to get absorbed in a medium per
unit path length. Thus, the mean absorption length is the reciprocal of the optical
absorption coefficient of the medium [70]. The absorption coefficient of a medium con-
taining N number of absorbers with an absorption coefficient of σA can be expressed
as

µA = NσA (2.1)
Therefore, the intensity (I) of light propagating in an only homogeneous absorbing

medium with an absorption coefficient of µA can be expressed as

dI

I
= −µAdx (2.2)
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where x denotes the distance propagated by the optical radiation inside the
medium.

Further, Beer-Lambert’s law gives the relation for the spatial profile of the inten-
sity of the optical radiation propagating in the medium, which can be expressed as
follows

I(x) = I0 exp (−µAx) (2.3)

The optical absorption in a biological sample arises primarily from the endogenous
biological molecules present in it like haemoglobin, melanin, water, lipids, and glucose.
Figure 2.2 shows the absorption coefficients of major endogenous biological molecules
as a function of wavelength.

Figure 2.2: Absorption coefficients of major endogenous biological molecules (oxy-
genated haemoglobin (HbO2), de-oxygenated haemoglobin (Hb), wa-
ter, lipid, glucose and melanin) inside a biological sample. (HbO2, Hb,
melanin and water are from http : //omlc.org/spectra/index.html, glu-
cose was measured during the course of the thesis and lipid is taken
from [53].

As can be seen from the figure 2.2, the optical absorption coefficient of the bi-
ological molecules are highly dependent on the wavelength. The two forms of the
haemoglobin (oxy and de-oxy) and melanin reveal dominant absorption features in
the VIS region of the electromagnetic spectrum (400-600 nm) and the other endoge-
nous molecules (water, lipid and glucose) show absorption features in the near-IR
region of the electromagnetic spectrum. Since the PA signal generated from the bio-
logical molecule is a function of its absorption coefficient, thus the use of PAI enables
label-free, non-invasive-based medical imaging.
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2.2 Photoacoustic imaging
PAI is a hybrid imaging technique, which employs an optical source for excitation
and an acoustic system for detection. The basis of PAI is the PA effect; which refers
to the generation of a wideband acoustic signal due to the absorption of optical
radiation. Alexander Graham Bell first reported the PA effect when he invented
photophone in 1880 with his assistant Charles Sumner Tainter [80]. From the initial
discovery through photophone, PA technology has seen immense applications from
non-destructive material inspection to gas sensing and spectroscopy in the subsequent
century [81, 82].

Interestingly, during the last two decades, PA technology is rapidly evolving into
widely-accepted biomedical imaging modality. Unlike the ionizing radiation-based
medical imaging modalities like X-ray and CT, non-ionizing radiation from radio-
frequency sources and short-pulsed (typically about µs-ns) lasers were often used as
non-hazardous sources for generating wideband PA signal from various biological sam-
ples. Moreover, when compared to the classical optical imaging methodologies, where
the optical scattering of the biological sample significantly limits imaging depth (>1
mm), PA-based imaging modalities can circumvent the limited penetration depth due
to the virtue of two-three orders of magnitude weaker scattering of the acoustic signal
in the biological samples, thereby providing the capability of greater imaging depths
(< 1mm). Eventually, making PA-based imaging modalities attractive alternatives
to imaging methods where extended penetration depth is required.

The success of PA technology in medical imaging can be attributed in part to
the development of contrast suitable laser sources, sensitive ultrasound detection
technologies, as well as appropriate data acquisition and processing routines which
make PA-based imaging modalities practical alternatives to its counterparts [83, 84].

The most well-known PA imaging methodology, which is widely used for diverse
biomedical applications is photoacoustic tomography (PAT). In PAT, a short high-
pulse energy laser source (typically about µJ-mJ) is used to excite a small part of
the biological sample. The excitation wavelength of the employed laser source gen-
erally falls within the dominant absorption features of the biological molecules (like
DNA-RNA, haemoglobin, melanin, cytochromes, water, lipids, glucose) inside the
sample which has to be imaged. The optical radiation absorbed by the molecules is
either partially or totally converted into a heat-induced pressure wave which propa-
gates into the biological sample as a high-frequency acoustic wave (ultrasound). A
single-element transducer or a multiple-element transducer array is used to detect the
generated ultrasound signals. Since the amplitude of the ultrasound signal detected
is proportional to the absorption of the molecules inside the sample; therefore, PAT
can be used to image nearly all molecules based on their endogenous contrast. PAI is
typically implemented based on three major image formation methodologies, which
of course have different requirements of laser energies and detection systems respec-
tively. The first being, raster scanning of focused optical radiation over the sample
and recording the PA signals using a single-element transducer, know as PAM. The
second method is photoacoustic endoscopy (PAE), where a forward or a side-viewing
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fibre probe is used to deliver the laser pulses required to excite the PA signal and
the PA signals generated are typically detected using a single-element transducer.
The third being, wide-field illumination of the sample with relatively higher pulse
energies and subsequently detecting the ultrasound signals using single or multiple-
element transducer array, known as photoacoustic computed tomography (PACT)
[85]. Figure 2.3 shows configurations of various implementations of PAI.

Figure 2.3: Various implementations of PAI ranging from microscopy to endoscopy.
Adapted from [85].

Schematics (a)-(c) in figure 2.3 show different configurations of PAM implemen-
tations, where (a) and (b) are based on optical resolution-PAM (OR-PAM) and (c)
is based on acoustic resolution-PAM (AR-PAM). Schematics (d)-(g) in the figure
show different configurations of PACT, where (d)-(f) uses high-pulse energy laser
pulses to excite wide-field of the sample and detect the signals using transducer array
while (g) uses a Fabry-Perot interferometer to detect ultrasound signals. (h) shows
the schematic of a side-viewing intravascular PA catheter based on PAE. All three
methodologies have their own advantages and limitations. However, the imaging
methodology is chosen based on three main requirements detailed in figure 2.4:

1. Imaging contrast: Imaging contrast is an essential requirement as the selection
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Figure 2.4: Various implementations of PAI and their requirements.

of laser excitation wavelength depends on whether the endogenous or exogenous
agents are to be targeted. Contrast based on endogenous agents has several ad-
vantages over exogenous agents as the former are non-toxic, label-free and have
freedom from regulatory approval as they occur naturally inside the sample.

2. Pulse energy: Since in OR-PAM configuration the excitation beam is typically
focused to the diffraction limit, therefore in principle 10-100 nJ of pulse energy
should be enough to excite the PA signal from the excitation region. In AR-PAM
the excitation area is relatively larger than OR-PAM; therefore, pulse energy
in µJ is necessary to excite the PA signals but in PACT as the excitation is
wide-field mJ of pulse energy is necessary to excite the PA signals.

3. Penetration depth and lateral resolution: Different imaging methodologies en-
able different lateral resolutions as they are based on different system compo-
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nents, as shown in the figure. OR-PAM is preferred when the imaging require-
ment is well within the quasi-ballistic regime as it enables lateral resolution at
a scale of single cells or organelles (5 µm). AR-PAM is preferred when the
imaging requirement is in the quasi-diffusive regime with a lateral resolution at
a scale of tissue (50 µm), and the PACT is preferred for imaging in the diffusive
regime with a lateral resolution at a scale of hundreds of micrometres.

The formulated objective of the current thesis is to develop a high-pulse energy
SC laser for PA applications. The development of the SC for PA applications will
only be justified when used with endogenous imaging contrast because the broad
bandwidth emission of the SC allows targeting multiple endogenous agents based on
their absorption features. Since the SC laser, in general, suffers from low PED, there-
fore, we have limited ourselves to the OR-PAM methodology. Thus, the maximum
penetration depths and the lateral resolution which can be achieved in the thesis will
be limited to the quasi-ballistic regime (about 1 mm) and the diffraction limit of the
focused optical excitation beam respectively.

Since the PAI methodology used in this thesis is based on OR-PAM. We will
discuss the detailed principle of PA signal generation and OR-PAM in the subsequent
sections.

2.2.1 PA signal generation
As mentioned earlier, the basis of PAI is the PA effect, in which the high-frequency
acoustic waves are generated as a result of the interaction of the sample with optical
radiation. The phenomenological description of the PA effect can be further described
in three steps:

1. Firstly, the propagation of optical radiation with its subsequent absorption in-
side the sample

2. The optical radiation induces heat inside the sample

3. The induced heat leads to the wide-frequency pressure change resulting in a
pressure wave

In order to have an efficient generation of PA waves; two-time scales have to be
addressed, i.e. the pulse duration of the optical excitation should be shorter than the
thermal relaxation time and stress relaxation time:

1. Thermal relaxation time (τth): The thermal relaxation time is the time for heat
dissipation of the absorbed optical radiation due to the thermal conduction
inside the sample; it can be approximated as:

τth = (Ld)2

4Dth
(2.4)
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where Ld is related to the spatial resolution of the sample, which depends on
the linear dimension of the tissue being heated. Dth is the thermal diffusivity
of the sample.

2. Stress relaxation time (τs): The stress relaxation time is the time for induced
mechanical stress to expand throughout the optically excited region; it can be
approximated as:

τs = Ld

νs
(2.5)

where νs is the speed of sound inside the sample. If we assume Ld to be about
10 µm, νs to be about 1500 m/s and Dth to be about 0.15 mm2/s, the thermal
relaxation time and stress relaxation time can be estimated to be about 0.35 ms and
12 ns respectively. Hence, the pulse duration of optical excitation should be shorter
than thermal relaxation and stress relaxation time-scales (i.e. >12 ns), i.e. to satisfy
thermal and stress confinement so as to excite efficient PA signal from the sample.

2.2.2 Principle of OR-PAM
Figure 2.5(a) shows the principle of OR-PAM. A typical OR-PAM system consists of a
pulse optical excitation source (typically a ns laser with sufficiently high pulse energy
to excite a PA signal from the sample), a single-element acoustic transducer (either
focused or unfocused (flat)), translation stage for raster scanning and the necessary
equipment for data processing. The light from the optical excitation source is focused
on the sample to generate heat inside the sample. The thermo-elastic expansion of
the sample due to the efficient absorption of the incident optical radiation generates
a high-frequency acoustic signal. The generated acoustic waves are subsequently
detected using the acoustic transducer.

At each excitation point on the sample, an A-scan is generated by the transducer
which contains information related to the depth profile of the sample. Therefore, to
achieve the maximum detection of the acoustic signal from the sample, the transducer
should be well aligned to the optical excitation. In the case of a focused transducer,
the two foci (optical and acoustic) should be configured co-axially and confocally
with respect to each other. The volumetric information of the sample in an OR-PAM
modality is realised by 2-D raster scanning. The phenomenological description of
the 2-D raster scanning is shown in figure 2.5(b). The translation of the sample or
the optical excitation longitudinally (in the y-direction) provides 2-D information of
the sample called B-scan. If the scanning is also extended in the lateral direction
(x-direction), we can record 3-D information of the sample. Therefore, either a 2-d
galvanometer scanning based mirrors for translating the optical excitation over the
sample or a 2-D motorised axis stage for translating the sample is used in thr OR-
PAM system.

The resolution capability of the OR-PAM originates from its optical focusing. As
mentioned earlier, OR-PAM is preferred when the spatial resolution of the sample is
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Figure 2.5: (a): Schematic showing the principle of OR-PAM. (b): Phenomenolog-
ical description of 2-D raster scanning in an OR-PAM system.

of higher interest when compared to the penetration depths as the optical beam can
easily be focused to close to the the diffraction-limited optical spot. The lateral and
axial resolutions of the OR-PAM can be represented as below [34]:

The diffraction-limited spot size of the focused excitation optical beam on to the
sample provides the lateral resolution of the system, which can be expressed as

RL = 0.51 λ

NA
(2.6)

where λ is the excitation wavelength and NA is the numerical aperture of the
lens used to focus the optical excitation on to the sample. On the other hand, when
we assume the PA response from a point target follows a Gaussian profile, the axial
resolution of the OR-PAM system can be expressed as follows

RA = 0.88 νA

∆fA
(2.7)

where νA is the speed of the sound in the sample and ∆fA is the PA signal band-
width, which can be approximated to detection bandwidth of the acoustic transducer
used for the detection.

Using different OR-PAM modalities the lateral and axial resolution as high as 0.2
µm and 15 µm (based on sub-wavelength OR-PAM [38]) and penetration depth as
deep as 2 mm (based on double illumination OR-PAM [86]) can be achieved. From
the past two decades, PAM has been used for numerous pre-clinical applications and
human studies, which includes ophthalmology [87, 88], dermatology [89, 90], vascular
biology [91, 92], oncology [93, 94], neurology [95, 96], cardiology [97, 98] and gastroen-
terology [99]. Most of the excitation laser systems in the reports mentioned above are
based on either fixed wavelength pulsed dye lasers, solid-state lasers or high-power
diode lasers. In order to devise the PAM experiments, the centre wavelengths of
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the lasers are chosen to align its emission wavelength either to the peak absorption
or close to the peak absorption of the targeted biological molecules. However, since
there exist different types of endogenous biological molecules inside a human tissue
and these molecules can be identified and distributed by their respective absorp-
tion features. Thus, to discern multiple biological molecules by visualising specific
molecules following their spatial distribution and temporal dynamics inside a single
tissue sample through MS-PAM, there is an inevitable need for high-pulse energy
wavelength-tunable laser sources.

2.2.3 Light sources for MS-PAM applications
A typical MS-PAM system not only allows detection of specific endogenous biological
molecule, but it should also be able to identify the molecule in the presence of any
other background molecule. The identification capability of the system on top of
the detection capability enables both functional and structural information of the
biological sample. Therefore, in order to use a laser for MS-PAM applications: the
excitation laser should have;

1. Emission wavelength in the wavelength region, where the biological molecule
has dominant absorption features.

2. Sufficiently PED to excite the PA signal from the biological molecule, to detect
either the quantitative or structural information corresponding to the biological
molecule.

3. Broadband or tunable emission to extract wavelength-dependent PA informa-
tion. The wavelength-dependent PA information corresponds to functional in-
formation of the biological molecule/molecules.

Several lasers like stimulated Raman scattering (SRS) lasers [100] and multiple
diode lasers [101] have been reported for the use of MS-PAM applications. The SRS
lasers which provide discrete emission wavelengths and multiple diode-modulated
lasers may circumvent the use of wavelength-tunable lasers for MS-PAM applications
for some extent. However, they are not suitable for high-resolution MS-PAM ap-
plications because of their discrete emission wavelengths and their incapability to
generate wavelengths to target more than one biological molecule. Another kind of
lasers which have been widely used are OPOs. While allowing for high-resolution
broad bandwidth tunability with sufficiently high PED to perform MS-PA applica-
tions, the OPOs are relatively slow (<1 kHz); furthermore, they are expensive and
have large footprints, which, therefore, limit the compatibility and robustness of the
overall MS-PAM system.

The fibre-based SC sources are considered as front runners towards the MS-PAM
applications of multiple endogenous agents, due to their ability to emit ultra-broad
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bandwidth from the VIS extending into the IR with a PRR of tens of kHz by preserv-
ing the virtue of a fibre laser. The subsequent sections provides a brief introduction
to fibre lasers and amplifiers followed by fibre-based SC laser sources.

2.3 Fibre lasers and amplifiers
Soon after the demonstration of the first laser in ruby crystal by Theodore Maiman in
1960, the first fibre laser in a neodymium-doped glass was reported by Elias Snitzer
and Charles Koester in 1962 [102]. However, due to the side pumping used in the
first fibre lasers limited, the output efficiency of the reported lasers and were thus
often outperformed by the solid-state lasers. Charles Burrus and John Stone made
a successful attempt to circumvent the output efficiency of the fibre lasers in 1973
by the use of longitudinal pumping. Eventually, due to the further advances in fibre
fabrication techniques and high-power laser diodes, fibre laser technology has seen
rapid advancements [103].

Fibre lasers differ from their counterparts not only by their mechanical and ge-
ometrical properties but also by their optical properties like beam quality, output
efficiency, and optical power levels. The primary advantages of fibre lasers which
make them adaptable for many different applications are [104]:

1. Low-cost fibre manufacturing; in a single draw several kilometres of low-loss
fibre can be produced.

2. Compact footprint, since most of the active and passive materials in the laser,
are fibres, by bending and coiling the fibres, lasers with compact footprints can
be achieved.

3. Good thermal management, fibre lasers allow efficient cooling due to their high
intrinsic surface area to volume ratio.

4. High wall-plug efficiency, fibre lasers are considered to be one of the best laser
configurations for devising high-power laser systems due to their overall wall-
plug efficiencies (>30 %)

5. Remote delivery, the laser beam from the fibre lasers can be steered simply by
orienting the output fibre end, which makes it extremely adaptable for industrial
applications like cutting, folding, welding and many more.

Fibres based on silica have demonstrated their excellent candidature for their
ability to help devise fibre lasers, with diffraction-limited beam quality and exces-
sive optical power due to the low attenuation, high damage threshold, and excellent
thermal properties of silica fibres. Notably, the advent of rare-earth-doped fibres led
to the development of fibre lasers with unprecedented advantages over their counter-
parts. Snitzer et al. demonstrated the first-diode pumped optical amplifier in 1988,
followed by the first commercial fibre amplifier (EDFA) in 1992 [103, 104]. Within
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no time after the demonstration of the first fibre amplifier, record output efficiencies
(>80 % for Ytterbium (Yb) doped fibre laser and >40 % for Erbium (Er) doped fibre
laser) have been reported [105–107].

Further power scaling of the fibre lasers was introduced with the development
of doped (mono (Er/Yb/Tm/Ho) or co-doped based on the operating wavelengths)
double-cladding fibre structure, which allowed injection/coupling of high pump pow-
ers thereby enabling scaling of output optical powers in a wide range of operating
wavelengths as never before [105]. Moreover, the ability of silica fibres (both passive
and active (also doped)) and their fibre-based optical components (like filters, split-
ters, and combiners) to be readily spliced using arc/fusion splicers make them ideal
candidates for all-fibre, compact and robust laser sources for a large number of ap-
plications. Depending on the applications, different configurations of the fibre lasers
can be selected based on the emission wavelength and the mode of operation (i.e. con-
tinuous wave (CW ) and pulsed mode). Figure 2.6 shows wavelengths accessible by
the use of different fibre laser configurations. The selectability of the fibre lasers, led
its applications ranging from nearly immutable industrial applications like telecom-
munications, material processing and LIDARs to budding scientific applications like
nonlinear optical conversion, spectroscopy, and imaging [107].

Figure 2.6: Wavelengths accessible by the use of different fibre laser configurations
in the near-infrared region.

Of various types of fibre laser amplifiers, the master oscillator power amplifier
(MOPA) based fibre laser amplifier provides an ingenious way of devising an all-
fibre laser source with a high controlling capability of output optical power based
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on the number of amplifiers, output pulse duration based on the modulation of the
laser oscillator (seed laser), operating wavelengths based on the laser oscillator and
corresponding fibres used in the laser system. The brief information about MOPA
and its configuration is further described in the subsequent section.

2.3.1 Master oscillator power amplifier configuration
The optical output power usually limits the use of standard laser oscillators for differ-
ent practical applications. Moreover, high-power laser oscillators may also result in a
low-quality output beam and suffer thermal distortion. As mentioned earlier, MOPA
based laser configuration provides an efficient way of scaling the optical power by
preserving the spatial and thermal characteristics of the laser oscillators [106, 107]. A
MOPA system can be realised as a free-space system or as an all-fibreised system. The
early MOPA systems were based on solid-state amplifiers; however, the systems were
quickly adopted into fibre-based systems due to the development of active fibres. In
conjunction with a gain-switched laser diode or directly modulated diode (DMD) and
the fibre-based optical components, required specifications in terms of optical power,
pulse duration, PRR, and linewidth are easily achievable when compared to other
laser technologies. Figure 2.7 shows the schematic of a typical MOPA configuration
[31].

Figure 2.7: Schematic configuration of typical MOPA based laser system with PSDs
from the individual stages of the MOPA.

As can be seen from the schematic, a typical MOPA configuration employs a seed
laser, which can be directly modulated using an external pulse generator. The laser
oscillator emits pulsed single-mode radiation with relatively low optical power (µW-
few mW). The optical signal from the laser oscillator is subsequently amplified using
one or more high-gain pre-amplifier stages based on single-mode active rare-earth-
doped fibres by simultaneously core-pumping CW light using the fibre-coupled pump
laser. The light from the pre-amplifier is further scaled through a booster amplifier,
which consists of a large mode area (LMA) double-clad rare-earth-doped fibre, and
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high-power CW pump lasers. The crucial aspects which should be addressed while
devising any MOPA are the suppression of nonlinear effects and amplified spontaneous
emission (ASE). The use of LMA based double-clad fibres in the booster amplifier
limits un-wanted nonlinear effects. To reduce the amplification of ASE, different pre-
amplification stages are isolated using narrow bandpass filters or fibre Bragg gratings.
Depending on the application, average optical power as high as 100s of watts has
been already achieved using a MOPA configuration [3, 108, 109]. In the course of this
thesis, both the pump laser sources used for SCG are based on a MOPA configuration.

2.4 Fibre-based superconitnuum lasers
An SC laser is a typically broad bandwidth laser, in which an intense narrow band-
width optical radiation (pump pulse) experiences a massive spectral broadening due
to the interplay of linear and nonlinear effects while propagating inside a nonlinear
medium [5, 6, 110]. The SCG was first observed in 1970 by Robert Alfano and
Stanley Shapiro in bulk glass [9] and later in optical fibres in 1975 by Chinlon Lin
and Rogers Stolen [7]. However, the term SC had first appeared in the literature in
1980 when Joel Gersten et al. reported the extreme spectral broadening of the pump
pulse due to its propagation in a liquid medium [111]. The advent of PCF) [10, 112],
which significantly simplified the requirements for SCG in terms of dispersion and
nonlinearity (as reported in 2000 by Jinendra Ranka et al. [113]) has taken off the
SC research, thereby enabling the first commercial SC laser source shortly in 2003
[13, 114]. Besides the dispersion engineering, versatile nonlinearity and extended in-
teraction length capability of the fibres, combined with its ability to preserve the
high spatial coherence properties of the incident optical radiation even after the SCG
makes it an indelible interacting medium for the SCG applications. Moreover, as
discussed in the previous sections, the apparent advantages of using a MOPA based
fibre laser (tunable optical power, temporal profile and wavelength to a certain ex-
tent) as a pump laser and interacting medium as fibre makes the overall SC laser
system efficient, portable and low-footprint [115–117].

Physics of the underlying mechanisms for SCG is generally complex and depends
significantly on the optical power, temporal profile, operating wavelength and stability
of the incident optical radiation (pump pulse) and dispersion, nonlinearity of the
interacting medium [5, 118, 119]. However, one can distinguish the SCG dynamics
depending on the temporal duration of the pump pulse (short (fs) and long-pump
pulse (>ps)) and dispersion regime (anomalous and normal dispersion). Nevertheless,
since the objective of the current thesis is to develop high-pulse energy SC lasers
suitable for PA applications (ns pulse) and since both the pump lasers used were
well above the ZDW of the interacting medium (anomalous), we, therefore, restrict
the discussion to long-pump pulse-based SCG by pumping in anomalous dispersion
regime.

Figure 2.8 shows a phenomenological illustration of the main underlying mecha-
nisms for SCG using a long-pump pulse in the anomalous dispersion regime in two
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different cases. Figure 2.8(a) shows a case where the wavelength of the pump pulse
is not far de-tuned from the ZDW of the fibre. When the pump pulse itself is not a
fundamental soliton as is the case for pump pulse with long pulse durations (>ps), the
initial spectral broadening of the SC arises when modulation instability (MI) breaks
the pump pulse into a huge number of fast temporal oscillations that later reshape
into fundamental solitons [56, 120]. Once formed, the solitons will start to extend to
longer wavelengths (red shift) due to the Raman scattering. However, in the anoma-
lous dispersion regime, since the longer wavelength components have slower group
velocities when compared to that of the pump pulse, the different solitons propagate
at different velocities, thereby resulting soliton collision, where the energy transfer
from low power to high power solitons takes place. Moreover, during the soliton
formation and collision dynamics, solitons also generate dispersive waves (DWs) in
the normal dispersion regime (below ZDW) since the soliton spectrum extends into
the normal dispersion regime. As the generated DWs feel the cross-phase modulation
(XPM) from the red-shifting and decelerating solitons, some of the DWs get trapped
and gradually blue shift. The combination of blue-shifting DWs and the red-shifting
solitons expand the SC until the point where the solitons can no longer decelerate,
and the DWs no longer feel the XPM from the solitons, which in turn determines
the bandwidth of the SC. The phenomenological illustration of the SCG with a long-
pump pulse in the anomalous dispersion regime pumping close to the ZDW is shown
in figure 2.8(a) [117].

During this thesis, both the approaches, i.e. SCG with a long-pump pulse in the
anomalous dispersion regime pumping far above the ZDW of a standard SMF28e fibre
and pumping close to the ZDW of a standard dispersion shifted fibre was used. In
G1_SC laser configuration, a standard SMF28e fibre having a ZDW at 1300 nm is
pumped with a ns pump pulse at 1547 nm. On the other hand, in the G2_SC laser, a
standard dispersion shifted fibre whose ZDW is around 1550 nm is pumped with a ns
pump pulse at 1555.3 nm. However, both the SCs mainly show the spectral features
towards the longer wavelength of the pump pulse. The phenomenological illustration
of SC based in G1_SC is shown in figure 2.8(b). In the case of 2.8(b), the SC is
initiated due to the noise amplification via MI followed by the soliton break up and
subsequent soliton collision. The formed solitons will start to red shift due to the
Raman scattering. However, since the spectral components due to the solitons do not
extend into the normal dispersion regime, thus DWs are not triggered. Therefore, the
generated SC will have spectral broadening to longer wavelengths only. Subsequent
section details about the underlying mechanisms of this SCG approach.

2.4.1 Modulation instability
MI is a nonlinear phenomenon in which symmetric sidebands are generated in the
frequency domain around the pump wavelength due to the interplay between disper-
sive and nonlinear effects. In the time domain, any weak perturbations from e.g.
pump noise or any in-homogeneity inside the fibre will be exponentially amplified
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Figure 2.8: The phenomenological illustration of the SCG with a long-pump pulse
in the anomalous dispersion regime pumping.

thereby resulting fast temporal oscillations of pump pulse and its subsequent break
up into a large number of solitons. MI is discerned by adding perturbation term to
the nonlinear Schröedinger equation (NLSE ), which leads to the perturbation of the
wavenumber (K) and the frequency (Ω) as given below [118]:

K = ±β2Ω
2

√
Ω2 + sgn(β2)(Ωc)2, (2.8)

where Ωc = 4γP0

|β2|
,
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In the anomalous dispersion regime, i.e. sgn(β2)=-1; To satisfy the condition
of MI, K is imaginary for |Ω| < |Ωc| and the gain spectrum, the peak position
(ΩMI−Max) and the maximum gain (gmax) of the symmetric sidebands are given by
[118]:

g(Ω) = |β2Ω|
√

Ω2
c − (Ω)2, (2.9)

ΩMI−Max = ±

√
2γP0

|β2|
, (2.10)

gmax = 2γP0. (2.11)

The MI gain specta for the two SC lasers (G1_SC and G2_SC) used in the course
of the thesis are shown in the figure 2.9(a). Figure 2.9(b) shows the MI gain spectra
for G1_SC laser for three different peak powers in the case of G1_SC laser.

Figure 2.9: (a): MI gain spectra of the two versions of SC lasers used in this thesis.
(b): MI gain spectra for three different peak powers of G1_SC laser.

2.4.2 Raman scattering
Raman scattering of an incident photon by molecular vibrations is a non-instantaneous
process. In the spontaneous Raman scattering, when an incident photon is down-
shifted in frequency by transferring a part of the energy to a phonon it is referred to
as Stokes shift and when the incident photon is up-shifted in frequency by a net energy
gain it is referred to as anti-Stokes shift. For the materials in thermal equilibrium,
the Stokes shift is more commonly observed as the ground state is highly populated
when compared to the excited state. As the name suggests, the spontaneous Raman
scattering takes place when there are no photons at the Stokes frequency. However,
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when stimulated either by a high-pump power seed or through nonlinear effects like
self-phase modulation and four wave mixing distributed amplification can be achieved
in the optical fibre which can be referred to as SRS [118].

The spectrum of the Raman gain is associated to the imaginary part of the Fourier
transform of the Raman response function. The two different Raman response func-
tions for the molecular vibrations of silica which are widely used are shown below
[118]:

gR(∆ω) = fRω0

cn(ω0)
χ(3)

xxxxImag[FhR(t)], (2.12)

hR(t) = τ2
1 + τ2

2
τ1τ2

2
exp( −t

τ2
) sin( t

τ1
), (2.13)

hmodified
R (t) = (1 − fb)hR(t) + fb[ 2τb − t

τ2
b

] exp(−t

τb
). (2.14)

where τ1 (12.2 fs) and τ2 (32 fs) are damping vibration times, fR (0.18/ 0.245)
is the fractional Raman gain and fb (0.21) is the relative contribution of the boson
peak with damping time (τb) of about 96 fs [118].

The Raman gain spectra based on the two Raman response functions (simple
(2.13)and modified(2.14)) for the G1_SC laser using the two different Raman response
functions is show in figure 2.10(a) and their Raman responses in 2.10(b).

Figure 2.10: (a): Raman gain spectra of G1_SC laser based on simple and modified
Raman response functions overlaid with the measured Raman gain of
silica fibres from [118]. (b): Raman response in temporal form of
G1_SC laser.

Figures 2.9 and 2.10 show the independent gain contributions. However, since the
MI gain is strongly influenced by the Raman effect, the MI gain taking into account
of the Raman response function can be represented as follows [121]
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g(Ω) = Imag[∆k0 ±
√

∆ke + 2γP0R̃(Ω)∆ke], (2.15)

where Ω is the angular frequency offset to the pump frequency. ∆k0 and ∆ke are
given below

∆k0 =
∞∑

m=1

β̃2m+1

(2m + 1)!
Ω2m+1, (2.16)

∆ke =
∞∑

m=1

β̃2m

(2m)!
Ω2m, (2.17)

Raman response R̃(Ω) from [118] approximated as

R̃(Ω) = (1 − fR) + fR
τ2

1 + τ2
2

τ2
2 − τ2

1 (i + τ2Ω)2 . (2.18)

Figure 2.11 the MI gain taking Raman response into account for the G1_SC laser.

Figure 2.11: Illustration of MI gain taking Raman response into account for G1_SC
laser.

Since the broadening is based on long-pump pulses, a particular feature which is
associated with the long-pump pulse regime is the incoherence of the generated SC, i.e.
the SC exhibits significant temporal and spectral fluctuations between its consecutive
pulses. This incoherence characteristics is central to both the G1_SC and G2_SC
laser sources presented in this thesis. Nevertheless, the intensity fluctuations of the
SC laser sources can be circumvented by averaging the SC pulses during its use with
the applications.
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CHAPTER3
Supercontinuum

based optical
resolution microscopy

The current chapter aims to provide detailed information about the configuration,
components and operation of the OR-PAM system built at DTU to help rebuild the
system for any future endeavours.

3.1 OR-PAM configuration
As discussed earlier, the typical OR-PAM employs a ns laser for optical excitation and
a single-element ultrasound transducer (either flat or focused) for the PA detection.
When used with the focused detector, the essential step for devising the OR-PAM
system based on SC lasers (limited by PED) is to align the dual foci of optical
excitation and ultrasound detection. Figure 3.1 shows a schematic of the fibre-SC
laser-based OR-PAM system built at DTU.

The ns-based all-fibre G2_SC is used as an optical excitation source. The output
end of the laser is connectoirsed with a standard single-mode angle (FC/APC) con-
nector (30126A9, Thorlabs) for the ease of handling. The optical excitation branch
is built to be a cage system using 30 mm standard cage components from Thorlabs.
The cage system was specifically chosen as it provides a convenient way to devise the
system wit high flexibility and accurate alignment of the optical path.

The complete system can be represented in two branches; optical excitation and
ultrasound detection branch. The optical excitation branch comprises of two SM1-
threaded cage plates to which a broadband reflective collimator (RC04APC, Thorlabs)
based on a 90◦ off-axis parabolic mirror and a bandpass filter (FL051550-10, Thorlabs)
are connected, a right-angle cage compatible mirror mount (KCB1/M, Thorlabs) with
a silver-coated mirror (PF10-03-P01) and a single-axis cage compatible translational
mount (SM1Z, Thorlabs) to house an IR 10x objective lens (LH-10X-1064, Thorlabs),
a linear motorised XY scanning/positioning stage (8MTF, STANDA) with a travel
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Figure 3.1: Schematic of the fibre-SC laser-based OR-PAM system. Inset shows the
photograph of the system and the sample holder.

range of 75x75 mm with a controller (8SMC5-USB, STANDA) and a 3-D printed
sample holder (shown in the inset) with an imaging window sealed with microscope
slide to have maximum optical transmission on to the sample.

The ultrasound detection branch comprises of an ultrasound transducer (CO-
PAC1, COPAC5, COPAC10, Olympus7, Optel25), low-noise ultrasound/RF ampli-
fiers (ZLN-500LN-BNC+, Mini-Circuits) or amplifiers on (OPLabbox ver 1.2, Op-
tel). The ultrasound signals from the amplifier are then set to the fast oscilloscope
(HDO9404, Teledyne LeCroy) and the PC for data analysis.

3.2 Experimental steps for OR-PAM
1 Before placing the sample holder on to the scanning stage, make sure to align

and maximise the optical power the beam using a pair of cage compatible irises
(CP20S, Thorlabs).

2 Block the optical beam and place an optically absorbing flat target (for example,
a thin piece of black tape (stock no. 373-1577, RS components)) on to the
imaging window of the sample holder and fill it with water.



3.2 Experimental steps for OR-PAM 33

3 As mentioned earlier, it is crucial to have a confocal alignment of optical and
ultrasound foci,

3.1 To align the transducer’s position, fix the transducer to 3-axis linear position-
ing stage (PT3A, Thorlabs) with its active area facing towards the sample (as
shown in the inset) and immerse it into the water. Connect the BNC from the
transducer to the PE BNC of the OPLabbox and a BNC from OUT BNC of
the OPLabbox to the oscilloscope. Determine the focal plane of the transducer
by adjusting it using an ultrasound-pulse echo measurement. After determin-
ing the focal plane of the transducer connect the BNC to the TT BNC for PA
receiving mode.
Note: The OPLabbox is a pulser-receiver and transmitter with tunable RF filter
and amplifier, i.e. it works as an ultrasound pulser-receiver and as an ultrasound
transmitter (refer to the datasheet in Appendix).

3.2 To align the optical excitation, direct the optical beam on to the flat target
and adjust the focal plane of the objective lens (using SM1Z) until a maximum
PA signal is achieved from the flat target. Subsequently, adjust the horizontal
position of the transducer (using PT3A) until the PA signal generated from the
thin target shows a pattern of symmetry. At the symmetry position, both the
optical excitation and the ultrasound detection are confocally aligned.

Figure 3.2(a) shows the schematic of the setup used for transducer (COPAC10)
alignment (pulse-echo measurement) and the inset shows the side and top view of
the sample holder. Figure 3.2(b) shows the ultrasound pulse, reflection and the echo
signals received from the tape; the intensity of the reflection is much smaller than the
pulse as the tape absorbs a part of the ultrasound signal. Figure 3.2(c) shows the
reflected signals acquired from the glass (microscope slide), tape and plastic (sample
holder) by translating the transducer in the horizontal direction. As can be observed
from the inset of figure 3.2(a) since the plastic is closer to the transducer’s surface
when compared to the tape and the glass. The reflections from the plastic reach the
transducer faster than the tape and the glass.

Figure 3.3 shows the typical PA signal acquired by illuminating the tape with
filtered excitation (1550 nm, bandwidth: 10 nm) from the G2_ SC. The transducer
used for detection is COPAC10.

Generally, different transducers feature different ultrasound capturing efficiencies;
therefore, an experiment was performed by illuminating the tape with the same PED
and recording the ultrasound signals with all the transducers we had access to. The
figure shows the maximum PA amplitude of each transducer after 48 dB amplification.
Where C1, O7, O25, C5, C10 are COPAC 1 MHz, Olympus 7 MHz, Optel 25 MHz,
COPAC 5 MHz and COPAC 10 MHz respectively.

Among all the five transducers, COPAC 10 MHz transducer showed the highest
efficiency; therefore, COPAC 10 MHz transducer was used for in vivo experiments
detailed in chapter 5.
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Figure 3.2: (a): Schematic of pulse-echo measurement setup. Inset shows the side
and top view of the sample holder. (b): Acoustic signals from the tape
measured using pulse-echo measurement. (c): Reflected acoustic signals
from the glass, tape and the plastic part of the sample holder.

3.3 Imaging capability of SC-based OR-PAM system
To test the capability of the OR-PAM system, The spatial resolution of the system is
evaluated using the PA signals from the tape. As mentioned earlier, in the OR-PAM
system, the optical excitation determines the lateral resolution. The lateral resolution
of the PAM system can typically be evaluated using a resolution target or any edge
of the sample. In our experiment, we imaged an edge of the single-double layer tape
to determine the resolution. The attenuated light from the laser is scanned across
the edge of the tape, and PA signals from every excitation point are recorded, and
its maximum amplitude is analysed. Subsequently, the edge spread function (ESF)
and line spread function (LSF) of the maximum PA amplitudes of the edge of the
tape is calculated. The lateral resolution of the system can be estimated using the
FWHM from the edge line spread function, as shown in figure 3.4(a). The estimated
lateral resolution of the system is about 21 µm, which can be further improved using
an improved focusing optics.

The axial resolution of the OR-PAM system mainly depends on the transducer’s
bandwidth. The PA signal at a single excitation point is used to compute the axial
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Figure 3.3: (a): Trigger signal of the laser with its corresponding PA signal. (b):
PA signals from the tape using various transducer.

resolution. The axial resolution can be evaluated by extracting the FWHM of the
envelope computed from the PA signal of the tape, as shown in figure 3.4(b). The es-
timated axial resolution of the OR-PAM system is about 60 µm. The axial resolution
of the OR-PAM system can be further improved using a transducer with a higher
central frequency.

Figure 3.4: Spatial resolution of the OR-PAM system. (a): Lateral resolution. (b):
Axial resolution.

Figure 3.5 shows the typical maximum amplitude projection (MAP) image of the
tape sample (to show contrast in the image a combination of a single and double
layer is glued on to the microscope slide). The laser repetition rate was set 30 kHz
and the scanning stage was set to raster scan an area about 1.8 x 1 mm in step of 15
µm. At every scan point, the PA signal from the tape sample is recorded using a flat
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transducer (COPAC10), amplified using the RF amplifiers and sent to the oscilloscope.
Hilbert transformation is computed for the amplified PA signal at every scan point to
form the envelope signal and its maximum is recorded to form a MAP image. Inset
of figure 3.5 shows the recorded PA amplitude with respect to the position of the
sample along the dotted line.

Figure 3.5: (a): MAP image of the tape sample using SC-based OR-PAM system.
Inset show the PA amplitude with respect to the position of the sample
along the dotted line.



CHAPTER4
Development and

applications of
G1_Supercontinuum

4.1 Background
The following chapter details about the development of a low-cost all-fibre G1_SC
source using standard commercial telecommunication components. For the scope of
this project, the output of the G1_SC laser is specially tailored to be suitable for
bond induced absorption-based MS-PAM applications over 1500-1900 nm wavelength
region of the electromagnetic spectrum.

To date, accelerated attempts for devising broadband fibre lasers for MS-PAM
applications have been reported. The generation of broadband wavelengths in reports
mentioned earlier is either based on SRS [100, 122–129] or SCG. Lasers based on
SRS by pumping with the pulsed lasers far below the ZDW of the fibre generates a
series of isolated Raman orders/peaks. Using this technique, Koeplinger et al. [100],
Hajireza et al. [124], Liang et al. [126] and Liu et al. [128] demonstrated PAM at
multiple wavelengths in an SMF with 532 nm pulsed lasers. However, the SRS based
approach is not suitable for the scope of this thesis due to two main reasons: firstly,
lasers based on SRS approach have their significant pulse energy distributed in the
isolated Raman peaks, thereby limiting them for the use of high-resolution MS-PAM
applications. Secondly, SRS is a dominant nonlinear effect when pumping with lasers
below the ZDW of the fibre. However, since most telecommunication range SMFs
have positive dispersion at wavelengths longer than 1300 nm. Therefore, SRS is not
an efficient approach for generating wavelengths suitable for MS-PAM of lipids in the
first overtone of C-H bonds.

As mentioned in the section 2.4 more promising fibre laser-based approach which
could circumvent the drawbacks of SRS lasers for MS-PAM are based on SCG. Billeh
et al. [45], Liu et al. [46], Shu et al. [48], Bondu et al. [130] and Aytac et al. [131]
demonstrated the use of PCF based SC laser sources for MS-PAM. However, while al-
lowing a high degree of dispersion engineering for generating an ultrabroad spectrum,



38 4 Development and applications of G1_Supercontinuum

the PCF based SC sources struggle to deliver the pulse energies necessary for high-
resolution MS-PAM applications, where high PED is of primary concern compared
to the ultra-wide optical bandwidth. However, in the course of this Ph.D., since the
applications were targeted towards endogenous molecules in a wavelength region of
1500-1850 nm, increasing PED was given a higher importance when compared to the
optical bandwidth.

4.2 Experimental configuration of G1_SC laser source

Figure 4.1 shows schematic of the G1_SC laser source. The laser system primarily
consists of a fibre-coupled directly modulated laser diode based amplifier operating at
1547 nm (MLT-PLR-OEM20, Manlight). The pump laser was driven by an external
pulse generator (TG2000, AIM-TTi). The pulses from the pump laser were used to
pump a standard commercially available SMF (SMF28e, Corning). The fibre has a
numerical aperture of 0.14 and a ZDW close to 1300 nm, resulting in the anomalous
dispersion at the pump wavelength, which is important for standard SCG[5]. In order
to avoid back reflections from the end facet of the fibre, the fibre was angle cleaved
(setting a cleaving angle of 8◦ in the tension cleaver (CT-100, Fujikura)), and then
FC/APC connectorised for ease of handling.

Figure 4.1: Schematic of the all-fibre G1_SC laser source. SMF: single mode fi-
bre. PC: personal computer. FC/APC: fibre coupled/angled physical
contact. Inset shows the photograph of the pump laser.
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4.3 Characterisation of the G1_SC laser source

4.3.1 Pump laser for G1_SCG
The pump laser used for the G1_SC laser is a commercial very compact (90 x 70 x 15
mm3) pulsed fibre laser. The laser operates at 1547 nm, emitting pulses with a fixed
pulse duration of 3.2 ns (FWHM) and a variable repetition rate from 30-100 kHz.
Laser is used in an external trigger mode by feeding TTL signals with an external
pulse generator. For an efficient SCG, its always recommended to use the pump
laser at maximum peak power (refer to figure 4.4(b)). Therefore, the pump laser
was mostly operated at the lowest PRR of 30 kHz. Figure 4.2 shows the complete
characterisation of the pump laser at 30 kHz PRR. The maximum average power of
the pump is about 536 mW (corresponds to the peak power of 5.56 kW).

Figure 4.2: Characterisation of the pump laser source at maximum peak power (30
kHz). (a): Optical spectrum. (b): Average output power with respect
to input current. (c): Temporal profile.
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4.3.2 G1_SCG
The laser pulses from the pump laser are directly coupled into a 5 m SMF by splicing
the output fibre of the laser directly to the SMF. Figure 4.3(a) shows the dispersion
and attenuation profile of the SMF. The SMF has a ZDW close to 1300 nm, resulting
in the anomalous dispersion at the pump wavelength, which is important for standard
SC generation.

Figure 4.3: (a): Dispersion and attenuation profile of the SMF fibre. (b): SC spec-
trum generated using the pump laser with 30 kHz PRR in 5 m SMF.
(c): Simulated surface density plot of the evolution of the normalized
power in dB (z-axis) with respect to the propagation length of the SMF.

When intense ns laser pulses are pumped into an SMF, the strong confinement
and long interaction lengths of the fibre induce nonlinear spectral broadening, thereby
yielding broadband SC output. The SC spectrum generated after 5 m of SMF is
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shown in figure 4.3(b). It can be seen from the figure 4.3(b), that the SC spectrum
from 5 m of SMF extends until 2000 nm. In order to further verify experimental
results of the SCG in SMF, pulse propagation and SCG was modelled using the
GNLSE through a MATLAB routine. The number of time points used during the
simulations is 215 and a temporal resolution (dt) of 2.3 fs and a spectral resolution
(df) of 13 GHz. The center wavelength, pulse duration and the peak power used
are 1547 nm, 5 ps and 2.2 kW respectively. The result from the simulation is shown
using a spectrogram in figure 4.3(c). The features in the spectrogram are in good
agreement with the observed features in the measured results. As can be seen, the
broadening obtained by pumping the fibre in the anomalous regime is attributed to the
initial phase matched FWM and the subsequent effects during the pulse propagation.
Particularly, the combination of FWM and Raman scattering perturbs the waveform
causing the onset of MI. MI causes breakup of the pulse into sea of solitons, which
extend SC towards longer wavelengths with further propagation lengths of the fibre
due to soliton-self frequency shifting as detailed in the section 2.4.

However, since the SC laser will be used for MS-PAM applications in the first
overtone region of C-H bonds i.e. 1650-1850 nm. Therefore, the length of the SMF
was further tailored to match the first overtone region by the means of cutback mea-
surements. Figure 4.4(a) shows the SC spectrum at three different lengths of SMF (5,
4 and 3 m). It can be seen that 3 m of fibre is close to ideal for an optimum coverage
of the 1650-1850 nm band by the SC spectrum.

Figure 4.4: Spectral characterisation. (a): SC spectrum generated using the pump
laser with 30 kHz PRR in 5, 4 and 3 m SMF. Highlighted region showing
the first overtone of C-H bonds (1650-1850 nm) (b): SC spectrum gen-
erated using the pump laser at varying repetition rate from 30 kHz-100
kHz in steps of 10 kHz.

The developed G1_SC laser was subsequently used for MS-PAM of lipids (section
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4.4), MS-PAS of glucose (section 4.5) and monitoring of aqueous ammonia using
PAS system (section 4.6). The detailed experiments will be described in subsequent
sections.
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4.4 G1_SC based ex vivo MS-PAM of lipids
This section is based on journal paper “High-pulse energy supercontinuum laser for
high-resolution spectroscopic photoacoustic imaging of lipids in the 1650-1850 nm
region” published in Biomedical Optics Express 9(4), A61-A65, (2018).
DOI: 10.1364/BOE.9.001762. Adapted with permission from [41] © The Optical
Society (refer to the reprint permission from the publisher (OSA) in the appendix).

4.4.1 Introduction to MS-PAM of lipids
PAM is a hybrid imaging modality offering label-free high contrast imaging combined
with high spatial resolution based on the wavelength-dependent molecular absorption
and ultrasonic detection, respectively [132]. The ability of PAM to discriminate vari-
ous endogenous biological molecules using absorption contrast makes it a promising
technique for the detection, diagnosis, and monitoring of various diseases [33, 34, 133].

Lipids are key endogenous biological molecules inside the body, as they act as ma-
jor contrast agents in the identification of fatal chronic diseases like atherosclerosis
and myocardial infarction [51]. The wavelengths used for PAM in most of the afore-
mentioned cases fall in the UV-VIS part of the electromagnetic spectrum due to the
prominent absorption of the major endogenous biological molecules like haemoglobin,
melanin, etc [34]. Therefore, most of the early studies on lipids have also been fo-
cused on PA detection in the 420-530 nm [51] and 680-900 nm wavelength range [134].
Operation in the UV and VIS part of the spectrum provides a high spatial resolution
but limited penetration depth, due to strong absorption of haemoglobin inside the
blood, consequently needing saline flush of blood to improve the imaging.

One possible way to achieve higher penetration depths is to operate at longer wave-
length. Especially in the second and first overtone transition bands of C-H bonds in
lipids (1100-1300 and 1650-1850 nm) [44, 53, 135–137] where the absorption spec-
trum of lipid show well-differentiated peaks with higher absorption than other main
constituents of biological tissue, such as water and haemoglobin [53, 136]. Moreover,
the lower absorption of haemoglobin eliminates the need for saline flush during the
imaging of the lipids [137].

Figure 4.5 shows the absorption coefficient of major endogenous agents (oxy-
genated haemoglobin (HbO2), deoxygenated haemoglobin (Hb), water, and lipid)
inside the biological tissue. As can be seen from figure 4.5, the absorption of lipid
is the highest in the first overtone transition of C-H bond region (1650-1850 nm),
making it the preferred band for PAM, in particular, IVPA imaging [136, 138].

PAM and IVPA of lipids in the first overtone region have been performed using
OPOs at a single wavelength by Piao et al. at 1725 nm [139] and by Cao et al. at 1730
nm [140] and spectroscopic PA in the whole 1620-1780 nm band to identify different
lipids by Wu et al. [138]. However, while allowing a full band tunability, tunable
OPOs have a high cost and a large footprint, making them not ideal for portable
MS-PAM systems.



44 4 Development and applications of G1_Supercontinuum

As mentioned earlier, the other types of sources which could circumvent the use
of OPOs up to a certain extent are based on SRS. Such a source pumped at 1064
nm, below the ZDW of the fibre, with isolated wavelengths or Raman orders at 1117,
1175, and 1238 nm has been used for lipid detection in the second overtone region
by Buma et al. [141]. However, as the PED decreases significantly with the order of
the Raman line, the SRS-based source has only a small number of isolated laser lines
with enough pulse energy and does therefore not allow high-resolution MS-PAM.

Figure 4.5: Absorption coefficients of major endogenous biological molecules (oxy-
genated haemoglobin (HbO2), deoxygenated haemoglobin (Hb), water,
and lipid) inside the biological tissue. The highlighted regions show
the first and second overtone transition of C-H bond regions in the lipid
molecules (1650-1850 nm and 1100-1300 nm). (HbO2, Hb, and water are
plotted based on the data from http : //omlc.org/spectra/index.html
and lipid from [53]. Adapted with permission from [41] © The Optical
Society.

Interestingly, an SRS source can be made using a fibre with a ZDW close enough
to the pump to allow one of the Raman lines to cross the ZDW and generate a SC.
Unfortunately, such an SC will then have low PED because the Raman lines take
most of the energy [8, 131]. Nevertheless, such a Raman SC source was recently used
in a very nice study on MS-PAM of lipids [141]. The source used a 1047 nm based Nd:
YLF Q-switched laser to pump a PCF with a ZDW at 1200 nm to generate Raman
lines at 1098 and 1153 nm, and then an SC from 1200 to 1800 nm. Naturally, the SC
had a low PED of only 320 nJ/50 nm (6.4 nJ/nm) at 1714 nm, making it necessary
to use broad 50 nm filters to have enough energy to excite the PA signal. The low
energy meant that PAM could not be done above 1714 nm, i.e. could not cover the
most important wavelength of 1720 nm of maximum absorption of lipid [142]. In
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addition, a long length of 30m PCF (at about 194/meter, price from Thorlabs) had
to be used, which makes the source very expensive. Importantly the state-of-the-art
SC-based PAM studies [142] imply that MS-PAM of lipids in the first overtone region
(i.e. with more than 1 wavelength), has not yet been demonstrated. In addition only
fixed broadband 50 nm filters have been used, where in order for MS-PAM to take
real advantage of the SC source; one has to be able to use it with a tunable narrow
band filter to achieve high-resolution. A more sophisticated approach to achieve the
wavelengths in the first overtone region was reported by Li et al.[143], where a gain-
switched ns thulium-doped fibre laser with continuous tuning over 1690–1765 nm was
demonstrated using an electrically driven AOTF.

In this section we show how the demonstrated all-fibre high-pulse energy G1_SC
laser source can be used for the MS-PAM of lipids. The obtained SC source has a
maximum PED of 25 nJ/nm and enough PED for PAM in the whole first overtone
region, which at the moment is a record PED among reported SC sources used in any
PAM study. As already discussed, the length of the fibre (3m) was tailored to have
an almost flat PED (25 nJ/nm) profile in the central region 1725-1775 nm. Using
the G1_SC laser source and a LVF of bandwidth 37-41 nm, we here demonstrate
MS-PAM studies of lipids in the first overtone region. We show that the system is
able to image lipids and spectrally differentiate between two types of lipids (lipids
in adipose and cholesterol). The high-pulse energy of the G1_SC source would have
allowed using 5 nm excitation bands and still have about 100 nJ on the sample as
required for the typical OR-PAM applications [45], but the LVF was the tunable
filter with the narrowest bandwidth we could find commercially with a transmission
efficiency >60%in this wavelength region. However, the G1_SC source has enough
PED to allow the use of more narrowband filters, for example, AOTF and diffraction
gratings, to potentially improve the spectral resolution of the MS-PAM system.

4.4.2 Methods for ex vivo MS-PAM of lipids
4.4.2.1 G1_SC laser for ex vivo MS-PAM of lipids

The G1_SC laser source used for the experiment is shown in the figure 4.1. As dis-
cussed earlier, the ns pump pulse duration was chosen as a requirement for efficient
PAM [50]. Commercial sources using ns pumping do exist, such as the SuperK Com-
pact from NKT Photonics. These use a PCF as the nonlinear fibre and a pump close
to the ZDW to generate a spectrum reaching below 500 nm to above 2300 nm. They
typically have too little PED for PAM because the pump pulse energy is too weak
and only a small part of the broad spectrum is within the region of interest to a given
PAM experiment.

Three different lengths of SMF were tested (5, 4 and 3 m) and the PED of the
G1_SC output spectra were measured using an array spectrometer (NIRQuest512,
Ocean Optics). The output PED of the SC generated in all the three cases are shown
in figure 4.6. In this work, we want to use MS-PAM to study lipids in the first over-
tone region. From figure 4.6, it can be seen that 3m of fibre is then close to ideal for
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Figure 4.6: PED of the G1_SC laser source measured from 5, 4 and 3 m of SMF.
Adapted with permission from [41] © The Optical Society.

an optimum coverage of the 1650-1850 nm band by the SC spectrum.

In figure 4.7(a) we show the corresponding PED of the G1_SC source with 3 m
SMF, from which we can see that the PED of our source is an order of magnitude
higher than the state of- the-art ns-pumped commercial SC laser (SuperK COMPACT,
NKT Photonics). Figure 4.7(b) shows the same comparison in the first overtone region
of lipids. The vertical bars show the measured pulse energies (nJ) in 25 nm bands,
which are sufficiently high for typical OR-PAM applications [45, 50, 141].

4.4.2.2 Pulse-to-pulse stability of the G1_SC laser source

The pulse-to-pulse stability of the laser source plays an important role in OR-PAM.
We have characterized it by measuring the wavelength-dependent relative intensity
noise (RIN), defined as

RIN = σM /
⟨
M

⟩
where

⟨
M

⟩
is the mean peak power and σM is the standard deviation of the time series

of peak powers. The RIN measurement setup is shown in the figure 4.8. The light
from the G1_SC source is filtered using the LVF (inset in the figure 4.8), detected
using a 125 MHz InGaAs optical receiver (1811-FS, Newport) and a fast oscilloscope
(HDO9404, Teledyne LeCroy). The OSA (AQ637, Yokogawa) was used to check the
center wavelength of the filtered light from the LVF.

The RIN was measured from 1550 nm to 1700 nm, as the upper limit of the
photodiode’s responsivity used for measurement was 1700 nm. 3000 pulses were
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Figure 4.7: Output spectrum of G1_SC laser source. (a): PED of the SC laser (3 m
of SMF) in comparison with commercial SC laser (SuperK COMPACT).
(b): PED of the G1_SC laser in the first overtone region (3 m of SMF) in
comparison with the commercial SC laser, highlighted regions show the
measured pulse energies (nJ) in 25 nm bands. Adapted with permission
from [41] © The Optical Society.

Figure 4.8: Schematic of the RIN measurement setup. L1: lens. M1, M2: mirror.
FM: flip mirror. Inset showing the bandwidths of filtered light from the
LVF with respect to the center wavelengths of the filtered light.
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recorded at each filter wavelength and used for the statistics as shown in the figure
4.9(a). The spectral profile of the RIN is shown in figure 4.9(b), from which we see
that the G1_SC source has a low RIN of about 1.04-3.8%, which is lower than the
noise of a similar, but lower pulse energy commercial source [25].

Figure 4.9: (a): Measured histogram of the filtered band at 1650 nm with the fit
to normal and Gaussian distribution. (b): Spectral profile of the RIN
of the G1_SC laser source, measured using the LVF. Adapted with
permission from [41] © The Optical Society.

4.4.2.3 MS-PAM system

The experimental setup of the transmission-based MS-PAM system is shown in figure
4.10. The system employs the aforementioned G1_SC laser source (with 3 m of SMF)
in conjunction with an LVF as the tunable excitation source. The output from the
laser is collimated using an aspheric lens (L1) (A220TM, Thorlabs) and then sent to
the LVF (LVF 1.2-2.5-3.5-15-0.5, Vortex Optical Coatings Ltd), which covers from
1200 nm to 2500 nm with a bandwidth of around 2% of the center wavelength. The
filtered light is then steered using the mirrors (M1, M2, and M4) and focused on the
sample using a 5x objective lens (L2). A flip mirror mount, a biconvex lens (L3), and
a CCD camera are used to optically image and align the sample using ambient light.
The major part of the excitation is built in a cage system, in order to make the setup
compact and robust.

The generated PA signal is detected using a commercial ultrasonic focused trans-
ducer (Optel, Poland), with a 3 mm lead zirconate titanate (PZT) crystal as the piezo-
electric active element. The acquired signals are filtered by a low pass filter (BLP-50
+ , Mini-Circuits), amplified using two cascaded low-noise wideband signal amplifiers
(ZFL- 500LN, Mini-Circuits) and are then sent to an oscilloscope (HDO9404, Tele-
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Figure 4.10: Schematic of the MS-PAM system. L1, L2, L3: lens. M1, M2, M3,
M4: mirror. CCD: charge-coupled device camera. P1, P2. pin hole.
Inset shows the photograph of the sample stage with adipose tissue
glued on to the microscope slide. Adapted with permission from [41]
© The Optical Society.

dyne Lecroy). Phantoms are placed in a dish, with a 1 mm thick microscope slide
fixed at the bottom of the dish, so that the dish is transparent to the optical excitation.
The Phantoms are immersed in distilled water, which acts as a coupling medium for
the generated acoustic waves. An x-y-z high precision stage is used for the alignment
of the transducer with the confocal plane of the excitation and detection.

The resolution of the MS-PAM system was characterized by imaging the edge of
an element (element 4 of group 3) in a 1951 USAF resolution target and is shown
in figure 4.11. The ESF was calculated by fitting the raw PA data collected from
scanning the edge in steps of 2 µm. The LSF was then calculated by taking the
derivative of the ESF. The lateral resolution of the system is defined as the FWHM
of the LSF. The lateral resolution of the system was estimated to be about 11.8 µm.

The axial resolution of the system is calculated from the FWHM of the A-line
envelope obtained from the USAF target and estimated to be about 67 µm.
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Figure 4.11: Spatial resolution test of the G1_SC based MS-PAM system. (a): Lat-
eral resolution estimated by using the edge and line spread functions.
(b): The axial resolution of the system estimated using the FWHM of
the A-line envelope. Adapted with permission from [41] © The Optical
Society.

4.4.3 Results

4.4.3.1 Differentiation of lipids using MS-PAS

PA spectra of three different lipids (commercial grade cholesterol (C8667, Sigma-
Aldrich), cholesteryl oleate (C9253, Sigma Aldrich) and the lipid in adipose tissue
(collected from the abdominal tissue of chicken) were measured in 1600-1800 nm
wavelength range, with a step size of 20 nm. The excitation bands filtered using
LVF and their FWHM and the pulse energies with respect to the center wavelength
are shown in figure 4.12(a) and figure 4.12(b) respectively. It can be observed from
figure 4.12(b) that the measured pulse energies of the excitation bands (>380 nJ) are
sufficiently high to excite PA signal.

PA signals detected by the transducer are low-noise amplified (58 dB), averaged
over 1000 pulses, and normalized to (1) a reference measurement with only distilled
water and no sample, and (2) to the respective maxima. The PA signal was averaged
over 1000 pulses so as to further reduce pulse-to-pulse fluctuations and measure the
PA spectra with higher SNR. The PA spectra of the three lipids are shown in figure
4.13, from which we see that there are distinct differences in the profile, with the
maximum being at 1700 nm for cholesterol and 1720 nm for cholesteryl oleate and
adipose tissue, due to the difference in their molecular structure and thus absorption
spectra.
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Figure 4.12: Characterisation of the LVF. (a): The filtered output of the SC source
using the LVF in selected positions. Inset shows an optical photograph
of the LVF with US one-cent coin. (b): Corresponding FWHM band-
width and pulse energies. The error bars show the measured standard
deviation of FWHM and pulse energies. Reprinted with permission
from [41] © The Optical Society.

Figure 4.13: PA spectra of lipids in commercial grade cholesterol, cholesteryl oleate
and adipose tissue, normalized to a reference spectrum with no sample,
i.e., only with distilled water, and to the respective maxima. Adapted
with permission from [41] © The Optical Society.
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4.4.3.2 Detection of lipid using MS-PAM system

Finally, we want to demonstrate the ability of our PAM system to do coarse cross-
sectional scans of lipid-rich structures and extract accurate dimensions. The scan was
done at a single wavelength by moving the sample in steps of 250 µm. The sample
was a lipid-rich adipose tissue from the abdominal tissue of chicken and cut into 2.5
mm slices using a razor blade. The 1720 nm band with maximum absorption (see
figure 4.13) was chosen as excitation wavelength and the measured pulse energy at
the sample plane was about 650 nJ.

Figure 4.14: Photograph of the lipid-rich adipose tissue from chicken. Insets show
PA cross-sectional scan profiles along the dotted red, green, and blue
lines on the image. Reprinted with permission from [41] © The Optical
Society.

The detected PA signals at every excitation point of the sample were low-noise
amplified, averaged over 100 pulses and normalized with the reference signal (ob-
tained without the sample). The signal to noise ratio measured at this excitation
wavelength is 20.89 dB. From figure 4.14 it can be clearly observed that the struc-
tural information of the tissue can be obtained from the PA cross-sectional scans.
The dimensions obtained from the PA measurements across the red, green, and blue
lines were 7.25 mm, 3 and 6 mm, and 2.25 mm respectively, all with an accuracy of
0.25 mm. The corresponding microscope (Axioskop, Carl Zeiss) measurements of the
dimensions were approximately 7 mm, 3 and 6 mm, and 2.50 mm, respectively. The
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slight disagreement is due to the difficulty in finding the exact same line between the
microscope and PA scan. The PAM system is thus able to determine the physical
dimensions.

4.4.4 Summary
As evident from the experimental results presented in the previous subsections, we
have demonstrated the development of a novel cost-effective high-pulse energy SC
laser source (G1_SC) for MS-PAM in the first overtone transition band of C-H bond
of lipids (1650-1850 nm). The SC source, which is based on 3m of standard telecom-
munication range SMF and a commercial diode laser-based amplifier, is designed to
have its maximum PED of 25 nJ/nm in the center of the region at 1725-1775 nm. The
PED reported in this chapter is factor >3 times higher than the so far record PED
used for PAM in this spectral region. The output PED of the G1_SC can further be
scaled by using additional amplifiers or pump sources with higher peak powers, with
the scaling factor ultimately limited by the damage threshold of the fibre used for
generating the SC. The G1_SC source, in conjunction with a tunable LVF of band-
width 37-41 nm, allowed us to demonstrate MS-PAM of lipids using an SC source
for the first time in the first overtone transition band of C-H bonds (1650-1850 nm).
In particular, we demonstrated spectroscopic differentiation of three different lipids
in cholesterol, cholesteryl oleate and adipose tissue. We further used the G1_SC for
PA cross-sectional scans of lipid-rich adipose tissue at three different locations and
demonstrated the usefulness of the laser source for the PAM of lipids.
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4.5 G1_SC based MS-PAS of glucose
This section is based on the research paper “Multi-spectral photoacoustic sensing for
accurate glucose monitoring using supercontinuum laser” published in Journal of the
Optical Society of America B 36(2), A61-A65, (2019).
DOI: 10.1364/JOSAB.36.000A61.
Adapted with permission from [62] © The Optical Society (refer to the reprint per-
mission from the publisher (OSA) in the appendix).

Devising a reliable measurement technique for monitoring bio-analytes is of consid-
erable interest and of high importance to both general public and medical community.
Among the numerous available methods, optical techniques gained a lot of attraction
due to their ability of being non-invasive, selective and sensitive. However, a non-
invasive measurement of key bio-analytes like glucose by any method still remains
an elusive task. In the current section, we have elicited a MS-PAS system for accu-
rate bio-analyte monitoring. The technique employs G1_SC laser source (section:4.2)
spanning from 1500-1900 nm and a ratiometric PA signal analysis. During the course
of the experiments, glucose and lipids are chosen as they reveal dominant absorption
features due to the presence of the overtone and combination bands of C-H and O-H
bonds in 1500-1900 nm wavelength region. In the first step, the tunable capability
of the SC laser source is used to establish the absorption features of the bio-analytes.
Subsequently, the monitoring of the bio-analyte is performed using the wavelengths
where they reveal pronounced absorption features. To further demonstrate the po-
tential of the proposed system, the concentrations of the aqueous glucose solutions
were predicted with clinically relevant accuracies over the entire range of commonly
encountered physiological levels inside the human body.

4.5.1 Phenomenological description of PA signal generation and
detection

Monitoring of glucose in subsequent section is based on a simple ratiometric PA signal
analysis. Therefore, it is very important to understand the dependence of sample
parameters on 1-D PA signal generation and its detection. The generation of the PA
signal is based on the conversion of absorbed optical energy into thermal processes
through non-radiative relaxation. In the current section, a detailed phenomenological
derivation containing most of the underlying principles during the PA generation is
described [81, 82, 144].

The optical energy absorbed by the medium having an absorption coefficient of α
and thickness l can be represented as

Eabs = E0(1 − e−αl),

For an efficient PA system, non-radiative relaxation processes predominates. There-
fore, we assume the optical energy absorbed by the medium is converted into thermal
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energy (Eth), given by
Eth = Eabs = E0(1 − e−αl, ) (4.1)

The thermal energy due to non-radiative relaxation processes induces the temperature
rise (∆T) in the medium. The specific heat (Q) of the substance being heated can
be calculated as below knowing the physical properties of the medium like mass (m),
volume (V), density (ρ), specific heat at constant pressure (Cp).

Q = mCp∆T,

Eth = ρV Cp∆T,

∆T = Eth

ρV Cp,
(4.2)

Temperature rise (∆T) leads to volumetric expansion (∆V), given by

∆V = β∆T, (4.3)

where β is the volumetric expansion coefficient.
The continuous expansion and contraction create a pressure wave with an amplitude
P, which travels radially outwards at the velocity of sound (νa) and displacement
(∆x) , given by

P = 2πfaν2
a∆xρ,

P = const.fa

V
ν2

a

βEth

Cρ
,

For a fixed measurement setup and sample, fa and V can be lumped into the constant.
Therefore, amplitude of the pressure wave generated due to the optical excitation can
be written as

P = const.βν2
a

Cρ
Eth, (4.4)

Γ = βν2
a

Cρ
,

The PA signal (Vpa) detected from the piezoelectric transducer is given by

Vpa = kP,

where k is related to the response properties of the piezoelectric transducer used

Vpa = k
′
ΓEth, (4.5)

where k
′ is related to geometric parameters and the transducer’s response, Γ is

Grüneisen parameter. Therefore, the amplitude of the PA signal (PAsig.) detected
by the piezoelectric transducer is given by

PAsig. = k
′
ΓαE0. (4.6)
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4.5.2 Introduction to MS-PAS of glucose
Diabetes mellitus (DM) is a fatal metabolic disease with 424.8 million people affected
worldwide and this number is predicted to rise to 629 million by the year 2045 [145].
Improper diagnosis and monitoring of DM can lead to the onset of serious complica-
tions affecting microvascular and macrovascular vessels inside the human body [52].
In order to prevent such chronic complications, DM patients have to monitor their
glucose levels frequently. The most widely used and established approaches for mon-
itoring glucose levels inside the body rely on amperometric detection and enzyme
reactions [146–148]. However, these techniques are mostly invasive (based on finger-
pricking). Moreover, when compared to other label-free techniques, the enzyme-based
approaches suffer from reduced sensitivity due to degradation of the enzyme with time
[149]; therefore, several attempts are being made for devising reliable non-invasive and
label-free techniques for the monitoring of glucose levels inside the human body [144,
150–152].

PA based sensing is a powerful non-invasive technique, which has attracted signif-
icant attention recently for determination/analysis of glucose levels [144, 153, 154].
The PA-based sensing techniques were widely employed for glucose detection in the
mid-infrared (MIR) region due to the presence of fundamental absorption bands of
glucose (9-11 µm) [148, 155]. However, the strong water absorption within this spec-
tral region imposes significant limitations for non-invasive glucose measurements. On
the other hand, the extended NIR region optical window in the biological tissue (1500-
1850 nm), is propitious for devising a non-invasive glucose monitoring technique due
to the higher penetration depths when compared to the techniques based on shorter
wavelength [156].

The spectral measurements of the two analytes (water and glucose) were per-
formed using the Fourier transform spectrometer (ABB Bomem FTLA2000, ABB).
The schematic diagram and the optical image of the spectrometer in transmission
configuration is shown in figure 4.15. Figure 4.16 shows the measured spectral char-
acteristics of two different analytes indicating the well-differentiated absorption peaks
between the two.

The spectral difference between the two analytes can be attributed to the overtone
and combination bands of C-H and O-H bonds [41]. In vitro PA studies on aqueous
glucose within this spectral region have been performed using commercially available
monochromatic laser sources mainly at 1550 nm [156]. However, because the absorp-
tion spectrum of glucose has identical characteristics with other analytes inside the
human body, such as water and lipids, these systems are prone to limited sensitivity
[157]. MS-PAS [158] based glucose sensing is a promising technique, which employs
a tunable excitation source for establishing the absorption characteristics of glucose
with respect to the other analytes, thereby enabling the spectral region where glucose
has higher absorption contrast compared to other analytes inside the human body.
Such in vitro MS-PAS studies have been recently performed in the NIR and extended
NIR region (850-1900 nm) with tunable OPOs [159–161]. However, while allowing
wide wavelength tunability, OPOs suffer from high cost and a large footprint, making
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Figure 4.15: Schematic of the Fourier transform spectrometer. Inset shows the
photograph of the spectrometer in transmission configuration.

them not suitable candidates for portable MS-PAS glucose monitoring systems.
In this study, we used the developed G1_SC for the first time to our knowledge

for glucose monitoring in the first overtone band at 1540-1840 nm. We demonstrate
how the developed system can be used to identify the absorption characteristics of
various analytes and then select a suitable wavelength region for further investiga-
tions. Based on a simple ratiometric analysis, we demonstrate the feasibility of the
system for accurate monitoring of glucose over a wide range of concentrations. The
concentrations used in the experiments varied from 0 to 8 g/dL, covering commonly
encountered physiological glucose levels (0 to 400 mg/dL) inside the human body. We
further employ a linear regression analysis to predict various glucose concentrations
with clinically acceptable accuracies with respect to CEG analysis standard, thereby
revealing its true potential towards non-invasive and label-free continuous glucose
monitoring applications.

4.5.3 Materials for in vitro MS-PAS of glucose

4.5.3.1 Sample preparation

The glucose samples were prepared by the process of dissolution, i.e., different pro-
portions of glucose (D-Glucose, VWR) (1-8 g in steps of 1g and 0-400 mg in steps
of 50 mg) were measured using a balance (Entris 224-1x, Sartorius) with precision
of 0.2 mg. The weighed samples were subsequently dissolved in distilled water (pure
distilled water (D-Water, VWR) served as reference). The glucose solutions were
then transferred to the sample holder and replaced using a syringe after every mea-
surement. The cholesterol used in the experiment was commercial grade cholesterol
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Figure 4.16: Absorption spectra of distilled water (measured in transmission mode)
and D-glucose (measured in diffuse reflection mode) measured using
FTIR spectrometer (ABB Bomem FTLA2000). Inset shows the molec-
ular diagram of glucose and highlighted area shows dominant absorp-
tion region of the glucose due to overtone and combination bands of
C-H and O-H bonds in glucose. Adapted with permission from [62] ©
The Optical Society.

(C8667, ≥99%, Sigma-Aldrich). During the experiments pure cholesterol was filled
in a polymer capillary and placed inside the sample holder.

4.5.3.2 MS-PAS system

The MS-PAS system developed for the characterisation of the different analytes and
the glucose concentration experiments is shown in Figure 4.17. G1_SC (detailed in
section 4.2) is used as an optical excitation source. The pulse energy of the G1_SC
laser at 30 kHz pulse repetition rate is 13.3 µJ over a bandwidth of 400 nm (1500-
1900 nm). The output from the G1_SC laser source is collimated using an achromatic
lens (L1) (RC02FC-P01, Thorlabs). The excitation band used for the PA generation
was filtered using a LVF, steered using a mirror (M1) and then focused into the
transparent sample holder (about 5 mm above the surface of the sample holder)
using a 5x objective lens (L2). The sample holder is specially designed to have direct
access to the glucose solutions without traversing any cover-slips.

The generated PA signals were detected using a focused ultrasonic transducer
(V320, Panametrics) with a central frequency and 6 dB bandwidth of 7.5 MHz and
5.8 MHz respectively. The detection sensitivity of the setup can be maximized by
confocal aligning of both the foci (excitation (spot size: 19 µm) and detection (spot
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Figure 4.17: Schematic of the MS-PAS system. M1: mirror. L1, L2: lens. BP: base
plate. Inset shows the recorded PA signal and envelope calculated us-
ing Hilbert transform. Highlighted region shows the area under curve
of the envelope signal. Adapted with permission from [62] © The Op-
tical Society.

size: 0.6 mm)). Therefore, a high precision stage was used to align the transducer
to a confocal excitation and detection. The detected signals were then amplified
using two cascaded wide-band low-noise amplifiers (ZFL-500 LN, Mini-Circuits) and
further digitized using a high-resolution oscilloscope (HDO 9404, Teledyne Lecroy).
The digitized signals from the oscilloscope were then transferred to a computer for
further post-processing.

4.5.3.3 Methodology and data analysis

Prediction of glucose concentration
The amplitude of the pressure wave generated due to the laser pulse excitation at

the transducer is given by [35, 82] (refer section 4.5.1)

P = k Γ α E0 (4.7)

where k is a constant incorporating the geometrical parameters, Γ is the Grüneisen
parameter which depend on the physical parameters of the sample, α is the absorption
coefficient and E0 is the excitation pulse energy.
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The amplitude of the PAsig. detected by the piezoelectric transducer due to the
pressure can be written as

PAsig. = const. P (4.8)

PAsig. = k′ Γ α E0 (4.9)
where k′ is a constant that includes the geometrical parameters as well as the

response properties of the piezoelectric transducer.
In the concentration monitoring applications, the change in the concentration

of the sample affects the physical properties of the sample (Γ) in addition to the
optical properties (α) of the sample, thereby resulting in the stronger PA amplitudes.
Previous studies [144, 161, 162] have already confirmed that the variation of PA
signal is linear with the glucose concentration (for the concentration range used in
the experiment). Therefore, a linear regression was used to predict the PA signal of
unknown glucose concentrations (PAsig.unk.) using known glucose concentrations.

PAsig.unk. = mSconc.unk. + I (4.10)
where m and I are slope and intercept of the linear regression, which can be calculated
using known reference measurements.

k = PAsig.2 − PAsig.1

Sconc.2 − Sconc.1
(4.11)

C = PAsig.1 − kSconc.1 (4.12)
Using Eq.4.10, the unknown glucose concentration (Sconc.unk.) and the uncertain-
ties in the predicted glucose concentrations (δSconc.unk.) can be estimated using a
standard propagation of uncertainty as follows.

Sconc.unk. = PAsig.unk. − I

m
(4.13)

δSconc.unk. = 2

√
(PAsig.unk. − I

m2 δm)2 + (mδPAsig.unk.)2 + ( 1
m

δI)2 (4.14)

Data analysis

The acquisition and analysis of the raw data were accomplished using a MATLAB
routine. The routine takes acquired PA signals from pure distilled water (reference)
and the test glucose solution as two inputs (in order to have high accuracy and signal
to noise ratio, 500 PA signals were acquired at every test solution). The PA amplitude
of the recorded PA signal is the computed using its envelope, therefore, the Hilbert
transformation was used to calculate the envelope of the recorded PA signal. Two
different approaches for calculating the PA amplitudes were performed 1. based on the
maximum amplitude of the envelope (PA_Peak) and 2. based on the peak amplitude
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and the area under the curve of the envelope (PA_AUC). The PA amplitude at each
concentration was then estimated using the ratiometric analysis of PA amplitude of
the test glucose solution at respective concentrations and the reference. The total
measurement duration at each concentration was about 1.6 ms.

4.5.4 Results and discussion
To assess feasibility of the MS-PAS system for the characterisation of two analytes
(glucose and cholesterol), tunable excitation source (G1_SC with LVF) was used so
as to first establish the absorption characteristics of both the analytes. Figure 4.18(a)
shows the output PSD of the SC laser. The inset shows one of the excitation bands
at 1620 nm filtered using the LVF.

Figure 4.18: (a): Output PSD of the SC source (green). The blue inset shows one
of the excitation bands (center wavelength of 1620 nm) filtered using
the LVF. (b): The PA spectra of the glucose (1 g/dL) and choles-
terol, recorded in the wavelength region 1540 nm to 1840 nm, with
wavelength steps of 20 nm. Adapted with permission from [62] © The
Optical Society.

The PA spectra (PA_AUC) of both the aqueous glucose solution (1 g/dL) and the
cholesterol were scanned in the wavelength region from 1540 nm to 1840 nm in steps
of 20 nm. Figure 4.18(b) presents the PA spectra of both analytes. The analytes
have distinct absorption peaks separated by approximately 80 nm in the wavelength
region of interest. The peaks in the PA amplitude can be attributed to the increased
absorption due to the first overtone and combination region of C-H and O-H bonds
of the analytes. The most pronounced PA amplitude was recorded at 1620 nm for
the glucose and 1700 nm for the cholesterol. In order to have high sensitivity and
signal to noise ratio, the 1620 nm excitation band was therefore selected for the in
vitro glucose concentration experiments.
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To test which of the aforementioned approaches for calculating PA signal reveal
better results for monitoring glucose concentrations, the PA amplitudes of different
glucose concentrations varying from 1 g/dL to 8 g/dL in steps of 1 g/dL were recorded
and plotted as shown in the figure 4.19. As can be seen, the approach with calculating
the PA signal using the area under curve shows better linear characteristics. There-
fore, for the concentration monitoring experiments PA_AUC approach was used to
calculate the PA amplitudes.

Figure 4.19: Variation of the PA amplitude as a function of the reference glu-
cose concentration using two different approaches maximum amplitude
(PA_Peak) and the area under the curve of the envelope (PA_AUC).

Figure 4.20(a) presents the variation of PA amplitude with respect to the con-
centration of glucose in the test solution with 95% confidence band . It can be
clearly observed that the PA amplitude variation shows a close to linear correlation,
as increase in the concentration of glucose in the test solution increases the overall ab-
sorption, thereby increasing the detected PA amplitude. A linear regression applied
to the data set yields a coefficient of determination (R2) of 0.956. The experiments
were repeated for physiological glucose concentrations present inside the human body
(0-400 mg/dL) (i.e., concentrations ranging from hypoglycemia to hyperglycemia).
Figure 4.20(b) shows the variation of PA amplitude with respect to the concentra-
tion of the glucose in the test solution with 95% confidence band. A close to linear
correlation was still valid with a coefficient of determination (R2) of 0.938.

Furthermore, to show the feasibility of the method for clinical applications, CEG
analysis was employed. CEG is a widely used standard to determine the accuracy
of glucose monitoring techniques [163]. CEG divides the correlation plot of glucose
measurements into five different regions namely region A, B, C, D and E. It defines
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Figure 4.20: Variation of the PA amplitude as a function of the reference glucose
concentration. (a): Higher glucose concentrations levels. (b): Phys-
iological glucose concentration levels, highlighted areas indicate the
regions of hypoglycemia, normal and hyperglycemia levels. Adapted
with permission from [62] © The Optical Society.

a region of sufficient accuracy (within 20% of the reference sensor, zone A) and a
region of low but clinically acceptable accuracy without inappropriate treatment of
the patient (zone B). The results in zones C, D, and E are potentially dangerous and
are therefore clinically significant errors. The PA signals from 22 different samples
with random glucose concentrations are recorded and the concentrations of the glucose
inside the samples are predicted. The correlation between the predicted and the
reference glucose concentrations (measured using high-precision balance) overlaid on
the CEG are shown in figure 4.21. As can be seen in figure 4.21, all the predicted
concentrations of glucose fall in acceptable accuracy region of CEG with a coefficient
of determination (R2) of 0.901, thereby showcasing the potential of the measurement
technique for further non-invasive in vivo applications.

4.5.5 Summary
In summary, we have demonstrated the use of G1_SC laser for in vitro glucose
monitoring. The G1_SC laser in-conjunction with a LVF was first used to identify
the absorption characteristics of two major analytes (glucose and cholesterol) over a
wavelength region of 1540-1840 nm in steps of 20 nm. Glucose and cholesterol show
distinct absorption peaks at 1620 nm and 1700 nm, respectively, and the absorption
peaks can be attributed to the first overtone and combination region of C-H and
O-H bonds. We demonstrated how the proposed MS-PAS system can be used to
measure glucose concentration using ratiometric analysis over a broad range of con-
centrations, from physiological concentrations commonly occurring inside the human
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Figure 4.21: Predicted glucose concentrations as a function of the reference glucose
concentrations plotted on CEG. Reprinted with permission from [62]
© The Optical Society.

body to concentrations as high as 8 g/dL. To further showcase the potential of the
MS-PAS system for non-invasive in vivo clinical applications, 22 different samples
with random glucose concentrations were recorded and the PA signals of the random
glucose concentrations were subsequently predicted using a linear regression analysis.
The predicted values of the random glucose concentrations were plotted over the CEG
grid, more than 80% of the predicted values fall well within the clinically accepted
region (region A) of the CEG grid.
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4.6 G1_SC based PAS of aqueous ammonia
This section is based on the research paper “Monitoring of Ammonia in an aqueous
environment using a supercontinuum-based Photoacoustic Sensing System” published
as a conference proceeding (SPIE 10895) in Frontiers in Biological Detection: From
Nanosensors to Systems XI, 108950L. DOI: 10.1117/12.2510351.
Adapted with permission from [66] © SPIE (refer to the reprint permission from the
publisher (SPIE) in the appendix).

4.6.1 Introduction to PAS of aqueous ammonia
Measuring the concentrations of ammonia is of a compelling interest in many areas:
like water treatment plants and pisciculture, where abrupt changes in the ammonia
concentrations may result in severe complications. In pisciculture, for instance, a fish
which is exposed to meagre concentrations of ammonia over time is more inclined
to bacterial infection, thereby affecting its growth. On the other hand, the high
concentration of ammonia inside a fish pond hinders the capability of the fish to
extract energy from the feed efficiently, thereby enabling lethal effects. Thus, there is
an inevitable need for real-time and accurate monitoring of ammonia concentrations
in the aqueous form.

The established techniques for the measurement or monitoring of ammonia are
either based on enzymatic or amperometric detection or are not readily implantable
to the aqueous environments [67, 68, 164–166]. Although all-optical sensors have
already been employed for ammonia monitoring based on fluorescence, spectropho-
tometry, absorption spectroscopy and many more, PA-based techniques have revealed
better sensitivity due to the pronounced absorption in the MID-IRregion based on
sophisticated systems.

Nevertheless, if the sensitivity required for the sensor is moderate, as in the pis-
ciculture and water treatment plants (1-10 ppm), an ammonia sensor can be devised
using the dominant absorption features in the near-IR region due to the presence of
rotational-vibrational transitions in the combination band (ν1+ν3) and the overtone
(2ν3) [167–173] which fall in the telecommunication region.

In the current work, we report on how our G1_ SC (detailed in section 4.2) can be
used to devise a PA-based ammonia sensor, which can measure the concentrations of
ammonia present in the aqueous solution [41, 174]. Due to the emission wavelength
of G1_ SC, we target the absorption features present in the telecommunication re-
gion due to the rotational-vibrational transitions in the combination band (ν1+ν3)
and the overtone (2ν3) bands. We subsequently demonstrate the practicability of the
PAS system for the in vitro measurements of aqueous ammonia over a range of con-
centrations with a sensitivity of ppmv (parts per million by volume). We also show
how we can extract the multi-dimensional information from the PA signals recorded,
which in future may help to devise sensing even with higher sensitivity.
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4.6.2 PAS system

Figure 4.22: (a): Schematic of the PAS system. L1, L2: lens. M1, M2, M3. mirror.
BP: base plate. (b): Recorded PA signal and its respective envelope
calculated using Hilbert transformation, the PA signal of the sample
is the amplitude of the computed envelope. Adapted with permission
from [66] © SPIE.

The presented PAS system employs the G1_SC laser. A filter with a bandwidth
of about ≈ 30 nm at a centre wavelength of ≈ 1540 nm is used to filter the excitation
band from the G1_SC laser. The filtered light from the SC laser is focused into
the sample holder using an objective lens (L2). The sample holder used for the
experiments is made of transparent N-BK7 glass and has sufficiently high transmission
(>90 %) at the excitation wavelength. The enhanced absorption due to the presence
of ammonia in the solution produces PA waves. The outward travelling PA waves
from the excitation point are detected using an immersion-based focused transducer.
The transducer used for detection has a centre frequency of 7.5 MHz. To increase the
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detection sensitivity of the system, the optical excitation is confocally aligned to the
detection using a three-axis linear positioner.

The PA signals detected using the immersion transducer are subsequently ampli-
fied using two low-noise amplifiers and are digitised using a high-speed oscilloscope.
The PA amplitude at each concentration is computed by extracting the maximum
amplitude of the envelope of the recorded signal using a simple MATLAB routine.

4.6.3 Methodology
As mentioned in the earlier sections 4.5.1 and 4.5.3.3, the amplitude of the pressure
wave generated due to the laser pulse excitation at the transducer is given by [35, 82]

P = k Γ α E0 (4.15)

where k is a constant incorporating the geometrical parameters, Γ is the Grüneisen pa-
rameter which depends on the physical parameters of the sample, α is the absorption
coefficient and E0 is the excitation pulse energy.

Assuming the attenuation of the acoustic wave inside the sample as very small, the
amplitude of the PAsig. detected by the piezoelectric transducer due to the generated
pressure can be written as

PAsig. = const. P (4.16)

PAsig. = k′ Γ α E0 (4.17)

where k′ is a constant that includes the geometrical parameters as well as the
response properties of the piezoelectric transducer. For concentration monitoring ex-
periments, change in the concentration of the sample affects the physical parameters,
absorption coefficient (α) of the sample, thereby affecting the amplitude of the PA
signal.

4.6.4 Results and discussion
To illustrate the absorption of ammonia due to the rotational-vibrational transitions
in the combination band (ν1+ν3) and the overtone (2ν3) bands, the absorption of
ammonia in the overtone region is simulated using the HITRAN database. The
results of the simulation (solid lines) are overlaid on to the output excitation band
(after filtering from the SC laser) (dash line) figure 4.23. It can be seen from figure
4.23, that the filtered light from the SC matches with multiple absorption peaks of
the ammonia.

To perform PAS experiments, ten different concentrations of ammonia in aqueous
solutions are prepared by starting with a higher concentration (165 ppm) and then
diluting the ammonia concentration with distilled water in different steps to the lowest
concentration of 10 ppm. Each of the solutions was poured into the sample holder,
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and its corresponding PA signal is recorded by exciting the concentration with filtered
SC band.

Figure 4.23: Simulated absorbance of ammonia using the HITRAN database (solid
line) in 1530-1550 nm wavelength region. Filtered output spectrum of
the SC laser used for excitation (dash line). Reprinted with permission
from [66] © SPIE.

The computed envelopes of the PA signals at four of the ten concentrations (165,
120, 90 and 80 ppm) used during the experiments is shown in figure 4.24(a). Since
the concentration can be directly related to the absorption coefficient of the sample,
the solutions with 165 ppm show pronounced absorption and therefore, the maximum
PA amplitude when compared to the other three solutions.

The results of the concentration analysis (i.e., the variation of ammonia concen-
tration with respect to the PA amplitude recorded) using the PAS system are shown
in figure 4.24(b). The data from the concentration analysis shows the expected linear
relationship between the ammonia concentrations inside the solutions and their re-
spective PA amplitudes. The linear regression analysis on the concentration analysis
yields a coefficient of determination of about 0.96, thereby showcasing the potential
of the presented PAS system for varied concentration analysis experiments.

Another interesting observation which can be drawn from the recorded PA en-
velopes (figure 4.24) is the time delay of the excited PA signals inside the solution to
reach the transducer is not uniform. i.e., the time of flight of the PA signal changes
with the change in concentration of ammonia inside the solution. Therefore, from
figure 4.24, it can be concluded that changing the ammonia concentration inside the
aqueous solution changes the physical properties of the solution, thereby affecting the
speed with which the generated PA wave reaches the transducer. The time of flights



4.6 G1_SC based PAS of aqueous ammonia 69

Figure 4.24: (a): Envelope of the recorded PA signals at four different aqueous
ammonia concentrations. (b): Variation of PA amplitude as a function
of ammonia concentration. Reprinted with permission from [66] ©
SPIE.

Figure 4.25: Variation of the time delay and the acoustic velocity with respect to the
ammonia concentration inside the sample. Reprinted with permission
from [66] © SPIE.
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in the case of each concentration is calculated, and their respective velocity of the
PA wave inside the solution is estimated, as shown in figure 4.25. This information
provides an additional dimension apart from the analysis using the amplitude of the
PA signal. Therefore, when used in combination with multivariate analysis, the sen-
sitivity of the detection system can be further lowered when compared to what we
have achieved with the current system.

4.6.5 Summary
In this section, we demonstrated a robust system for accurate monitoring and quan-
titative analysis of ammonia concentration in the aqueous solution, this is of great
importance to many areas such as fishery where the changes in the concentration of
ammonia can lead to lethal consequences. The proposed system comprises of G1_SC
laser-based excitation system and an immersion-based acoustic transducer with cas-
caded RF amplifiers as the detection system. We demonstrated how such a simple
system can be used to perform real-time in vitro measurements of ammonia inside the
distilled water over a range of concentrations (10-160 ppm). The ammonia concen-
trations detected using the system show sufficiently high accuracy with a coefficient
of determination of about 0.96.



CHAPTER5
Development and

applications of
G2_Supercontinuum

5.1 Background
As discussed in the previous chapter, G1_SC laser has sufficiently high PED to excite
the PA signals from lipids (ex vivo) over the first overtone of C-H bond vibrations,
from glucose (in vitro) over the overtone and combination bands of C-H and O-H
bonds and from aqueous ammonia (in vitro) due to the rotational-vibrational tran-
sitions in the combination and overtone bands of N-H bonds. However, the major
limitations of the G1_SC laser were its PRR (30 kHz) and fixed pulse duration (3.2
ns). In the current chapter we report on the development of G2_SC laser and its
subsequent application for in vivo MS-PAM of lipids over the entire first overtone of
C-H bond vibrations.

In order to circumvent the limitations of the G1_SC laser, we formulated to build
a compact all-fibre high-power laser amplifier which could enable SCG with higher
PEDs and PRRs when compared to the commercial pump laser used for G1_SCG.

Two different approaches have been tested for building a compact all-fibre high
-power laser based on

1. Preamp_G2_1: Directly modulated PM DFB laser (1570 nm) with external
laser diode pulser and pulse generator in combination with two mono-mode
preamplification stages.

2. Preamp_G2_2: Directly modulated PM DFB laser (1555.3 nm) with internal
pulse generator in combination with two mono-mode preamplification stages.

Both the approaches are based on DMD as a seed laser with MOPA configura-
tion. The DMD based MOPA configuration was specifically chosen to capitalize the
tuneability in PRR and pulse duration which were not achievable using G1_SC laser.



72 5 Development and applications of G2_Supercontinuum

5.2 Experimental configuration and characterisation
of Preamp_G2_1

Figure 5.1 shows a schematic of the Preamp_G2_1. As can be seen, the laser system
employs a seed laser (EM4 AA1406: 190800, Gooch & Housego), emitting output
power of about 18.2 µW at 1570 nm. The seed laser can be directly modulated using
a laser diode pulser (T165, Highland Technology) to produce < 300 ps to 2 ns optical
pulses (FWHM) at a variable PRR from 1 kHz to 200 MHz.

Figure 5.1: Schematic of the all-fibre Preamp_G2_1. WDM1, WDM2: fiber based
wavelength division multiplexer. PM Er: polarisation maintaining Er-
bium doped fiber. BPF1, BPF2: fiber bandpass filter.

Figure 5.2(a) shows the picture of the laser diode pulser, the PRR of the laser can
be controlled by feeding the TTL signal from an external pulse generator (TG2000,
AIM-TTi) to the pulser through an SMB connector (labelled In. and highlighted
with blue box). The optical pulse width can be tuned by adjusting the trimpots
(highlighted with red box). The output spectrum of the seed laser at PRR of 100
kHz (shown in figure 5.2(b)) is recorded using an OSA (AQ6375B, Yokogawa) with
optical step size as low as 0.05 nm. The PRR of the seed laser is varied from 10
kHz to 1 MHz and the average output power is recorded by using the optical power
meter (shown in figure 5.2(c)). Figure 5.2(d) shows the temporal characterisation
result of the seed laser at PRR of 100 kHz. The measurement was performed using
a fast photodiode (DET08CFC, Thorlabs) and an oscilloscope (9000 Series, Pico
Technology).

The optical pulses from the seed laser are subsequently amplified using two high-
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Figure 5.2: (a): Photograph of the laser diode pulser. Highlighted regions are input
and monitor SMB connectors (blue box) and trimpots (red box) (b):
Output spectrum of the seed laser. (c): Average output power with
respect to PRR. (d): Temporal characterisation of the seed laser.

gain mono-mode preamplifier stages using a single 976 nm pump laser diode (LC96Z600-
7, II-VI). The 25-75% power ratio is used for the preamplification stages so as to
maximize the amplification gain and limit the ASE. The power distribution for the
preamplification stages is enabled by splicing the fiber power splitter to the pump
laser diode. The optical spectrum and power characterisation of the pump laser is
shown in figure 5.3. Both the preamplification stages use about 3.2 m long Er-doped
optical fiber (PM-ESF-7/125, Nufern) with a core diameter of 7 µm. The optical
pulses from the seed are coupled into the Er-dope fiber and forward pumped using
25% of the pump power through a fiber wavelength division multiplexer (WDM1).
The optical pulses from the first stage are further amplified by forward pumping of
75% of the pump power through WDM2. A fiber isolator and a fiber band pass filter
(BPF) are used at both the amplification stages to avoid back reflections to the seed
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Figure 5.3: (a): Output spectrum of the pump laser. (b): Average output power
of the total, 1st stage and 2nd stage pump power with respect to input
pump current.

laser and to filter the ASE. The optical output powers from the BPF1 and BPF2 are
2.4 mW and 112 mW respectively. Thereby, providing the optical gain of 20.9 dB
for the 1st and 16.7 dB for the 2nd amplification stages. The optical spectra from
both the preamplification stages after the isolator and BPF are shown in the figure
5.4. However, the booster amplifier for this preamplifier could not be completed due

Figure 5.4: (a): Output spectrum of the preamplifier after ISO1 and BPF1. (b):
Output spectrum of the preamplifier after ISO2 and BPF2.

to the un-availability of high-power fiber combiner at the center wavelength of 1570
nm (commercial high-power combiners are available only until 1565 nm). Moreover,
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since the maximum tunable pulse duration from the laser is only 2 ns (higher pulse
durations are necessary for efficient PA signal generation), therefore, a new approach
(Preamp_G2_2) based on a lower center wavelength (1553.5 nm) seed laser and in-
ternal pulse generator (which could enable 1-10 ns pulse durations) was utilized. The
development of Preamp_G2_2 is detailed in the next section.
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5.3 Experimental configuration and characterisation
of G2_SC Laser

Figure 5.5 shows a schematic of the G2_SC laser based on preamp_G2_2. A DMD
seed laser (DFBITU-100, EMCORE) at 1553.5 nm, internally modulated to produce
optical pulses from 1-7 ns (FWHM) at a variable repetition rate from 10-100 kHz.
However, for the efficient PA generation the pulse duration and repetition rate were
opted are 7 ns and 100 kHz.

Figure 5.5: Schematic of the all-fibre G2_SC laser. WDM1, WDM2: fiber based
wavelength division multiplexer. PM Er: polarisation maintaining Er-
bium doped fiber. BPF1, BPF2: fiber bandpass filter. PM Er:Yb:
polarisation maintaining Erbium:Ytterbium doped fiber. DCF4: dis-
persion shifted fiber. FC/APC: fiber coupled/angled physical contact.

The optical pulses from the seed laser are amplified using two high-gain preampli-
fier stages. Each preamplifier laser comprises of a 3.5 m long Er-doped optical fibre
(PM-ESF-7/125, Nufern) with a core diameter of 7 µm. The active ER fibre was
core pumped using a single 976 nm CW pump laser diode (LC96Z600-7, II-VI) in the
forward configuration. The output spectrum, output power and the pulse duration
of the preamplifier are shown in figures 5.6.

The pulses from the preamplifier were further amplified using a booster amplifi-
cation stage. The booster amplifier consists of a 4.5 m co-doped Er: Yb fibre (PM-
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Figure 5.6: Schematic of the all-fibre G2_SC laser. An internal pulse generator
is used to drive directly modulated seed laser diode (1553.5 nm) and
subsequently amplified using two mono-mode preamplifier and booster
amplifier. The pulses from the booster amplifier is used to generate an
SC in the DCF4 fiber.
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EYDF-12/130, Nufern) with a core diameter of 12 µ m was cladding-pumped using
two 915 nm CW multimode high-power laser diodes (MU20-915-01/02, Oclaro) in
the backward configuration. The optical and spectral characterisation of the booster
amplifier are shown in figure 5.7.

Figure 5.7: (a): Output spectrum of the preamplifier after ISO1 and BPF1. (b):
Output spectrum of the preamplifier after ISO2 and BPF2.

The output from the booster amplifier is used to pump 4.5 m of a commercially
available DSF (DCF 4, Thorlabs), thereby generating an SC from 1440-1870 nm, with
an average output power of 1830 mW. In order to further verify experimental results
of the SCG in DSF, the pulse propagation and SCG was modelled using the GNLSE
through a MATLAB routine. The center wavelength, pulse duration and the peak
power used are 1553.3 nm, 7.5 ps and 4 kW respectively. The result from the simula-
tion is shown using a spectrogram in figure 5.8(b). The features in the spectrogram
are in good agreement with the observed features in the measured results. As men-
tioned earlier, the broadening obtained by pumping the DSF is initiated by MI, which
breaks up the long-pump pulses into large numbers of solitons that undergo Raman
scattering and collisions, thereby extending the spectrum towards longer wavelengths
of up to 1870 nm nm. To avoid back reflections from the end facet of the DSF, the
output end of the DSF was angle cleaved and then connectorised (FC/APC-30126A9,
Thorlabs) for the ease of handling.
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Figure 5.8: (a): Output spectrum of the SCG from DSF and the booster amplifier
output, adapted from [61]. (b): Modelled surface density plot, showing
the evolution of the normalized power in dB (z-axis) with respect to the
propagation length of the DSF.

5.4 G2_SC based MS-PAM of lipids
The major part of the chapter is based on our recent journal paper ”All-fibre super-
continuum laser for in vivo multi-spectral photoacoustic microscopy of lipids in the
extended near-infrared” published in Photoacoustics 18, 100163, (2020).
DOI: 10.1016/j.pacs.2020.100163. [61]

5.4.1 Introduction to MS-PAM of lipids
In the previous chapter 4, we have demonstrated the capability of the G1 _SC for
ex vivo identification and imaging of lipids. But, the ability of an imaging technique
to visualise lipids following their spatial distribution and temporal dynamics in vivo
is much more essential for understanding their physiological impact and subsequent
regulatory mechanisms. Regardless of considerable attempts in advances of present
imaging techniques, visualising molecules like lipids have been challenging as they lack
intrinsic contrast and are not easily tagged. Especially for small animal whole-body
imaging, where information on endogenous biological molecules like lipids are highly
coveted for understanding various aspects of developmental biology preferably with-
out the use of perturbative labels [175]. To this end, G2_SC was used to demonstrate
in vivo imaging of lipids.

Xenopus laevis tadpoles were selected as the samples for our MS-PAM experi-
ments. Xenopus laevis is considered as a classic animal model in many investigations
of comparative biology and fundamental biological research [176], such as regenera-
tive medicine [177], signal transduction [178] and embryonic development [179]. Imag-
ing techniques based on vibrational microscopy have been reported for SRS imaging
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of lipids in Xenopus laevis [176]. However, the advanced imaging techniques like
SRS and Coherent anti Raman scattering (CARS) imaging usually require complex
femtosecond laser systems, thereby making imaging systems unrealistic for compact
real-time imaging applications. As informed earlier, PAM in the near-IR wavelength
region (1650-1850 nm) is suitable for imaging of lipids, due to the presence of dominant
well-differentiated absorption features because of the C-H bond overtone transitions.

In the current chapter, we demonstrate for the first time to our knowledge, in
vivo MS-PAM of lipids in the first C-H overtone region using an all-fibre G2_SC
laser. The MS-PAM capability is realised due to the tunable capability of the laser
source (G2_SC laser in conjunction with the LVF) the filtered excitation bands from
the LVF has enough PED to excite the PA signal over the entire first overtone region
of C-H bond vibrations. We further show how such a compact tunable SC laser can
be used for MS-PAM of lipids in ex vivo adipose tissue and in vivo using Xenopus
laevis tadpole over the complete first overtone region. The developed system is able to
clearly visualize lipid distribution inside both samples with high contrast, thus carving
out a new direction towards compact, broadband and cost-effective sources for label-
free imaging of lipids in both developmental biology and medical applications.

5.4.2 Methods for ex vivo and in vivo MS-PAM of lipids

5.4.2.1 Ethical approval for in vivo experiments

In vivo experiments were carried on the Xenopus laevis tadpoles. The embryos
of the tadpoles were supplied by the European Xenopus Resource Center (EXRC,
Portsmouth UK) and kept at ≈ 20◦ C in normal tap water. During the MS-PAM
experiments, the tadpoles were anaesthetised in 0.1% MS-222 solution (ethyl 3-amino-
benzonate methanesulfonate, Sigma Aldrich). All the experiments were unregulated
but were approved by the University of Kent animal welfare ethics committee.

5.4.2.2 MS-PAM system

The MS-PAM system is based on the tunable laser system as the excitation source,
which is a combination of home-built all-fibre G2_SC laser and a LVF. The light
from the G2_SC laser system is collimated using broadband reflective fibre collima-
tor (RC04FC-P01, Thorlabs) and subsequently filtered using the LVF (LVF 1.5-2.5,
Vortex Optical Coatings).

The filtered light is steered using a set of orthogonal galvanometer scanners
(6220H, Cambridge Technology Limited) allowing fast XY ratser scannig of the sam-
ple in both the lateral directions. The light from the scanners is focused on to the
sample using a mounted achromatic lens doublet (AC254-040-C-ML, Thorlabs). A
custom 10 MHz flat ultrasonic transducer (C10, COPAC) is used to detect broad
bandwidth PA signals generated due to the filtered excitation light. The broad band-
width PA signals are amplified using two cascaded low-noise amplifiers (ZFLN-500LN,
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Figure 5.9: (a): Schematic of the MS-PAM system, adapted from [61]. C1: fiber
collimator. LVF: linear variable filter. GM: galvometer scanners. L1:
lens. MS: microscope slide. FT: flat transducer. PC: personal computer.
(b): Photographs of the experimental setup in the lab. Inset shows the
G2_SC laser source and the power supply unit with the scale bar of 10
cm.
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Mini-Circuits) and then sent to a fast digitizer (PCI-5124, National Instruments) for
data processing.

5.4.2.3 Synchronisation scheme and Data Processing

The trigger and synchronisation of the MS-PAM system is shown with the help of
a schematic in figure 5.10. The scheme solely depends on an I/O device (PCI-6110,
National Instruments) and the digitizer (PCI-51124, National Instruments). Initially,
a triangular signal generated from the I/O device drives the XY galvo scanners (at 122
Hz), at the same time a TTL signal is sent to the digitizer to enable data acquisition.
The synchronisation between the excitation pulse from the laser and the PA data
from the transducer is done within the digitizer.

Figure 5.10: Trigger and synchronisation scheme of the MS-PAM system.

The recorded PA signals is digitised up to a maximum bandwidth of 100 MHz
using the digitizer operating at 200 MS/second. An internal hardware filter was
configure so as to filter the RF signals up to 40 MHz. Since the PRR of the laser
used during the experiments is 100 kHz, therefore, each temporal analogue signal of
10 µs was generated by the transducer for every excitation pulse. Each pulse was
digitised into 2000 sampling points within a time interval of 10 µs. The ascending
part of the triangular signal is used for the acquisition of the PA signal while the
descending part of the signal is used for processing the data. At each scan position,
the recorded PA signal is processed by computing the Hilbert transformation so as
to obtain the envelope of the recorded signal, which gives the depth profile (A-scan)
of the sample. By scanning the sample laterally (x), a cross-sectional image (B-scan)
is generated. By further scanning the sample in the perpendicular direction (y), a
3-D image is obtained, which can also be presented by using the MAP images. The
synchronisation and data processing is performed using a LabVIEW routine. The
LabVIEW routine used during the course of the experiments in this chapter was
developed by Dr. Adrian Bradu at the University of Kent.
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5.4.2.4 Characterisation of MS-PAM system

The theoretical lateral resolution of the MS-PAM system at the beam focus was
calculated to be about 10.79 µm at a 1720 nm excitation wavelength and the lateral
resolution of the G2_SC based MS-PAM system was experimentally quantified by
imaging the edge of an element on a positive 1951 United States Air Force test target
(R1DS1P, Thorlabs).

Figure 5.11: Resolution of MS-PAM setup. (a): PA MAP of the USAF target at
1720 nm. (b): Lateral resolution of the MS-PAM system estimated by
using edge and line spread functions, adapted from [61].

As shown in figure 5.11(b), the ESF was calculated by fitting the raw PA signal
collected from scanning one of the edge of the target in steps of 1.6 µm. The LSF
was then calculated by taking the derivative of the ESF. As mentioned earlier, the
lateral resolution of the system is defined as the FWHM of the LSF and was found
to be about 11.46 µm indicating that the system is close to the diffraction limit. The
MAP of the test target is shown in figure 5.11(a).

For recording the MS-PAM images, the optical beam is raster scanned by keeping
both the sample and the transducer at the static position, therefore we have to verify
the maximum size of the samples which can be used for MS-PAM experiments. The
effective ultrasound detection area of the transducer can be used to estimate the
maximum sample size, as the sample size of the system is limited by the effective area
of the single element transducer. K-wave MATLAB tool box for the time-domain
modeling of ultrasound waves was used for computing the field pattern generated
by the single element custom-made transducer in a 2-D model. The results of the
simulation are shown in figure 5.12.

In order to run the simulations, a single transducer whose element diameter of 6.35
mm is defined. The response of the transducer when excited with a 10 MHz time
varying sinusoidal source is then computed. Figure 5.12(a) shows the computed field
pattern generated by the custom-made transducer in a 2-D model with respect to the
distance from the transducer, the dashed line shows the position of the transducer.
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Figure 5.12: Computed ultrasound field pattern of the single-element transducer
used during the experiments. The dotted line in figure 5.12a shows
the position of the transducer.

figure 5.12(b) shows the 6 dB ultrasound amplitude (in green) overlaid on the overall
ultrasound amplitude (in blue) at a distance of 35 mm (35 mm was the distance
used between the sample and transducer during the MS-PAM experiments) away
from the transducer’s position. The 6 dB amplitude of the single element transducer
is estimated to be about 7.18 mm. Therefore, the maximum sample size of the
experiments which can be used during the experiments can be not more than 7.18
mm in width.

5.4.3 Results and discussion
5.4.3.1 All-fibre SC laser

The excitation laser system is based on G2_SC laser presented in detail in the section
5.3. As shown in figure 5.13(a), the G2_SC laser is based on a DMD based MOPA
configuration with 3 independent amplification stages. The SC generated from the
laser spans from 1440-1840 nm, with an average output power of about 1830 mW.
The PSD of the preamplifier, booster amplifier and SC (with 100 kHz PRR and 7 ns
pulse duration) are shown in figure 5.13(b).

Six different excitation bands with center wavelengths 1600, 1640, 1680, 1720,
1760 and 1800 nm were filtered for the MS-PAM experiments. The filtered excitation
bands from the SC using LVF are shown in figure 5.13(c) and the measured pulse
energies of the filtered bands are shown in figure 5.13(d). As can be seen from figure
5.13(d), the pulse energies of all the six filtered excitation band are sufficiently high
for performing OR-PAM applications.
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Figure 5.13: (a): Schematic of the G2_SC system. DCF4: dispersion shifted fiber.
(b): PSD of preamplifier, booster amplifier and SC at 100 kHz PRR.
(c): Excitation bands filtered after the LVF. (d): Pulse energy in each
filtered excitation band, adapted from [61].

5.4.3.2 Ex vivo MS-PAM imaging of Adipose tissue

Before using the G2_SC for in vivo MS-PAM experiments of lipids, various ex vivo
lipid samples have been tested for MS-PAM experiments. The samples tested in the
course of the experiment range from fat samples from chicken to cattle as shown in
the figure 5.14. However, only the fat samples from sheep revealed interesting results
(structures with contrast) during the MS-PAM studies.

MS-PAM was performed on a thin slice (about 3 mm) of adipose tissue from
fat of the sheep in the first overtone region of C-H bond vibrations (1600-1800 nm
wavelength range). As informed earlier, six excitation bands in steps of 40 nm were
filtered from the G2_SC laser using the LVF to excite the adipose tissue sample. The
generated PA signals from the sample were detected using the flat transducer that
was acoustically coupled to the tissue using a clear ultrasound gel. The acquisition
of the PA signals and the analysis of its raw data were accomplished by using a
LabVIEW routine, detailed in the section 5.4.2.3. For every position of the beam on
tissue sample, from the acquired PA signal an A-scan is generated by computing the
Hilbert transformation. A MAP image is produced by plotting the PA amplitudes
extracted from each of the A-scans recorded in both the lateral directions X and Y
using galvo-scanners. As mentioned earlier, 2000x2000x2000 pixels were acquired in
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Figure 5.14: Photographs of different ex vivo lipids. (a) & (b): Fat from chicken.
(c): Fat from sheep. (d) & (e): Fat from cattle.
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15.3 s to complete a 3-D volumetric image. However, since most of the information
of the recorded PA signal was within 410 pixels, therefore, the MAP images showed
during the experiments have a volumetric information of 410x410x410 pixels. To
improve the signal-to-noise of the PAM images, the signals are averaged over 16
pulses before generating the final images.

Figure 5.15(a) optical microscope image of a part of the ex vivo adipose tissue
and MS-PAM images at six different excitation bands. All the images were averaged
over 16 consecutive pulses and are subsequently normalized to their respective pulse
energies in the filtered excitation bands (figure 5.13(d)). However, the MS-PAM
images are not corrected for the relative intensity fluctuations of the G2_SC laser.

The MS-PAM images from the ex vivo adipose tissue show PA signals due to the
absorption of lipids over the entire first overtone of C-H bond vibrations. The ex vivo
adipose tissue reveal higher PA amplitude at 1720 nm when compared to the PA am-
plitudes at the other wavelengths. The pronounced PA amplitudes can be attributed
to the stronger absorption of lipids at 1720 nm due to the first overtone transition
of C-H bonds. The MS-PAM images at 1600 nm and 1800 nm show relatively lower
PA amplitudes when compared to that of 1720 nm, which is in good agreement with
the absorption features of the lipids as shown in the figure 4.5. Another interesting
observation which can be made from the MS-PAM images is the vasculature inside
the adipose tissue, which is visible due to the shadowing effect. However, at 1720 nm
due to the stronger absorption of lipids in the surrounding tissue the vasculature is
barely visible.

In order to further verify the PA signals recorded correspond to the lipids on
the tissue, PA signal from three different regions (each region of about 0.087 mm2,
highlighted in the figure 5.15(b)) on the sample were plotted with respect to all
the six filtered excitation wavelengths and are shown in figure 5.15(b). As can be
seen, the spectral profile of the PA signals tend to reveal characteristics similar to
the absorption profile of lipids. Moreover, the maximum amplitude of all the three
different regions occur at 1720 nm, thereby proving that the detected PA signals
correspond to the lipids on the tissue.

The SNR of the MS-PAM images, which is the ratio of the measured PA signal to
the overall noise at each A-scan was calculated at all the six excitation wavelengths
and is plotted in figure 5.15(c). The SNR varies from 8 dB to 18 dB. The maximum
SNR (about 18 dB) was observed at 1720 nm, which can be attributed to the strong
PA signals generated due to pronounced absorption of lipids. The SNR can be further
improved by increasing the number of signal averages, which is conventinally done in
PAM applications. To further exhibit the potential of developed MS-PAM system in
vivo imaging of Xenopus laevis tadpole was performed and the results are presented
in subsequent section.
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Figure 5.15: (a): Optical microscope image and MS-PAM images of ex vivo adipose
tissue. Six MS-PAM images acquired from 1600-1800 nm in steps of
40 nm. The white bar in the photograph and the last MS-PAM image
represents the scale bar of 1 mm. (b): PA amplitudes of three different
regions (labelled 1, 2 and 3 in the inset of the figure) for all the six
filtered excitation wavelengths. (c): Measured SNR of ex vivo MS-
PAM images at all the six filtered excitation wavelengths, adapted
from [61].
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5.4.3.3 In vivo MS-PAM imaging of Xenopus laevis

After receiving the Xenopus laevis embryos from the EXRC, the tadpoles were raised
in a normal tap water to stage 37-38, which is about 53 hrs post-fertilisation. The
early stage of tadpole was specifically chosen for two main reasons; 1. As can be seen
from figure 5.16, the life cycle of Xenopus laevis contains briefly 8 different stages.
Among the 8 different stages, externally developing stage like tadpole offers high de-
gree of transparency before the metamorphosis, which thereby permits unobstructed
laser penetration in the intact of the tadpole. 2. The embryonic stages like tadpole
contain the regions like yolk sac, a well-defined area with a high concentration of lipid
distribution [179–183].

Since, the MS-PAM system used during the experiments was based on transmis-
sion configuration, the normal Petri dish could not be readily used as a sample holder
as they do not exhibit sufficient transparency in the spectral region used during the
experiments. Therefore, a part of it is removed at the bottom and an imaging window
was created by sealing the dish with a thin microscope slide (0.2 mm thickness). Tad-
pole to be imaged was then placed on the slide with a droplet of water and covered
with a transparent sheet so as to secure the position of tadpole confined to a small
region. The sample holder was filled with water-based solution, to further facilitate
acoustic coupling. Figure 5.17 shows a photograph of the tadpole which was imaged
during the experiments with MS-PAM images recorded using six different excitation
bands.

The laser radiation used during the experiment (highest was about 0.88 J/cm2 at
1600 nm) was well within the MPE level (1 J/cm2 for tissues while using a ns pulse).
The MS-PAM images were averaged over 16 A-scans and normalised to the respective
pulse energies of the excitation bands. Similar to the ex vivo samples, MS-PAM
images of the tadpole also show a strong PA signal at 1720 nm when compared to the
other excitation wavelengths, which can be attributed to the dominant absorption
of the lipids at 1720 nm. An interesting observation which can be made from the
MS-PAM images is, most of the PA signal was observed from the yolk sac section
of the tadpole. It can be seen from the images that, the PA signals are distributed
throughout the section all along its anterior-posterior and ventral-dorsal axis. The
strong PA signals from the yolk sac section is because of the presence of vast reserve
of lipid molecules, thereby leading to strong absorption of the excited wavelength
due to the first overtone transitions of C-H bond vibrations. The results are in good
agreement with the known abundance of the lipoprotein Vitellogenin in the Xenopus
laevis yolk sac [183].

In order to further verify the PA signals recorded correspond to the lipids on
the tadpole, PA signal from three different regions (each region of about 0.087 mm2,
highlighted in the figure 5.17(b)) on the sample were plotted with respect to all the
six filtered excitation wavelengths and are shown in figure 5.17(b). As can be seen,
the spectral profile of the PA signals show signature of lipids, thereby confirming that
the recorded PA signals correspond to the lipids on the tadpole.

The SNR of the MS-PAM images, was calculated in a similar way as in the ex vivo
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Figure 5.16: Xenopus laevis life cycle. Different developmental stages of Xenopus
laevis. Adapted from [180].
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Figure 5.17: (a): Photograph and MS-PAM images of in vivo Xenopus laevis tad-
pole. Six MS-PAM images acquired from 1600-1800 nm in steps of
40 nm. The white bar in the photograph and the last MS-PAM im-
age represents the scale bar of 1 mm. (b): PA amplitudes of three
different regions (labelled 1, 2 and 3 in the inset of the figure) for all
the six filtered excitation wavelengths. (c): Measured SNR of in vivo
MS-PAM images at all the six filtered excitation wavelengths, adapted
from [61].
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case for all the six excitation wavelengths and is plotted in figure 5.17(c). The SNR
varies from 8 dB to 24 dB. The maximum SNR (about 24 dB) was observed at 1720
nm, which can be attributed to the strong PA signals generated due to pronounced
absorption of lipids. Since the image scan area was smaller for in vivo experiments
when compared to the ex vivo experiments, therefore, the SNR was higher. Therefore,
using the proposed MS-PAM system, we have demonstrated its capability to label-
free visualization of lipids inside the small animal like tadpole, which is important for
the understanding of rapid developments in model organisms.

5.4.4 Summary
In summary, by employing the developed G2_SC laser, we demonstrated its appli-
cability for MS-PAM imaging of lipids of ex vivo adipose tissue and in vivo Xenopus
laevis tadpole. Our study has shown that our MS-PAM system can clearly visualize
lipids in both ex vivo and in vivo tissues, which makes it applicable for a wide range
of applications. We believe the proposed G2_SC laser paves a new direction towards
more compact sources for label-free imaging of lipids in both developmental biology
and medical imaging.



CHAPTER6
Conclusion

The overall aim of this PhD is to further enhance the usability of the SC sources
in the practice of PA microscopy and spectroscopy applications. As mentioned ear-
lier, since the low-PED is intrinsic to the PCF-based SC laser due to its ultrabroad
bandwidth, we proposed an ingenious way of tailoring the bandwidth of SC to the
specific endogenous molecules of interest by using standard SMFs instead. Of the
many endogenous biological molecules, lipids and glucose play a crucial role as they
act as contrast agents for fatal chronic diseases like atherosclerosis, myocardial in-
farction and diabetes mellitus. Moreover, since the dominant absorption features of
these molecules fall in 1500-1850 nm, it would relatively be easy to tailor the SC
emission using standard telecommunication range optical components. To this end,
two generations of the SC lasers (G1_SC and G2_SC) have been devised for MS-PA
applications.

In chapter 3, the configuration of the SC-based OR-PAM system developed at
DTU is detailed. Moreover, the specific information of the components used, prepara-
tory steps, the alignment procedure, the sensitivity of various transducers and the
imaging capability of the OR-PAM system are discussed to help rebuild the system
for any future endeavours.

In chapter 4, we demonstrated the development of the first version of high-PED
SC laser (G1_SC laser) using a commercial diode-laser based amplifier and few me-
tres of the standard fibre. Further, the length of the fibre is adjusted to have the
maximum PED of the laser in the centre region of 1650-1850 nm to use it for MS-PA
applications of lipids. The subsequent PAM experiments on ex vivo adipose tissue
as well as the PAS experiments on three different lipid samples show its usefulness
for the MS-PAM applications. Interestingly, since the glucose and ammonia also
show the absorption features in the emission region of the G1_SC laser source, the
laser was further used for in vitro monitoring of glucose and ammonia concentrations.
The results in both the experiments show a coefficient of determination of over 95%
for monitoring of respective concentrations. Notably, the prediction of glucose with
clinical accuracy according to the CEG analysis shows its potential towards in vivo
experiments. However, the pump laser used for the G1_SC was limited by the fixed
parameters, and a maximum repetition rate of 30 kHz, a proposal to further scale the
repetition rate with tunable parameters was devised and the results of the developed
laser with its applications were detailed in chapter 5.

In chapter 5, we describe the development and characterisation of the second
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version of home-built high-PED SC laser (G2_SC laser) based on a DMD seed and
EDFA amplifier (with two high-gain preamplifiers and a booster amplifier). The
DMD based configuration was explicitly chosen to have a tunability in parameters
like pulse duration and PRR. The filtered optical pulses from the G2_SC source show
sufficiently high-PED for MS-PAM studies on lipids over the first overtone region of
C-H bond vibrations. To further showcase its potential for MS-PAM application
of lipids, ex vivo imaging of adipose tissue and in vivo imaging of Xenopus laevis
tadpole was performed. The results from our experiments show the ability of SC-
based MS-PAM system to visualise lipids over the entire sample precisely. The fast
PRR of the source enabled the image acquisition in less than 52 s (with 16 times
signal averaging), making the system a promising prospect for real-time imaging for
studying developmental biology in small-whole body animal models.

Ideally, without any signal averaging, an MS-PAM image of the tadpole with PRR
of 100 kHz would have taken a mere 3.2 s. Therefore, for future applications, PED of
the G2_SC laser can further be scaled by using LMA fibres in the pump-MOPA con-
figuration to perform the MS-PAM without any signal averages. Moreover, the higher
PED of the SC laser will in principle allow the use of narrow bandpass filters; such
a narrowband system will allow discerning high-resolution MS-PAM of multiple en-
dogenous biological molecules like glucose, lipids, water and collagen as they all show
dominant absorption features in the emission wavelength of the G2_SC laser source.
Furthermore, the use of a DMD seed-based SC laser will allow PAM experiments at
repetition rates which have never been achieved in the reported wavelengths, thereby
providing the presented high-PED SC lasers with a new direction towards compact,
all-fibre, agile sources for label-free imaging of multiple endogenous molecules and
also in developmental biology.

Figure 6.1: Fast PAM at 150 kHz, 500 kHz and 1 MHz.

For the sake of proof of concept for fast PAM imaging, the PRR of the G2_SC
laser is increased to higher PRR. However, due to the reduced peak power at higher
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PRRs and low nonlinearity of the DSF fibre, the output spectrum of the SC laser
does not enable imaging in the 1650-1850 nm region. Therefore, an attempt to image
a non-porous carbon tape using a small fraction of pump power was performed in
combination with the fast galvo scanners. The PAM images at three different repeti-
tion rates are shown in figure 6.1. It can be seen that, when used with a fast scanning
systems, the image acquisition with a repetition rate in the range of MHz can be
achieved without any pulse averages.

In conclusion, figure 6.1 reveal the potential and future prospects of the DMD-
based all-fibre SC lasers for the interest of real-time fast PAM.
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