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Abstract
The emergence of Hollow core fibers (HCF) has revolutionised the field of optical
photonics in a number of ways. Firstly, it enhanced light/matter interaction in by
providing a waveguide that not only confines light withing its core, but also allows
for the interchangeability of this host gas. This therefore allows for numerous sensing
application such as spectroscopy of gaseous and liquid compounds. Additionally, and
perhaps even more important, is that by changing this gas and tuning its pressure,
the properties of the fiber such as nonlinearity and dispersion changes. This is a new
concept that could not be achieved through with previous solid-core fibers, and since
the core of these fibers is hollow it meant that intense level of light could be propagated
in the core without fear of damaging the fiber. The combination of these intriguing
physical phenomena lead to HCF to be deployed in fields of Ultra-fast nonlinear
Optics, Supercontinuum generation, pulse compression, gas sensing, delivery of high
power lasers etc.

In contrast to photonic crystal fibres (PCF), HCF are not restricted by the silica
material, in principle. This means their transmission can be tailored and be made
to guide at wavelengths that silica has fallen short. These designs, such as the neg-
ative curvature fibers, have allowed to HCF to transmit light in a large bandwidth.
Including and not limited to the Ultraviolet and mid-Infrared (mid-IR) regime. In
this thesis, we present a unique demonstration of these HCF, buy generating a multi-
octave spanning SC light, which spans from 200 nm in the UV to 4000 nm in the
mid-IR, this was achieved through pumping the HCF itself in the mid-IR, thereby
having a significant fraction of the light in this very important region. Furthermore,
through resonant dispersive waves (DW), light was able to be generated in the deep-
UV region, another very important region of the electromagnetic spectrum. This
Deep-UV light has been is much interest in various fields such as lithography, semi-
conductor chip inspection, etc. Therefore the generated light was characterized and
important features such as its coherence and noise was investigated in the thesis. Be-
sides, another type of lasers, called Raman lasers have been realized through the use
of Raman active Gasses in the fiber core.

To explore the full potential of these fibers in gas sensing, this thesis explores
novel ways of sending gas into the cores of they were to be spliced. Unique micro-
machining methods such as Focused ion beam and femtsecond laser ablation were
examined in making channels while maintaining minimal distortion the fiber’s guid-
ing properties. Other technique which relies on commercially-available components
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was used to demonstrate continuous detection of multiple gasses in HCF, this type
of application is of primary importance especially in detecting and monitoring air
pollution. Denmark, for example, has a huge demand for such gas sensors because of
the Ammonia and Methane that is released in areas of intense agriculture like diary
barns and pig farms. Having photonic chips integrated with ammonia sensors will
help greatly in monitoring the levels of pollutants released into the atmosphere. The
presented ammonia and methane sensor is a step forward towards actualising this
dream.

We are confident that the work presented, not only confirms the future of HCF
in next-generation UV and mid-IR lasers, but also demonstrated their suitability in
making a more compact and low-cost sensors that could provide real-time, highly
sensitive and reliable gas sensors.



Dansk resumé
Fremkomsten af hulkernefibre (HCF) har revolutioneret feltet optisk fotonik på flere
måder. For det første forbedrede det lys/stof-interaktion ved at tilvejebringe en bøl-
geleder, der ikke kun holder på lys med sin kerne, men også giver mulighed for ud-
skiftning af denne værtsgas. Dette tillader derfor adskillige sensoranvendelser, såsom
spektroskopi af gasformige og flydende forbindelser. Derudover, og måske endnu
vigtigere, er, at ved at ændre denne gas og justere dens tryk, ændres fiberens egen-
skaber, såsom ikke-linearitet og dispersion. Dette er et nyt koncept, som ikke kunne
opnås med tidligere fastkernefibre. Da kernen i disse fibre er hul, betyder det, at høj
lysintensitet kan udbredes i kernen uden frygt for at skade fiberen. Kombinationen af
disse spændende fysiske fænomener fører til, at HCF implementeres i felter med ultra-
hurtig, ikke-lineær optik, supercontinuumgenerering, pulskomprimering, gassensorer
og levering af højeffektlasere osv.

I modsætning til fotoniske krystalfibre (PCF) er HCF i princippet ikke begrænset
af silicamaterialet. Dette betyder, at deres transmission kan skræddersys og designes
til at guide ved bølgelængder hvor silica kommer til kort. Disse design, såsom de nega-
tive krumningsfibre, har tilladt HCF at transmittere lys over en stor båndbredde, der
inkluderer men ikke er begrænset til ultraviolet og midt-infrarøde (mid-IR) regime. I
denne afhandling præsenterer vi en unik demonstration af disse HCF ved generering
af en multi-oktav SC lys, der spænder fra 200 nm i UV til 4000 nm i mid-IR. Dette
blev opnået ved at pumpe en HCF i mid-IR, hvorved en betydelig del af lyset er i dette
meget vigtige område. Desuden kunne der gennem resonante dispersive bølger (DW)
genereres lys i det dybe UV-område, et andet meget vigtigt område i det elektromag-
netiske spektrum. Dette dybe-UV-lys har været meget interesserant i forskellige felter
såsom litografi, halvlederchip-inspektion osv. Derfor blev det genererede lys karak-
teriseret, og vigtige træk såsom dets kohærens og støj blev undersøgt i afhandlingen.
Desuden er en anden type lasere, kaldet Raman-lasere, blevet realiseret ved hjælp af
Raman-aktive gasser i fiberkernen.

For at udforske disse fibres fulde potentiale ved gassensorering undersøger denne
afhandling nye måder at sende gas ind i kernerne af sammensplidsede fibre. Unikke
mikromaskinforarbejdningmetoder, såsom fokuseret ionstråle og femtsekunders laser-
ablation blev undersøgt til at fremstille kanaler med opretholdelse af minimal påvirkn-
ing af fiberens guidende egenskaber. En anden teknik, der kan udføres med kommer-
cielt tilgængelige komponenter, blev anvendt til at demonstrere kontinuerlig detektion
af flere gasser i HCF, og denne type anvendelse er af stor betydning til især at detek-
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tere og overvåge luftforurening. Danmark har for eksempel en enorm efterspørgsel
efter sådanne gassensorer på grund af ammoniak og metan, der frigives i områder
med intenst landbrug som mælke. Og svineproduktion. At have fotoniske chips
med integrerede ammoniakksensorer vil hjælpe meget med at overvåge niveauerne af
de forurenende stoffer, der frigøres i atmosfæren. Den præsenterede ammoniak- og
metansensor er et skridt fremad mod at realisere denne drøm.

Vi er overbeviste om, at det fremlagte arbejde ikke kun bekræfter HCFs fremtid
i næste generation af UV- og midt-IR-lasere, men også demonstrerer deres egnethed
til fremstilling mere kompakte og billige sensorer, der kunne give meget følsomme og
pålidelige gassensorer i realtid.



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 “Gas-filled Hollow-Core Photonic Crystal Fibers for sens-
ing applications and ultrafast non-linear optics” and the work presented in this thesis
documents the three years (August 2017-July 2020) of Ph.D. studies carried out at
the Department of Photonics Engineering in the Fiber Sensors and Supercontinuum
group with Associate Professor Christos Markos as main supervisor and Professor
Ole Bang as co-supervisor. The project that leading to this thesis has received fund-
ing from the Innovation Fund Denmark, Grand solutions under teh project titlled
“ECOMETA”: Emission Control: Methods and Technologies for Agriculture, Grant
No: 6150‐00030B.

The thesis aims to explore gas-filled hollow-core fibers for applications in nonlinear
optics and gas sensing.

Kongens Lyngby, August, 2020

Abubakar Isa Adamu



vi



Glossary
OC Celsius.

ANDi All-normal Dispersion.
Ar Argon.

CH4 Methane.
CL Confinement Loss.
CO2 Cabondioxide.

DSF Dispersion-shifted Fiber.
DTU Technical University of Denmark.
DUV Deep Ultraviolet.
DW Dispersive Waves.

FEM Finite Element Method.
FIB Focused Ion Beam.
FWHM Full-width Half Maximum.

GVD Group Velocity Dispersion.

H2 Hydrogen.
HC-ARF Hollow core Fiber Anti-Resonant.
HCF Hollow-Core Fibers.
HCPBG Hollow-Core Photonic Band-Gap.
HWP Half-wave Plate.

MCT Mercury-Cadmium-Telluride.
MFC Mass Flow Controller.
MI Modulational Instability.
MID-IR Mid-Infrared.

NH3 Ammonia.
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OPA Optical Parametric Amplifier.
OSA Optical Spectrum Analyser.

PBGF Photonic Band Gap Fiber.
Ph.D. Doctor of Philosophy.
PIC Photonic Integrated Circuit.
PSD Power Spectral Density.

RIN Relative Intensity Noise.

SC Supercontinuum.
SCCM Standard Cubic Centimeters per Minute.
SEM Scanning Electron Microscopy.
SMF Single Mode Fiber.
SPM Self-phase Modulation.
SRS Stimulated Raman Scattering.

UV Ultraviolet.

ZDW Zero-dispersion Wavelength.
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CHAPTER1
Introduction

”An experiment is a question that science poses to Nature, and mea-
surement is the recording of Nature’s answer” – Max Planck, Scientific
Autobiography.

1.1 Project overview
The project which lead to this thesis has received funding from Innovation Fund
Denmark under the title ECOMETA: Emission Control: Methods and Technologies
for Agriculture. Grant agreement No 6150‐00030B.

According to the proposal submitted to the Innovation Foundation Denmark, the
technical abstract of the project states

“The project is aimed at development of technologies and methods for
achieving an environmentally sustainable livestock production with strongly
reduced impact on air quality in terms of odor, ammonia and bioaerosols.
To achieve this, the project develops key abatement technologies with the
highest reduction potential: end-of pipe air treatment and field applica-
tion technology. Two types of air cleaning will be developed, 1) a hybrid
biological-chemical technology and 2) a new chemical technology based on
aqueous ozone. For slurry application, a new low-emission software tech-
nology is developed for shallow injection and pH control balanced to meet
nutrient demand. To support the management and implementation of the
technologies, the project includes development of on an optical sensor for
NH3, a lab - on- a -chip NH3 detection device, and a software sensor for
biotrickling filter control. Since the technologies are expected to be im-
plemented in a new emissionbased regulation system, scientific gaps are
also filled with respect to reference methods for this purpose. These gaps
include 1) a new odor assessment method based on analytical-chemical
odorant measurements to provide reliable assessment of odor emission
reduction, identification of a suitable reference method for assessing emis-
sions from open area sources, 2) a new method for assessing nitrogen loss
based on the N-to-K ratio aimed mainly at naturally ventilated livestock
buildings (supplemented by an NMR sensor for measurement of N and
K), 3) a methodology to test for bioaerosol risk and 4) a newly developed
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soil index for infiltration in relation to gas emissions. These reference
methods will also be highly relevant in development of technologies and
development/verification of sensor technologies.”

Within the framework of the ECOMETA project, there are 10 work-packages
which comprises of both industrial and university partners. Technical University of
Denmark, through this PhD work, was tasked with demonstrating a laboratory proof
of concept for HCF used as ammonia gas sensor:

The majority of the work carried out during this thesis was conducted at DTU Fo-
tonik, Department of Photonics Engineering at the Technical University of Denmark
in Lyngby, Denmark, in collaboration with CREOL, at University of Central Florida,
USA, NKT Photonics A/S in Birkerød, Denmark and Aarhus University, Aarhus Den-
mark. The thesis covers results related to the title ”Gas-filled Hollow-Core Photonic
Crystal Fibers for Sensing Applications and Ultra-fast Non-linear Optics”. Other work
carried out during the PhD, but not related to thesis includes: Fabrication of spe-
ciality optical fibers such as polymer/chalcogenide hybrid fibers, polymer/electrode
speciality fiber and multi-material optical fiber for neural simulation.

1.2 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 research carried out in this thesis, the outline
of the thesis, and the dissemination activities that were achieved during the
course of the Ph.D. study.

∗ Chapter 2 provides an introduction to Hollow core fibers, beginning with a
brief history and development of Optical fibers. It discusses the properties of
hollow core fibers that allow the necessary theoretical and experimental work
presented in the later chapters of the thesis. The chapter, provides in brief; fiber
transmission, loss, dispersion, non-linearity, fabrication process and applications
of hollow-core fibers.

∗ Chapter 3 details the experimental demonstration of multi-octave Supercon-
tinuum from deep ultraviolet region to mid-IR. Where a gas-filled HC-ARF is
pumped with ultrafast fs pulses in the mid-IR. Starting with a summary of
SC generation and current state-of-art in gas-filled SC generation. Besides a
detailed experimental procedure used to attain the results, the chapter is sup-
ported with simulation that corroborate the experimental measurements. The
influence of pump power and Ar. pressure was analysed on dispersive wave at
275 nm and the overall spectrum that spans to 4µm.
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∗ Chapter 4 analyses the noise and stability of DUV dispersive waves that was
presented in Ch. 3. Analysis of noise and coherence of gas-filled generated
DW is integral in understanding their applicability in real world. The chapter
provides an experimental investigation of stability over days, and measures the
pulse to pulse intensity noise of 275 DW. Improving on previous models, the
chapter improves the accuracy by including the technical noise of the pump
laser and demonstrates its effect on the noise and coherence.

∗ Chapter 5 presents stimulated Raman scattering in Hollow core fibers. the
chapter is divided into two. First is mid-IR vibrational Raman at 4.22µm,
designed to target the fundamental CO_2 absorption. The high peak power
and quantum efficiency Raman laser is generated by a carefully designed fiber
laser. The second part of the thesis is a multi-wavelength cascaded Raman from
1.68 to 2.4µm. In both Raman lasers, effect of pressure and pump power was
studied.

∗ Chapter 6 gives the application of HC-ARF. The chapter reports a multi-
species continuous gas detection in hollow core photonic bandgap (HCPBG)
fiber. Ammonia and Methane were detected in near-IR with a home-made SC
laser source. Secondly, the chapter reports on a photonic integrated circuit
integrated with HCPBG. Both reports are made in an all-fiberised system that
brings the system a step closer for real-world application. We investigate meth-
ods of filling the HCF for through focused ion beam (FIB) and femtosecond
laser ablation.

1.3 Dissemination activities during the course of the
PhD

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. Abubakar I. Adamu †,Md. Selim Habib†, Christian R. Petersen†, J. Enrique An-

tonio Lopez, Binbin Zhou, Axel Schülzgen, Morten Bache, Rodrigo Amezcua-
Correa, Ole Bang and Christos Markos. “Deep-UV to Mid-IR Supercontin-
uum Generation driven by Mid-IR Ultrashort Pulses in a Gas-filled Hollow-core
Fiber” Scientific Reports, Vol. 9(1), 1-9, 2019.
† These authors contributed equally to this work.
DOI:10.1038/s41598-019-39302-2 [1]

II. Abubakar I. Adamu, Md. Selim Habib, Callum R Smith, J Enrique Antonio
Lopez, Peter Uhd Jepsen, Rodrigo Amezcua-Correa, Ole Bang and Christos
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Markos “Noise and spectral stability of deep-UV gas-filled fiber-based super-
continuum sources driven by ultrafast mid-IR pulses” Scientific Reports, Vol.
10(1), 1-10, 2019.
DOI:10.1038/s41598-020-61847-w [2]

III. Abubakar I. Adamu, Manoj K Dasa, Ole Bang and Christos Markos “Multi-
Species Continuous Gas Detection with Supercontinuum Laser at Telecommu-
nication Wavelength” IEEE Sensors Journal, Vol. 20(18), 10591-10597, 2020.[3]
DOI:10.1109/JSEN.2020.2993549 [3]

IV. Abubakar I. Adamu, Yazhou Wang, Md. Selim Habib, Manoj K. Dasa, J.
E Antonio-lopez, Rodrigo Amezcua-correa, Ole Bang, and Christos Markos
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CHAPTER2
Hollow core fibers

”We echoed loudly from within, because we are hollow at the core.”
– Joseph Conrad (2016), Heart of Darkness.

2.1 Introduction

The idea of optical fibers have been around since 1964, when the first optical fiber
was demonstrated [12], and within 3 years of its birth, the technology was deployed
by NASA for television cameras that were sent to the moon. Following the successful
demonstration of this technology, optical fibers have undergone continuous improve-
ment on its performance primarily in reduction of the optical loss and increasing
manufacturing throughput. The technology has gained a lot of traction in telecom-
munication, laser technology and sensors, harnessing its advances with respect to
transmission bandwidth, speed e.t.c. In the last 20 years however, the photonics
community has witnessed the advent of optical fibers with hole as the core, called
Hollow-Core Fibers (HCF) . These photonics crystal fibers gave rise to a bunch new
areas of research and also application. Numerous HCFs have been demonstrated over
the years, and while all have hollow cores, the geometries and physics behind them
actually differ. In terms of guiding mechanism, they can be characterized into two
basic types: the Photonic Band Gap Fibers (PBGF) and the Hollow core Fiber Anti-
Resonant (HC-ARF) In case of the former, it was first demonstrated in 1995 [13],
when Philip St. Russel and his team showed the possibility of silica cladding made
of silica and holes, to behave like two dimensional Bragg-mirror, where the cladding
structure is made of periodic layers of air/hole structures. In 1995, the first HCF was
made [14], and showed to have single mode guidance. The second type of HCF is the
HC-ARF. In these type of fibers, negative curvature silica strut of specific thickness, is
surrounded around the empty core. The hypocycloid core-contour nature allows light
to be reflected back to the core from the interfaces of the air/silica and silica/air. The
light confined in the core are wavelengths that are out of resonance (anti-resonant)
with the resonance conditions. This will be discussed further later in this chapter.
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2.2 Properties and characterization of Hollow Core
Fiber

The work presented in this thesis is primarily based on HC-ARF, although a section of
chapter 4 deploys PBGF for specific application in gas sensing. The performance and
properties of a fiber depends on both the material, geometry and guiding mechanism.
There are many advantages that HCF bring to the table, one of the most prominent
is that by guiding light in air, one eliminates restriction caused by material, such as
absorption. There is a very minimal light/glass interaction in hollow core fiber. This
allows for light to be transmitted in wavelength regions where silica has very high
attenuation.

2.2.1 Transmission and fiber Loss
Transmission of light is the moving of electromagnetic waves (be it visible light, ul-
traviolet, etc.) through a material. The transmission window of a fiber, is the section
within the electromagnetic spectrum that the fiber allows for light to propagate, with
minimal loss. In the case of a HC-ARF, this section is called the anti-resonant window.
The spectral region corresponding to the highest transmission are located between the
two resonant regions, that can be defined as:

λm = 2t
√

n2 − 1
m

m = 1, 2, 3, 4, ... (2.1)

where t is the thickness of surrounding capillary strut, n is the refractive index of
the material, in our case, an undoped silica glass is used because of its good optical
and excellent mechanical properties. m is the order of the resonance. A sample
of the resonance region is shaded in gray in the transmission of HC-ARF shown in
Fig. 2.1, a noticeable feature at the anti-resonance regime is the modulation of the
signal, this is cause by the mode-beating of higher order modes. The fiber loss can
be experimentally calculated through the cut − back method, a spectrum is recorded
for a given length of fiber, then the fiber is reduced by certain length, and spectrum
measured again, this cut back is repeated for a number of step and this gives the fiber
loss, in dB/m.

PBGF has since been shown to have an extremely low loss of 1-2 dB/km [15],
albeit with narrow transmission window of a few tens of nm. Unlike its counterpart,
HC-ARF has a very wide transmission bandwidth, as shown in 2.2 measured using
a supercontinuum laser source from 1 m to 10µm - where conventional silica fibers
can not transmit light. Since light at frequencies within the antiresonance region are
radially back-scattered from the capillary to the core, loss contribution due to light
leakage from the core, also known as the confinement loss (CL), can be very high in
HC-ARF. Efforts has been made to improve the CL by putting additional concentric
cylinder inside the capillary, These fiber designs are knows as Nested ARFs. The
team at ORC, Southampton University, have recently demonstrated in Advanced
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Figure 2.1: Above frames are Scanning Electron Microscopy (SEM) images of ice-
cream-cone HC-ARF, with capillary thickness of 770 nm and core di-
ameter of 49 µm. where measurement of its transmission is showed in
(b), gray shaded regions are the position of resonance.

Photonic Congress 2020, a record loss of 2.8dB/km at 650 nm and 1.23dB/km at
1070 nm, beating the previous record of 2.78dB/km at same wavelength[16]. Another
source of loss in these fibers is the bending loss (BL), which comprises of micro bends
and macro bends. Bending loss is a major downside of HC-ARF compared to its
counterpart the PBGF. Increasing the thickness of the outermost silica cladding has
been shown to significantly reduce the micro-bending sensitivity of the fiber[16]. HC-
ARF are believe to be capable of transmitting with lower loss than conventional solid
core fibers [17]
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Figure 2.2: Transmission spectrum of a 100 µm core HC-ARF with ∼250nm cap-
illary thickness. Spectrum measured with a home-built made supercon-
tinuum laser from 1µm to 10µm .

2.2.2 Dispersion
Chromatic dispersion is an effect that happens when electromagnetic waves interact
with a dielectric material. This property happens as a result of the frequency depen-
dence of refractive index, n(w). When short optical pulses are launched into a fiber,
components of the spectra travels at different speeds. This is given as c/n(w). For an
envelope of an optical pulse moving with group velocity vg and group index ng, one
can account for the fiber dispersion by expanding the mode propagation constant, β
in a Taylor series about the central frequency ω0[18]. The dispersion parameter D is
expressed by first order approximation in the equation below:

D(λ) = dβ1

dλ
= −2πcβ2

λ2 = −λd2n

cdλ2 (2.2)

here, β1 and β2 are from the Taylor expansion and are related to n(ω) and its deriva-
tives as expressed

β1 = 1/vg = ng/c = 1/c

(
n + ω

dn

dω

)
(2.3)

β2 = 1/c =
(

2 dn

dω
+ ω

d2n

dω2

)
(2.4)



2.2 Properties and characterization of Hollow Core Fiber 13

In a typical dispersion plot, β2 and D will meetup at a vanishing point and both
curves will change sign (+/-). This point is called the Zero-dispersion wavelength
(ZDW), λD. Dispersion does not completely disappear even at λ=λD, at around this
wavelength, a third order dispersion β3, from the Taylor series is now added, These
higher order dispersion can distort ultrashort pulses. In a dielectric waveguide, the
effective mode index is slightly lower than the material index n(w) of the core, the
reduction is itself frequency dependent, which results in a waveguide contribution that
must be added to the dispersion, Although the contribution to β2 is small, it does
become pronounced as we approach the λD. The dynamic nature of this waveguide
dispersion is that it can be tweaked by playing with the waveguide parameters such as
dopant concentration, core radius, fiber geometry design, etc. Giving room for shift
the dispersion of a fiber. In a HCF, an even more degree of freedom in attainable.
Because by changing the type of gas filled, one can easily change the refractive index.
Even more so, if one increase the density of the gas in the core by increasing the
pressure in the core of the fiber. This effect will in turn shift the ZDW, which provide
distinct properties that conventional solid core fibers cannot, this will be discussed
in the next chapter. The dispersion of HCF can be experimentally measured using
spectral white light interferometry[19]

2.2.3 Nonlinearity
Electric field can interact nonlinearly with a dielectric material. Although nonlin-
earity is undesired in many fields such as telecommunication, this phenomenon has
been exploited for useful application. There are multiple nonlinear processes, such as
optical Kerr effect (otherwise known as nonlinear refraction), which is the source of
self-phase modulation, third harmonic generation and four wave mixing, modulation
instability, Raman scattering etc. All these are accurately modeled through non-
linear Schrodinger equation[18], or even more accurately with generalized nonlinear
Schrodinger equation [20]. HCF give the possibility of changing the nonlinearity of
fiber simply by changing the gas-type or its pressure [21]. This will be discussed in
Chapter 3 of the thesis.

2.2.4 Fabrication and processing of Hollow Core Fibers
Many independent parameters are to be considered in designing and fabricating HCF,
depending on the type of fiber. In an HC-ARF for example, number of capillary tubes
has significant impact on the suppression of higher order mode [22], the geometry
and orientation of capillaries such as large size of capillaries have been shown to
significantly reduce the bending losses of the fiber [23] although at a cost of reducing
the suppression of higher order modes, which can be described as: (d/D)max(n) =
(sin(π/n)/(1−sin(π/n), for n>3, where n is d is capillary diameter and D is fiber core
diameter. Therefore, larger number of tubes would limit the maximum ratio of d/D,
thus reducing the extinction ration [24] . HCFs are fabricated through the stack and
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draw technique, in a revolver HC-ARF for example, n silica capillaries are stacked in
a larger silica tube with broader inner diameter, all-together form the preform. The
preform is put in the furnace and heated above the glass transition temperature of
silica, when soften, the fiber is then drawn into canes which is later drawn again to
attain fibers of few hundred microns in diameter, the resulting fiber has same exact
geometry with the initial preform. Techniques like pressure gradient and vacuum are
applied in the capillaries during drawing, to prevent hole collapsing or to change the
geometry entirely. Detailed fabrication process is presented elsewhere [25]

2.3 Applications of Hollow Core Fibers
HCF has found various applications across disciplines, such as:

2.3.1 SC Generation:
As a results of nonlinear response of dielectric material to an electric field with suffi-
ciently high peak field strength, the input spectrum can broaden to give light at new
frequencies. The generation of new frequencies is well studied in solid-core fiber [26,
27] and has lead to commercialization of Supercontinuum Lasers. HCF also show
promising features in generating supercontinuum[21]. This is going to be studied in
HCF chapter 3 of this thesis.

2.3.2 Gas Sensing
Since HCFs can host compounds and light confined within its core, it can be used
as gas cells. The provide enhanced light/matter interaction by virtue of the long
interaction pathlengths between light and the gas confined in the core. HCF are
especially advantageous for their possibilities of integrability and compactness. For
these reasons, they have been used for gas sensing and spectroscopy[28, 29]. Chapter
5 of this thesis is dedicated to the application of HCF in gas sensing.

2.3.3 Pulse compression
Optical soliton dynamics in a HCF can cause an extreme alteration of the temporal
and spectral shape of a propagating light pulse [30]. This has been investigated for
Raman active [31] and Raman inactive [32] gases, which has lead to compression of
pulses to few-cycle[33] and even single-cycle[34]. In a typical nonlinear pulse compres-
sion setup, optical pulses are launched into a HCF, followed by a pair of dispersive
mirrors which provide a group delay dispersion. i.e. The HCF leads to spectral
broadening and the formation of a linear chirp across the center of the pulse, which is
subsequently compensated by the dispersive mirrors at the collimated output beam,
thus providing temporal compression.
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2.3.4 High Power pulse delivery
By virtue of their hollow core, HCF have been used as versatile optical transmission
medium, for delivering ultrashort laser pulses. Eliminating material damage threshold
that often restrict the use of solid core fibers to deliver high energy pulses, HCF it has
been shown to deliver pulses of few picosecond and femtosecond with output average
powers in excess of 200 W and peak powers of up to a gigawatt having efficiencies up
to 93%,[35], this level of power delivery will undoubtedly attract many applications
in machining and industrial material processing.[36]
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CHAPTER3
Supercontinuum

Generation in
Gas-filled Hollow core

Fiber
”Discovery consists of looking at the same thing as everyone else and
thinking something different” – Albert Szent-Gyorgyi, Nobel Prize, 1937.

This chapter includes work presented in our paper [1], rights of re-use is attached
in Appendix C.
In this chapter, a brief summary of previous work in supercontinuum (SC) generation
in gas-filled fiber will be introduced, it will include summary of previous work in Deep
ultraviolet (UV) light generation, mid-IR disperse waves (DW) and SC using various
types of negative curvature fibers. The work presented here is unique in a number
of ways, firstly, we demonstrate a 4.3 octave wide SC using a single HC-ARF, unlike
previous reports where the SC is generated in a two stage: the first which is the pulse
compression stage where the pump is compressed to typically few fs, then used to
pump the second stage for the SC generation. We are able to generate such broad SC
by virtue of the HC-ARF which is capable of guiding in the mid-IR, and also by virtue
of the pump wavelength which is in the mid-IR, giving an advantage of high power in
the mid-IR. To the best of our knowledge, this is the first report for pumping in the
mid-IR. Furthermore, a brief numerical investigation of coherence will be discussed,
but a more detailed and accurate representation of the noise and coherence will be
discussed in the next chapter.
SC generation based on ultrashort pulse compression constitutes perhaps one of the
most promising technologies towards an ultra-wide bandwidth, spatially coherent
and high-brightness light sources for applications in areas such as spectroscopy and
microscopy. In this chapter, multi-octave SC generation in a gas-filled hollow-core
antiresonant fiber (HC-ARF) spanning from 200 nm in the deep ultraviolet (DUV)
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to 4000 nm in the mid-infrared (mid-IR) having an output energy of 5 µJ is reported.
This was achieved through pumping ultrafast pulses in the center of the anti-resonant
transmission window (2460 nm). The pump laser of ∼100 fs pulses and 1kHz, gives
an injected pulse energy of ∼8 µJ . The mechanism behind such extreme spectral
broadening that arises from the intense soliton-plasma nonlinear dynamics, which
leads to efficient soliton self-compression and phase-matched DW emission in the DUV
region. The strongest DW is observed at 275 nm which corresponds to the calculated
phase-matching wavelength of the pump. Furthermore, the effect of changing the
pump pulse energy and gas pressure on the nonlinear dynamics and their direct
impact on SC generation was reported. This work represents another step towards
gas-filled fiber-based sources, which unarguably is poised to have a major impact on
various applications spanning from DUV to mid-IR.

3.1 Deep UV to mid-IR SC generation in gas-filled HCF

3.1.1 Background
The UV spectral range has great scientific and technical interest, primarily because a
majority of molecules have strong electronic bandgap absorption bands in this region
[37]. On the other hand, the mid-IR is directly associated with the strong funda-
mental vibrational resonances of polyatomic molecules that have distinctive spectral
fingerprints [27, 38], holding a tremendous number of applications, such as semicon-
ductor metrology and inspection [39], pump-probe spectroscopy [40, 41] pollution
monitoring [42], optical coherence tomography and imaging [43, 44]; fiber-based laser
sources capable of covering the electromagnetic spectrum from DUV (wavelengths
<350 nm) up to mid-IR have been the subject of several research around the globe.
Leading it be one of the most promising routes towards development of ultra-broad
bandwidth sources is SC generation. The physics and nonlinear effects behind SC
generation have been throughly investigated over the past few decades, rendering
SC generation to be a well-established and matured technology [26, 45]. Majority of
the reports on SC generation in the literature are based on solid-core silica photonic
crystal fibers (PCF) where the microstructured cladding of the fiber allows for tai-
loring of the group velocity dispersion (GVD), which is an important property that
greatly influences the fibers nonlinearities [26]. Despite silica solid-core PCF-based
SC sources now being available commercially, they can only operate within a limited
transmission range around 350-2300 nm due to the limited transparency window of
the silica material[46]. Jiang et al. reported for the first time in 2015, the fabrica-
tion of a fluoride (ZBLAN) glass-based solid-core PCF with high air-filling fraction
and they demonstrated a broad SC spanning more than three octaves in the spectral
range 200-2500 nm[47]. However, fabrication of ZBLAN-based PCF remains quite
challenging, due to the very steep viscosity–temperature profile of the glass even for
the fabrication of conventional step-index fibers. In order to overcome the limita-
tions both by the fiber material and fabrication difficulty, a relatively new research
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sub-field emerged within nonlinear fiber optics, where gas-filled hollow-core PCFs are
deployed instead of solid-core fibers [21, 48, 49]. Nonlinear optics in HCF and micro
capillaries is certainly not a new research field. For example, back in 1970 E. Ippen
demonstrated backward stimulated Raman scattering in a liquid-filled glass capillary
fiber[50]. Since then, large-bore capillaries have been used as a standard approach
for gas-filled nonlinear applications, such as high-harmonic generation[51] and pulse
compression[52]. With the invention of hollow-core PCFs, new opportunities emerge
because it suddenly became possible to have a low-loss waveguide with much smaller
core diameters (in the order of few micrometers) compared to the larger capillary
bore sizes. This allows for the initiation of nonlinear effects through light/gas inter-
action at much lower pulse energies compared to that required in capillaries[48, 53].
Hollow-core PCFs and particularly HC-ARF are divided into two main categories
based on their geometrical structure: Kagome and negative-curvature[54]. The latter
is a simplified form of the former, which has lately gained a lot of scientific attention
from the fiber-optic community because it offers flat transmission spectrum (such as
one shown in Fig. 2.2), light guidance in the mid-IR region, and reduced complexity
from a fabrication point of view[21, 54]. Nonetheless, both fiber structures have been
extensively reported in the literature for gas-based experiments. These fibers offer a
weak anomalous dispersion, which compensates the normal dispersion of the filling
gas, but more importantly is they can tolerate extremely high levels of peak power
(terawatt levels) due to low modal overlap of the guiding light with the silica cladding.
Many impressive feats have been demonstrated in HCFs, such as tunable and broad-
band DUV and Vacuum UV light generation by tuning the gas pressure in the fiber
[48, 49, 55–59], four-wave mixing[60], pulse compression in the mid-IR[34], Raman
effects[61–64] and multistage generation of extreme UV by tapering the HC-ARF[65].
Most of the experimental reports so far, report on pumping a gas-filled HC-ARF in
the visible and near-infrared regime close to the zero-dispersion wavelength (ZDW)
of the fiber. Recently, Cassataro et al. reported that pumping a Krypton-filled HC-
ARF under 18 bar pressure at 1.7 µm using an optical parametric amplifier is enough
to generate a broad SC from 270 nm up to 3.1 µm with a total output energy of 4
µJ [66]. Köttig et al. have also shown the possibility of generating mid-IR DWs at
3 - 4µm, by pumping a HC-ARF at 1030 nm in the near-IR, but with relatively low
power spectral density (PSD)[55]. However, to the best of our knowledge there hasn’t
been any experimental research carried out with pumping a single gas-filled HC-ARF
with ultrashort MID-IR pulses. In this chapter, we report on the first experimental
demonstration of multi-octave SC generation spanning from DUV to mid-IR, using
a gas-filled HC-ARF pumped directly in the mid-IR region using a tunable optical
parametric amplifier (OPA) system. By coupling 100 fs, 20 µJ pulses into a specially
designed HC-ARF, filled with 30 bar Ar pressure, through soliton self-compression
dynamics, broadening from 200 nm to 4000 nm was achieved. Furthermore, it was
experimentally demonstrated how the pulse energy and the pressure have a crucial
role in the mid-IR spectral broadening and emission of DWs in the UV region.
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3.2 Experimental and theoretical background

3.2.1 Experimental configuration
The HCF consists of a hollow core surrounded by seven non-touching silica capillar-
ies with wall thicknesses of ∼640 nm surrounding a core with diameter of ∼44 µm,
as shown in the scanning electron microscopy (SEM) image of Fig. 3.1. The calcu-
lated fundamental mode profile at 2460 nm (pump wavelength) and that of the first
resonance at 1380 nm is also shown in Fig. 3.1. The 30 cm long HC-ARF was sand-
wiched between the two gas cells Fig. 3.11, equipped with 5 mm CaF2 windows to
allow coupling of the input pulses and collimation at the output. Fig. 3.2 shows the
experimental setup used in this work. A Ti:sapphire was used to pump an OPA with
a few milijoule pulse energy to generate the mid-IR pump. The mid-IR pump was
linearly polarized, 100 fs pulses at 1 kHz repetition rate and a central wavelength of
2460 nm with its power controlled with neutral density (ND) filters and by rotating a
nanoparticle linear film polarizer (P1). The fiber output power was measured using a
thermal power meter, and the beam near-field profile was checked using a visible and
near-IR CCD camera. The output spectrum from 183-1100 nm was measured using
a fiber-coupled UV-VIS CCD array spectrometer, and the spectrum from 1000-5000
nm was measured with a scanning spectrometer (directed with a flip mirror). The
insertion loss of the fiber and CaF_2 optics was 4.2 dB (38 % transmission) for a
central pump wavelength of 2460 nm. This relatively high insertion loss is attributed
to poor pump beam profile and mode mismatch between the fiber and the pump
beam. The output power was recorded for every spectral measurement, and coupling
was optimized after each change in pressure and power to maintain efficient coupling
to the fundamental mode and to prevent damage of the facet. At the start of the
experiments, the fiber was purged several times with high purity Ar (AGA A/S) to
remove any remaining atmospheric air and other impurities. The fiber length was cut
to 30 cm for practical and handling purpose during assembling in the gas-cells.

Fig. 3.3 shows the total calculated propagation loss of the HC-ARF used, which is
calculated based on a finite element method (FEM) software including contributions
from the material (silica), mode confinement, and surface scattering loss. As it can
be seen from Fig. 3.3, the HC-ARF transmits light over a broad range of wavelengths.
The first anti-resonant window spans from ∼1400 nm to ∼4000 nm starting with the
1st resonance at around 1380 nm in Fig. 3.3). The higher order anti-resonant window
allow for propagation of light in the UV region, close to the bandgap of fused silica.

The Sellmeier equation found, which can be found in [67] was used in the calcu-
lation the refractive index, which is valid from 210 nm up to 3.7 µm wavelengths.
Therefore, careful consideration of the silica refractive index is required for wave-
lengths less than 210 nm because of the strong electronic bandgap absorption [68].
To this end, the measured refractive index data of silica from [67] was used to cal-
culate both the GVD and confinement loss for wavelengths less than 210 nm. The
calculated GVD of the fiber from 200 nm to 3700 nm is shown in Fig. 3.4, for different
gas pressures from 0 - 30 bar. As the pressure of the gas in the fiber is increased it
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Figure 3.1: SEM image of the HC-ARF (top panel); and mode-field profile at 2460
nm (pump wavelength) and 1380 nm (1st resonance) (bottom panel).
The fiber has a core diameter of ∼44 µm, an average capillary diameter
25 µm, and average wall thickness of 640 ± 50 nm Ref. [1].

counterbalances the anomalous dispersion of the fiber, which results in the shifting
of the ZDW towards longer wavelengths and increases the nonlinear refractive index
n_2, as it has been extensively reported in[21, 48, 49]. In order to verify the mod-
elling experimentally, the GVD of the HC-ARF was also measured at ambient room
pressure, and the dispersion profiles are in very good agreement with the calculated
dispersion profile.
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Figure 3.2: Experimental setup for SC generation in gas-filled HC-ARF. The com-
ponents of the set up are: neutral density filter (ND), protected silver
mirrors (M1-2), linear film polarizer (P1), CaF_2 plano-convex lenses
(L1-2), flip mirror (F1), and a gold coated parabolic mirror (PM1), 30
cm of HC-ARF. [1].

3.2.2 Modeling and theory
Optical pulse propagation of single-mode and single polarization in the gas-filled HC-
ARF was studied using unidirectional field equation that also accounts for plasma
effects, expressed as[55, 69–71]:

∂zE(z, ω) = i(β(ω) − ω

vp
+ i

α

2
)E(z, ω) + i

ω2

2c2β(ω)
F (PNL(z, t)), (3.1)

where z is the propagation distance along the fiber, E(z,ω) is the electric field
in the frequency domain, t is the time in a reference frame moving with the pump
group velocity νp, ω is the angular frequency, while α(ω)is the linear propagation loss
of the fiber. c is speed of light in vacuum, β(ω) is the propagation constant, and
Frepresents the Fourier transform. PNL(z,t) is the nonlinear polarization calculated
by[69, 70] PNL(z, t) = ε0χ3E(z, t) + Pion(z, t). The first term here is the Kerr effect,
where ε0 is vacuum permittivity, and χ(3) is the third-order nonlinear susceptibility of
Ar. The second term denotes the nonlinear polarization due to molecular ionization
calculated as[55, 69–71]:
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Figure 3.3: Calculated losses (blue) for the HC-ARF including contributions from
surface scattering, mode confinement, and silica material loss. The grey
shaded regions show the first three resonant bands. Ref. [1].
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where ρ is free electrons density, me and e are the mass and charge of an electron
respectively.Ip is gas ionization energy. In the calculation, the nonlinear refractive
index (n2) of Ar was assumed to be wavelength independent similar to [72, 73] and
the Raman contribution from silica was neglected because of the very low light-glass
overlap (< <1%) in HC-ARF[17, 72, 74]. For gas-filled fibers, an optical pulse inten-
sity in the range of 100 TW/cm2 corresponds to a Keldysh parameter, pk ≤ 1 [75,
76]. In our gas-filled experiment, the peak intensity reaches an estimate 190 TW/cm2

confirming pk <<1, in which case tunneling ionization dominates over multiphoton
ionization[72]. The experimental results also suggest that the tunneling model is in
good agreement with the experiments, despite pk ≃1 [77, 78]. Furthermore, to calcu-
late the free electron density, quasi-static tunneling ionization was chosen based on
the Ammosov, Delone, and Krainov (ADK) model which is described in[75].
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Figure 3.4: Calculated GVD for the HC-ARF at various levels of Ar gas pressure
(solid lines). The measured dispersion of the fiber in the mid-IR is
shown in circles for comparison (measured at ambient room conditions).
[1].

The evolution of the spectral and temporal profile in the 44 µm core HC-ARF
filled at 30 bar Ar pressure and pumped in the anomalous dispersion regime at 2460
nm with 100 fs Gaussian pulses having 8 µJ energy are shown in Figs. 3.5(c) and Fig.
3.4. After propagating 7.1 cm, the pulse experiences strong soliton self-compression
down to ∼1.6 fs with peak intensity ∼190 TW/cm2 due to the combined action of
anomalous dispersion, self-phase modulation (SPM), and optical shock effects[70, 72]
(see Fig. 3.4). At the point of maximum temporal compression, an efficient DW is
emitted at 278 nm in the UV. To check that this is in fact a DW, the propagation
constant mismatch ∆ β with respect to the pump was calculated as a function of
wavelength, shown in Fig. 3.1, using the expression [55, 70] below:

∆β(ω) ≈ β(ω) − (β0 + (ω − ω0)β1 + γNP0ω/ω0 − ω0ρω0

2n0cρcrω
), (3.3)
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Figure 3.5: Numerically simulated (a) propagation constant mismatch (Δβ) be-
tween the soliton and dispersive waves, (b) normalized PSD at z = 0
and z = 30 cm, (c) spectral evolution (normalized to the peak intensity)
[1].

Again here, β 0 is the propagation constant and β1 = 1/vg is the inverse group
velocity at ω0 , P0 is the pump peak power, the soliton order number N, γ = n2/cAeff

is the fiber nonlinear coefficient, the effective mode area of the fiber is Aeff , ρ is the
plasma density and ρcr is the critical plasma density at which point plasma becomes
opaque [34, 55]. In the spectral profile from Fig. 3.5, a narrow band emission peak
can be observed at the resonance wavelength of ∼1360 nm, despite the high loss at
this wavelength. This feature at the vicinity of the anti-crossing is a consequence
of the phase-matching curve crossing ∆β = 0 resulting in four-wave mixing and the
DW emission, as recently reported in refs.[79, 80]. It can be seen from Fig. 3.3 that
at the maximum temporal compression point a blue shifted soliton is found because
the high peak intensity is sufficient to ionize the gas and form a plasma (see Fig.
3.3). Due to the formation of this plasma, the spectrum broadens mainly to the
blue side and a 4.3-octave-wide SC is generated covering 200 nm to above 4000 nm.
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The average nonlinear refractive index change at the soliton self-compression stage,
becomes negative which in turn provides a positive phase shift and a shift towards
the blue side of the spectrum, while the index change remains positive before and
after the self-compression [81]. It is important to mention that these simulations
assume a spatially invariant fundamental mode. However, It is known that ultra-
high peak power can initiate beam self-focusing above the critical peak power Pcr =
λ0/(2πn0n2), which in turn may lead to beam filamentation depending on the balance
between Kerr self-focusing and plasma defocusing [82]. Furthermore, these dynamics
are very sensitive to the corresponding temporal dynamics, and since both n2 and
the GVD scale with the pressure of the gas, the self-focusing dynamics will depend
critically on the gas pressure as well [82]. As a result, the true spatio-temporal
dynamics poses a highly complex problem that requires more comprehensive models
to investigate, as detailed in [82, 83]. The numerical model implemented here is
described in ref. [72].

Figure 3.6: Numerical simulation of temporal evolution in dB scale [1].

3.3 Results and discussion
The comparison between the measured and calculated SC spectra is shown in Fig.
3.8(a) The measured spectrum spans from 200 nm up to 4000 nm, while the simulated
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Figure 3.7: Intensity at the maximum compression point at z = 7.1 cm for a ∼44
�m core HC-AR fiber under 30 bar of Ar gas, pulse energy 8 µJ, pulse du-
ration 100 fs, and pumping in the anomalous dispersion regime at 2460
nm. N: normal dispersion regime, and A: anomalous dispersion regime.
The fiber dispersion was calculated using finite-element modeling. [1].

spectrum spans from 200 nm to 3700 nm. At the maximum pump power of 20
mW, corresponding to a pulse energy of 20 µJ , a total of 5 mW average power was
measured out of the fiber after the CaFl2 lens. By taking into account the loss of
the CaFl2 optics, which has ∼94 % transmission at 2460 nm and ∼92 % transmission
on average from 200-4000 nm (data source: Thorlabs) and in addition to around 2
dB/m propagation loss of the fiber at the pump wavelength, the 5 µJ output energy
corresponds to an estimated injected pulse energy of around 8 µJ. This estimate is
corroborated by the qualitative agreement between simulations for an injected pulse
energy of 8 µJ and experimental result.
The simulations furthermore predict a very bright and spectrally coherent contin-
uum. The coherence of light sources is very important for many applications such
as spectroscopy and other quantitative techniques where high relative intensity noise
reduces the signal to noise ratio (RIN). In a solid core fiber, Raman scattering and
fiber propagation losses result in additional noise terms that adds to the quantum
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Figure 3.8: (a) Simulation and measurement of SC spectra obtained by pumping
the HC-ARF at 2460 nm (anomalous dispersion region) with 100 fs
pulses (b) Calculated complex degree of coherence of the generated SC.
Ref. [1].

noise, but since the gas used in a Raman inactive and non-polar, and the HC-ARF
used was designed for high transmission from UV to MID-IR, the contributions from
these effects are negligible. The calculated first-order complex degree of coherence of
the SC is shown in Fig. 3.8, using the expression [56, 84] :∣∣∣g(1)

12

∣∣∣ =

∣∣∣∣∣∣ ⟨A∗
1(ω)A2(ω)⟩〈
|A1(ω)|2

〉
∣∣∣∣∣∣ , (3.4)

where the angle brackets represent an ensemble average over independent simulations
while taking into account random quantum noise fluctuations based on one photon per
mode model. The value of |g(1)

12 | indicates level of the coherence of the SC, where the
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Figure 3.9: Measured spectral evolution and DW formation in the near/mid-IR
range indicating the spectrum broadening as a function of measured
output power for a fixed pressure of 30 bar. (b) Spectral broadening
and DW emission as a function of pressure in the DUV/visible. Ref.
[1].

Figure 3.10: Pressure dependent evolution of the spectrum at a fixed power of 5
mW over the full spectrum from 10 up to 30 bar. Ref. [1].

coherence is regarded perfect if |g(1)
12 | = 1 meaning that the electric fields have exactly

same phase between different laser shots (pulse to pulse) whereas |g(1)
12 | = 0 indicates

random phase fluctuation from shot-to-shot, incoherent. Fig. 3.9(b) shows that the
first-order coherence of the generated spectrum is fully coherent |g(1)

12 | ≈ 1 under the
assumption of a single spatial and polarization mode. We should strongly emphasize
here, that the simulation presented in Fig. 3.8(b) is a simplification that requires
deeper investigation to fully understand the coherence and RIN. This is presented in
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the next chapter of this thesis.
One of the main limitation of the spectral extension towards the mid-IR is the increas-
ing propagation losses that reaches 100 dB/m at 3500 nm from which the multiphoton
absorption of silica becomes the dominant loss mechanism. This was also the conclu-
sion from the numerical simulations in Fig. 3.5b. In order to improve the mid-IR
transmission it is necessary to reduce the mode overlap with the silica structure to
a minimum, which can be achieved through fiber geometric modification such as in-
creased core diameter. However, an increase in core size would mean a reduction in
intensity. Figure 3.10 shows the measured mid-IR spectral broadening with increasing
pump power at constant pressure of 30 bar - where the nonlinearity is high. At lower
pump powers (such as output power between 1-3 mW) little broadening observed can
be attributed to mainly the effect of SPM. At this low-power regime, the mid-IR
broadening is found to be only weakly dependent on pressure. However, as seen in
Fig. 3.9(b) the visible part of the spectrum was highly influenced by changes in the
pressure. This is can be attributed to the significant change in the GVD in the visible
compared to that in the mid-IR. At higher power, the pressure begins to have a more
pronounced effect on the mid-IR and UV-visible regime. These dynamics are shown
for an output power of 5 mW in Fig. 3.10 using a base-2 logarithmic wavelength axis
for better visibility of the UV region. At above 15 bar pressure, the long-wavelength
edge starts to increase together with the energy of the DWs around 275 nm, while
simultaneously diminishing the energy of the DWs around 240 nm. The increasing
mid-IR broadening and 275 nm DW generation is attributed to the increasing nonlin-
earity. Based on the experiments and simulations, it is evident that pumping directly
in the mid-IR allows for a higher fraction of energy in the near- and mid-IR com-
pared to pumping in the mostly-reported near-IR[55], while retaining efficient DW
generation down in the DUV region. In conclusion, a multi-octave SC generation
was demonstrated in a argon-filled HC-ARF pumped in the mid-IR region. The SC
spans in a 4.3-octave-wide spectrum spans from 200 nm up to 4000 nm when 8 µJ,
100 fs pulses are injected into the fiber at a pressure of 30 bar. A total measured
average output power of 5 mW (at 1 kHz repetition rate) was obtained with a strong
DUV resonant DW emission at 275 nm. It was experimentally demonstrated how
the pump energy and pressure changes the nonlinearity resulting in increased mid-IR
spectral broadening and efficient generation of DW emission in the DUV range. The
report constitutes an efficient route towards ultrafast source for spectroscopy both in
the DUV spectral region and mid-IR molecular fingerprinting.

3.3.1 Fabrication and Characterization of HC-ARF
The HC-ARF used in this experiment was specially designed for high transmission in
the mid-IR region, it was fabricated in CREOL, University of Central Florida, USA.
It is fabricated through the well-known stack and draw technique described in briefly
in chapter 2. The final output from the fiber drawing process is a micrometer fiber
consisting of a hollow core surrounded by seven non-touching silica capillaries and wall
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thickness of ∼640 nm forming a core with diameter ∼44 µm, as shown in the SEM
image in Fig. 3.1. For fiber characterization; The high resolution SEM image of fiber
facet was used to model the mode profile in COMSOL and to numerically compute
the fiber resonances. The fiber dispersion was then measured using commercial SC
source (mid-IR superK compact, NKT Photonics A/S) spectral range from 1500 nm
- 4000 nm. Recently, new fiber co-conjoined HCF designs have shown the possibility
of achieving single mode propagation and ultralow loss in AR fibers [85].

3.3.2 Gas-filling and pressure
The two gas cells Fig. 3.11 were connected with medium-pressure plastic tubes as gas
entry and a valve for purging and gas evacuation. The fiber was mounted and fixed to
a v-groove inside the gas-cell to ensure stability at high pressure and the two gas-cells
were mounted on micro-translation stages and moved in parallel to avoid added loss to
the fiber via macro-bends. The pump is free-space-focused into the fiber with a plano-
convex lens of 50 mm focal length and a similar lens collimates the light at the output
of the fiber. The two windows and lenses were uncoated to obtain >90% transmission
from 180nm to 8µm. The output beam was either directed to a CCD-based detector
(Oceanoptics HR2000+) or to an IR Spectrometer by using a flip-mirror as shown in
Fig. 3.2, The IR spectrometer is equipped with a mercury-cadmium-telluride (MCT)
detector and box-car integrator which includes an automatic long-pass filter-wheel
to eliminate higher-order diffraction. The spectral response of the entire system was
pre-calibrated using a 1273 K blackbody source.
The gas used for the experiments is compressed Ar (99.998% purity), and a pressure
of up to 30 bar was applied into the fiber through both gas-cells to maintain uniform
pressure across the system. The pressure was varied manually with high-pressure reg-
ulator. The measurements were stopped a few seconds after every change of pressure
to ensure uniform distribution of pressure in the tubes, gas-cells and the fiber. The
recorded spectrum was found to be stable over several hours of operation and no sign
of solarization or silica degradation observed during the experiments, a more through
report on this is presented in the chapter 4 of this thesis.

3.3.3 Spectral data calibration, stitching, and power
normalization

To estimate the energy fraction in the 275 nm DW, the UV-Vis part of the spectrum
measured using the CCD spectrometer (183 nm to 1100 nm) was joined to the mid-
IR part of the spectrum measured with the MTC detector (1000 nm to 5000nm).
Since both spectrometers were intensity calibrated and the two spectra overlap with
100nm bridge from 1 µm to 1.1µm, the total spectrum was numerically resampled
and normalized to the total measured output power to obtain a µW/nm scale[1].
At 30 bar pressure and 5 mW output power, the integrated energy of the highest
DUV peak at 275nm was estimated to be 1.42 µJ (28.4 %). This value is higher
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than the 15% predicted by the simulations, and what has previously been reported
in literature. Without a bandpass filter centered around 275 nm pr prism, this could
not be directly verified. However we verified the spectrum in the DUV regime with
bandpass filters centered at 360nm and 380nm, to attest that the signal and the
intensity were accurate.

3.3.4 Design of high-pressure gas-cell for gas-filled fiber
experiments

The gas cell used in this experiment has an aluminum body with a transparent pyrex
plastic of 1 cm thick, the cover is attached to the body with six screws to hold it
together, the rendered image of the gas-cell is presented in Fig.3.11. A critical part is
the fiber holder section, where it was designed to grip the fiber as the screw is tighten,
this is achieved through a rubber grommet shaped in ”V”. A fiber tip is placed inside
the gas-cell on a v-groove and taped in place to avoid fiber displacement during
experiment. This gas-cell makes it possible to mount any length of fiber because only

Figure 3.11: Two variants of gas-cell used in experiments. The two gas cells con-
nected by the HC-ARF is used for generation of multi-octave SC. The
single cell was used in the experiment in the next chapter.
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tips of the fibers are placed in the gas-cell. A second gas cell - which is deployed in
gas-cell experiment in the chapter 2, is the single gas-cell (also shown in Fig. 3.11)
where a fiber of no more than 30 cm in length is placed in completely placed in the
gas-cell. This gas-cell is equipped with two windows where light can be coupled in and
collimated out, using a 1/2” calcium fluoride or barium fluoride glass windows (choice
of material depends on experiment carried out). The glass windows are sandwiched
with two rubber ”O-rings” to seal from gas leakage and also prevent breakage of the
glass. Both gas cells are water- tested to hold up to 50 bar pressure, although a
maximum of 31 bar was used throughout the experiments in this thesis.
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CHAPTER4
Noise and spectral
stability of deep-UV
gas-filled fiber lasers

”Noise is the most impertinent of all forms of interruption. It is not only
an interruption, but also a disruption of thought.”
. – Arthur Schopenhauer, Collected Essays.

4.1 Background
This chapter includes parts of our work published in [2], rights and permission of
re-use is attached in Appendix A.

In the chapter 3, we briefly discussed, albeit numerically, the noise and coherence
of dispersive waves and SC generated in a gas-filled HCF. This chapter will detail
an experimental investigation, as well as numerical. Previously, the |g(1)

12 | was shown
to be 1, meaning perfectly coherent across the spectrum. This however, does not
include the technical noise of the pump laser, which was just recently been shown to
have a very significant impact on the noise of resulting SC [86, 87]. Previous reports
on the noise ignored this factor, thus, when the experimental noise of the DW in
the previous chapter was measured, the values were much higher than the previously
assumed. The recent reports in [86] and [87] showed that it is necessary to include
the pump laser noise in calculating both coherent and Relative Intensity Noise (RIN).
This chapter discusses how this noise should be incorporated while calculating for
RIN. We report in here, the experimental characterization of the DW and discusses
the noise, its source, ways of improvement and how to accurately model and predict
the noise of these sources.
DUV-SC laser sources based on gas-filled HCF constitute perhaps the most viable
solution towards an ultrafast, compact, and tunable lasers in the UV spectral region,
which can even also extend into the mid-infrared (mid-IR). The noise and stability
of such broadband sources are key parameters in defining the true potential and
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suitability of such sources towards real-world applications. In order to investigate
the spectral stability and noise levels in such fiber-based DUV sources, we generate a
multi octave SC spectrum - similar to that presented in the previous chapter - that
extends from 180 nm (through phase-matched DWs) to 4 µm, by pumping an argon
(Ar)-filled hollow-core anti-resonant fiber (HC-ARF) at a mid-IR wavelength of 2.45
µm. We investigate the long-term stability of the source over several days and also
the pulse-to-pulse RIN of the DW at 275 nm. The results show that there is no sign
of spectral degradation over 110 hours, but the RIN of the DW pulses at 275 nm is
found to be as high as 33.3%, contrary to what was previously assumed. Numerical
simulations were carried out to investigate the spectral distribution of the RIN and the
results confirm the experimental measurements and that such poor noise performance
is primarily due to the high RIN of the mid-IR pump laser itself, which was hitherto
not considered in numerical modelling of these sources. The results presented herein
provide an important step towards understanding of the noise mechanism underlying
such complex light-gas nonlinear interactions and demonstrate the need for pump
laser stabilization.

4.2 Introduction
Fiber-based SC sources are remarkably bright, spatially coherent light sources that
can span from DUV to the mid-infrared (mid-IR) spectral region. DUV laser sources,
in particular, have numerous vital applications in the semiconductor industry [88],
such as in photolithography and inspection of silicon chips [89], as well as in time-
resolved spectroscopy [90]. These applications require a very stable and low noise
laser source[91]. Although the most stable laser sources are fiber-based [92], many of
these fiber lasers use solid-core silica fibers with quite low loss in the near- IR region,
but with extremely high attenuation in the UV and mid-IR regions, rendering them
highly unsuitable for delivering of UV and mid-IR light. On the other hand, solid-core
soft-glass fibers, such as ZBLAN and chalcogenide fibers, have been demonstrated to
be suitable to provide a spectrum extending into the mid-IR [27, 93] and this have
given birth to several commercial mid-IR SC sources that are now available, covering
wavelengths up to about 4.9 µm. Additionally, single-wavelength mid-IR lasers are
now available at around 2 µm (Thulium-doped silica fibers) and 3µm (Er-doped
ZBLAN fibers) [94]. However, solid-core silica fiber based UV laser sources are yet to
be realized [95, 96]. The main limitations of fused silica to be used for UV sources are,
multiphoton absorption [96], radiation-induced photodarkening (otherwise refereed
as solarization) as well as significant material absorption [95]. The fluoride glass
ZBLAN, has a short wavelength loss edge at about 190 nm and could therefore be
used to transmit UV light. However, SC sources require a zero-dispersion wavelength
(ZDW) close to that of the pump, which implies that the core of the ZBLAN fiber
must be extremely small in size to support UV SC generation. So far, only one
demonstration of a UV SC in a ZBLAN fiber has thus been made, in which a unique
and never replicated ZBLAN Photonic Crystal Fiber (PCF) was fabricated with a



4.2 Introduction 37

core diameter of about 3 µm. This core diameter was still not sufficiently small enough
to match the dispersion requirements for SC generation, so the authors had to couple
the light into a ∼150 nm interstices between the holes in the PCF cladding structure,
to achieve a suitable ZDW that allowed the generation of an SC extending down to
200 nm [47]. The fabrication of ZBLAN PCFs with very small core sizes still remains
a very challenging task, therefore ZBLAN PCFs are also considered not a viable route
towards DUV SC sources. HCFs, on the other hand, overcome the limitations imposed
by fiber material, since the light is confined and propagates in a hollow core region (i.e.,
in air). The ability of the HCF to act as “cell” and host either active or noble gases, has
enabled new research directions within the nonlinear fiber-optics community [21, 49].
By changing the type of confined gas and its pressure, both the fiber dispersion and
its nonlinearity can be tuned [21, 49]. Hollow-Core Anti-Resonant Fibers (HC-ARFs)
are a sub-category of HCF, characterized by broadband transmission and relatively
low-loss [85] (such as one shown in Fig. 2.2). These properties, combined with the
high laser damage threshold due to a very small overlap of the light with the solid
glass material, makes gas-filled HC-ARFs perfect candidates for ultrafast applications,
such as multi-octave spanning SC generation [1, 55, 66], pulse compression [97], and
tunable DUV sources through resonant DW emission [59]. It has, for example, been
shown to efficiently generate high- energy few femtosecond (fs) DW pulses in the
DUV and also vacuum UV regions [1, 98], which would have a number of important
applications [21, 48, 49]. It should however be noted, that although high energy DW
pulses have also been reported using simple gas-filled capillaries instead of HC-ARFs,
they require much higher pump pulse energy and peak power than in HC-ARFs [30,
99] due to their relatively large core sizes. A vital issue in almost any application
of lasers or SC sources is their noise properties. Standard SC sources commercially
available use long pump pulses (in range of picosecond or nanosecond) to achieve
high average power and have consequently been demonstrated to have high RIN both
when pumped just above the ZDW in the anomalous dispersion region (modulational
instability or MI based) [100] and in the normal dispersion region just below the
ZDW (Raman scattering based) [101]. In other words, both MI and Raman scattering
are equally noisy processes. The noise of the conventional MI based SC sources is
further strongly increased by the subsequent generation of hundreds of solitons that
interact in a highly phase and amplitude dependent way. This means two things:
Firstly, of all the original noise seeding the MI, be it is quantum or laser technical
noise, becomes to some extent irrelevant, due to the strong contribution from soliton
collisions. Secondly the noise can, to a extent, be reduced by special fiber under-
tapering to clamp the solitons and make them spectrally aligned, as recently shown
in [102]. Another standard way to strongly reduce the effect of SC noise is during their
applications, such as in imaging and spectroscopy, where the use of high repetition
rates can help in averaging out the noise [103]. However, high repetition rates is
generally not an option in gas-filled HCF-based UV SC sources, because high peak
power is crucial in achieving the gas-ionization necessary for SC generation. With an
exception of a recent and interesting report, where MHz-pumped UV SC generation
in HC-ARFs was demonstrated by compressing an ytterbium fiber laser from 300 fs
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down to 25 fs [104], most of the reports in gas-filled HCF-based UV SC and DW
generation have been carried out using bulky fs lasers with kHz repetition rates.
This means that the noise is of fundamental and crucial importance to ascertain
the relevance of this new technology for applications. Whereas Ti:sapphire mode-
locked lasers at 800 nm are rather very stable (RIN < 0.5 %), the noise at longer
wavelengths of tunable Optical Parametric Amplifier (OPA) based fs laser systems
pumped by the Ti:sapphire lasers is generally higher, due to the series of nonlinear
processes and stochastic gain variations involved in the generation of light at longer
wavelengths[105]. In Fig. 4.1 we demonstrate this by showing the measured RIN of a
standard tunable fs laser system, using a HE-Topas module pumped by a Ti:Sapphire
laser (Spitfire®Ace). The 800 nm pump laser has a noise of only 0.43 %, but the
output beam at wavelengths > 1700 nm has a RIN around 5.5-10 % (details of
experimental method will be discussed later in this chapter).

Figure 4.1: Experimental measurement of RIN for the laser system used in our
experiments: Blue dots show the RIN at various OPA tuned wave-
lengths. Purple dot shows the value measured during SC generation
and for numerical simulations. Green dot shows the RIN of the 800 nm
Ti:Sapphire laser. culled from [2] .

Unfortunately there has been no experimental report works on the pulse-to-pulse
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noise and spectral stability of these sources. Relying upon strong initial self-phase
modulation (SPM), which is known to be a coherent effect, several papers have
claimed high stability of the SC [21, 48, 49], which has been supported by numer-
ical modelling showing perfect SC coherence [1, 56, 72]. However, in these numerical
investigations, they have neither considered polarization effects nor the noise of the
pump laser itself. In conventional SPM-based fs-pumped SC generation in solid-core
fibers with an all-normal dispersion (ANDi), the impact of polarization mode instabil-
ity (PMI) was demonstrated to be strong in non-polarization maintaining (non-PM)
fibers, thus, significantly reducing the pulse and fiber length below which good coher-
ence can be obtained [106]. However, in most studies of gas-filled HCF-based UV SC
generation, the pump pulses have been shorter than 50 fs, so the PM properties might
not be playing a big role. However, the pump laser noise is crucial in any case, and
its effect on SPM-based fs-pumped SC generation far exceeds the effect of standard
quantum noise [107] which has hitherto been used in all numerical noise studies of
gas-filled HCF- based UV SC generation. Additionally, the fact that the wavelength
of the DUV DW generated in gas-filled HCF-based SC generation is determined by
a power-dependent phase-matching condition, implies that even a small fluctuations
in the pump power could directly translate into fluctuations of the wavelength and
power of the DUV DW, provided of course that the nonlinear power-dependent term
is sufficiently strong. It was for example already demonstrated in the literature that
the power of the pump could be used to tune the DUV DW [59], which strongly un-
derlines the importance of a more thorough study of the SC noise, one that takes into
account the effect of the pump laser noise. In this chapter, we therefore present an
experimental and numerical study of the RIN and the long-term stability of gas-filled
HC-ARF-based UV SC sources pumped in the mid-IR. In particular we will focus on
the RIN of the generated DUV DW and its stability over a duration of 110 hours. We
measured the RIN of the DW at 275 nm and compared it with the numerical simula-
tions, which was done by collaborators in CREOL, University of Central Florida. We
took into account both the quantum noise and the actual pump laser fluctuations. It
is important to note that although our Ti:sapphire laser at 800 nm has a measured
RIN of only 0.43%, the RIN after the OPA was measured to have a relatively high
noise of about 5.5% at 2.45µm (see Fig. 4.1). Therefore, the absolute values of the
RIN we measure with this mid-IR pump laser are not representative for Ti:Sapphire
pumped gas-filled HC-ARF-based UV SC sources, which will be significantly lower.
However, the general message should apply for any pump laser, meaning that the
noise of such a type of UV SC source, with a UV part directly determined by a
phase-matching condition, can be strongly influenced by the noise of the pump laser.
The simulated results presented here are in good agreement with the measured RIN,
clearly underlining the significance of pump laser fluctuations and concluding that
these sources are not as coherent as is often believed. Furthermore, we support our
results by an analytical discussion of the influence of the laser fluctuations on the
phase matching conditions.
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Figure 4.2: Experimental setup with a Ti:Sapphire laser pumping an OPA, long
pass filter (LF), silver coated mirror (SM), neutral density filters (ND),
linear polarizer (LP), CaFl_2 Plano-convex lenses (PC), gas cells (GC),
power meter (PM), bandpass filter (BPF), photodiode (PD). Bottom
inset: Scanning Electron Microscopy image of the HC-ARF with 44 µm
core diameter.Ref. [2].

Figure 4.3: Power Spectral Density (PSD) of the generated SC. Ref. [2].

4.3 Experimental section
A single-ring HC-ARF with a 44 µm core diameter and 7 non-touching capillaries (Fig.
4.1) is filled with argon at 27 bar and pumped in the anomalous dispersion regime at
2.45 µm with ∼100 fs (TFWHM) and ∼8 µJ pulse energy at 1 kHz repetition rate.
The experimental configuration used in our experiments is shown in Fig. 4.2. Since
the HC-ARF used in this experiment is same with that in chapter 2, the dispersion
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Figure 4.4: Total output power versus time over 110 hours. Every dip, highlighted
with shaded gray, indicates the time of a spectral measurement (change
of the beam path from power meter to fiber probe of the spectrum
analyzer) Ref. [2].

and loss profiles are exactly the same. From the dispersion, it can be seen that seen
that the pump wavelength is in the anomalous dispersion region inside an antiresonant
window of the fiber. Similarly, a SC spanning from 180 nm to 4 µm is generated, as
seen in Fig.4.3, which has a strong DW in the UV, at 275 nm, followed by a weaker
spectral tail at 360 nm. The average output power of the SC was monitored using
a thermal power meter (Thorlabs, C-series) continuously for 110 hours. From the
results Fig. 4.4, minor power fluctuations were observed during the measurement,
but without any significant decay, these fluctuations could be attributed to micro-
drifting of the mechanical stage causing decoupling of light in the core, ( seen in Fig.
4.4). The DUV spectral profile was recorded at eight different instances over the 110
hours, this corresponds to the eight dips in power marked by a gray shaded region in
Fig. 4.4. The spectra are shown separately in Fig. 4.5 and overlaid as gray lines in
Fig. 4.6, where the black graph is the average of the eight, where one can notice the
fluctuations in the peaks,these fluctuations are at the heart of this work and will be
characterized in the following in terms of the RIN.
The experiment was carried out at ambient room temperature (∼25 degrees Celsius)
using the custom made gas-cells described in Chapter 1. The gas-cell is equipped
with CaFl2 windows at one end for passage of incoming coupled light and another
for output of SC light before collimation. Prior to taking measurements, the gas
cells (interconnected with the hollow core fiber) are purged with 99.99% purity Ar-
gon gas to remove any ambient air impurity and from the chamber and fiber. To
generate the multi-octave SC generation, similar procedure to that in the Chapter 3
was done, where the argon pressure was tuned to 27 bar by manually adjusting the
compressed gas regulator and a fixed pressure is maintained throughout the stability
measurements in Fig.4.4 and Fig. 4.5.
After the broad SC is generated, we filter the 275 nm dispersive waves using a 280 nm



42 4 Noise and spectral stability of deep-UV gas-filled fiber lasers

Figure 4.5: Long-term stability of the DUV part of the SC spectrum measured over
110 hours. Ref. [2].

central wavelength bandpass filter with >12% transmission in the bandpass window
and a blocking wavelength range of 200 nm to 10,000 nm (covering the entire span
of the SC). Another filter with 360 nm central wavelength is used to filter the peak
with relatively low energy at 360 nm. The filtered light is depicted in purple and blue
in Fig. 4.13. This filtered light is then focused on a fast photodiode with 1 ns rise
time, connected to an oscilloscope, where a pre-programmed MATLAB script is used
to acquire the peak of each individual pulse as well as its associated background noise
level. A train of 10,000 pulses was captured to calculate the RIN measurements, the
RIN was computed through the MATLAB script and histograms are shown in Fig.
4.7 with 3 different fits. For all measurements we do not use the statistical fits, but
take the statistical values for the RIN, as some of the distributions are skewed and
doesn’t necessarily fit a normal, gamma nor Gaussian distribution.

The RIN was statistically computed by tracking the peak of every recorded pulse
(corresponding to maximum voltage) on the oscilloscope, then the noise floor level
of each pulse (baseline) has been subtracted. The RIN = σ/µ is then defined as the
standard deviation (σ) of the amplitude of the peaks divided by the mean (µ) of the
amplitude of the peaks.

The RIN of the DUV DW at 275 nm was consequently measured to be 33.3%.
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Figure 4.6: Overlay of the measured spectra in grey. The black spectrum signifies
the mean of the 8 recorded spectra. Ref. [2].

while the RIN of the peak at 360 nm was measured using the same procedure described
in the method section below, with a 10 nm bandwidth filter centered at 360 nm and
a fast silicon photodiode (NewFocus, Model 1801, 125 MHz bandwidth). 10,000
pulses were recorded, similar to the measurements performed at 280 nm. The filtered
spectra is shown in Fig. 4.13. The RIN at 360 nm was found to be 8.84 %. It can
be said that the increase in noise from the internal peak at 360nm to the 280nm
peak at the spectral edge follows the typical trend of SC sources that are pumped
in the anomalous dispersion region, i.e., that the noise of the SC increases towards
the edges of the spectrum due to fundamental nonlinear soliton-DW effects [100].
However, another possible purely experimental explanation as to why the RIN of the
360 nm peak is lower is because it has a much flatter region. Thus, when a section
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Figure 4.7: Histograms of filtered pulse energy. (i) Ti:Sapphire laser at 800 nm
with 0.43% RIN. (ii) Pump at 2.45 µm after the TOPAS, with 5.5%
RIN. (iii) 10 nm filtered 360 nm DUV SC part with 8.84% RIN. (iv)
10 nm filtered 280 nm DUV SC part with 33.3% measured RIN. Red,
green and blue are gamma, Gaussian and lognormal fits. Note that the
RINs used are the statistical values not fits. Ref. [2] .

of the spectrum is filtered (with a 10 nm FWHM filter for example), the RIN will
tend to be lower because the edges of the spectrum aren’t interfering. From Fig. 4.9
it is seen how a slight shift of the narrow 280nm peak could tend to move the sharp
peak out of the filtered region (giving high difference), whereas slight changes to the
broad 360nm peak will not have a noticeable effect on how much light is in the filter
bandwidth.

The experimentally observed pulse-to-pulse RIN, measured here for the first time
for this type of gas-filled DUV SC source, contradicts the theoretical predictions and
numerical conclusions of earlier works claiming perfect stability [21, 48, 49] as well as
others presenting numerical modelling of the coherence, claiming a perfect coherence
of 1 [1, 56, 59, 72]. Some de-coherence across the SC was observed in a recent paper,
which we will discuss later in this chapter, but the conclusion was that the UV DW
remained largely coherent[59]. Of course, one factor is the relatively high RIN of
5.5 % of our pump laser, however, even if it was reduced by a factor of ten to the
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Figure 4.8: (a) Numerical simulation and experimental spectrum of broad SC gen-
erated in HC-ARF, with gray shade showing the first 3 resonances of
the HC-ARF. (b) Evolution of spectrum along the length of fiber Ref.
[2].

Ti:Sapphire level, this would still not bring down the noise level to zero as to claim
perfect coherence. The key factor explaining this contradiction is that the earlier
modelling of such UV sources did not take into account laser technical noise, i.e., the
RIN of the pump laser was taken as 0, which is technically unattainable. Recently,
numerical and experimental works on SPM-based SC generation with fs pulses in
solid-core ANDi fibers [86, 87], has clearly demonstrated that in fact a laser technical
noise of just 0.5-1 % is strongly dominating the quantum noise. Physically it therefore
makes sense that the noise of the DW is non negligible.



46 4 Noise and spectral stability of deep-UV gas-filled fiber lasers

Figure 4.9: Numerical and experimental spectra, plotted in a linear scale. Two
filters with 10 nm FWHM (shown in blue) are used to measure RIN at
280 nm and 360 nm. Ref. [2].

4.4 Theory and experiments of RIN
To understand the underlining physics behind this noise performance and validate
its strength, we simulate the SC taking both quantum noise and our measured laser
technical noise into account right from the initial condition. We use the standard uni-
directional pulse propagation equation, which accounts for the plasma effect presented
in [69, 70, 72]:
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∂z
=i

[
β (ω) − ω
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α (ω)
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]
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2c2ε0β (ω)

]
F̂ {PNL} (1)

where z is the propagation distance along the fiber, t is the time in a reference frame
moving with the pump group velocity vg, while E=E(z,ω) is the electric field in the
frequency domain defined over the effective mode area[108] - here assumed to be con-
stant because it only varies a few percent over the wavelength range. The angular
frequency is denoted as ω, α(ω) is the linear propagation loss of the fiber, c is the speed
of light in vacuum, β (ω) is the propagation constant, and F̂ {PNL} represents the
Fourier transform of the nonlinear polarization PNL(z,t)=ε 0 χ (3)E(z,t)3+Pion(z,t)
[69, 70]. Here, the first term represents the Kerr effect, where ε 0 is the vacuum
permittivity, and χ (3) is the third-order nonlinear susceptibility of the noble gas, for
this experiment, Ar. The second term describes the nonlinear polarization due to
molecular or atomic ionization [55, 69–71], in which the free electron density was cal-
culated using the quasi-static tunneling ionization approximation and the Ammosov,
Delone, and Krainov (ADK) model, described in [75]. Full details of the model and
arguments for the used approximations may be found in the chapter three or in [1].
By estimating the phase-mismatch, one can reasonably predict the wavelength of the
UV DW. i.e, ∆β=βDW -βsol between the propagation constant of the DW (βDW ) and
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the soliton (βsol). It should be said that any relation made to Nonlinear Schrödinger
(NLS) solitons as well as the typical nonlinear parameter γ is referring to the under-
lying Generalized Nonlinear Schrödinger (GNLS) type envelope model that does not
involve ionization [48]. DW or resonant DW is a consequence of higher‐order disper-
sion. Due to TOD, solitons that are ejected from the fission process transfer part of
their energy to a narrow‐band resonance in the normal dispersion regime [26]. The
frequency of the resonance DW can be calculated from a phase‐matching argument
involving the soliton linear and nonlinear phase, and the linear phase of a quasi‐CW
component at a different frequency.[26]. From the GNLS model the phase-mismatch
between the soliton at the pump frequency ω 0 and the DUV DW at the frequency
ω is given by [109, 110]:

∆β (ω) ≈β (ω) −β0− (ω−ω0) β1−βsol (2)

where β0 is the propagation constant and β1 = dβ/dω = 1/vg is the inverse group
velocity, both evaluated at the pump frequency ω 0. Several versions of the phase-
matching condition for the UV DW generated in gas-filled HCFs have been proposed
using different approximations [59, 70]. Here, we use the exact N -soliton solution to
the underlying integrable NLS equation in the GNLS model (which can be obtained
by considering only second order dispersion β 2 and the Kerr effect), which is a bound
state between N fundamental solitons with different propagation constants. We match
to the one with the largest propagation constant β sol ≈ β sN = (2N-1)2/(2LD)[111]
where LD= T0

2/|β 2| is the dispersion length and T0 is related to the FWHM as
TF W HM =T0 ln(1+√2). This would means that we have completely neglected the
effect from the ionization, which is a good approximation for the UV DW [70]. In the
section below, we compare all the different versions of the phase-mismatch in terms
of validity/accuracy of their predictions of the UV DW wavelength, and showed that
Eq. 2 provides a slightly better match to the experiment. The phase-mismatch
(plotted in Fig. 4.12) predicts a DW wavelength of 238 nm, which is in relatively
good agreement with the experimentally measured DW at 275 nm, given that the
2450 nm pump wavelength is far away from the ∼1600 nm ZDW and given the many
approximations used (see Fig. 4.12).
In our calculation, we included both quantum noise and the measured 5.5% pulse-to-
pulse amplitude and pulse width fluctuations from the laser as in [87]. The initial
condition with the noise terms becomes:

E (0, t) =
√

P0 (1+∆P ) exp

[
−t2

2[T0 (1+∆T )]2

]
+F̂ −1 {∆Q} (3)

Here T0 is the pulse duration (60 fs = TF W HM /
√

4ln2), P0 is the peak power (esti-
mated to be 75 MW), and F̂ −1 is the inverse Fourier transform.

The quantum noise ∆ Q of Eq.3 is modeled semi-classically as the standard one-
photon-per-mode (OPPM) noise which is added to the initial condition in the Fourier
domain as one photon of energy h̄ωm and random phase Φ m in each spectral bin m
with angular frequency ω m and bin size ∆ Ω[112].
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The one photon per-mode (OPPM) noise in the frequency domain is given by
∆Q =

√
hωm/∆Ω exp(i2π Φ m), where h is the Planck’s constant and Φ m is a random

number uniformly distributed in the interval of [0,1]. The RIN ∆ P is Gaussian
distributed white noise with zero mean and standard deviation 5.5%. To take into
account that our Ti:Sapphire pump laser which is a mode-locked laser, we assume that
the peak power and the pulse length are anti-correlated, i.e., ∆ T = - η ∆ P , where
η=1.0 is chosen. Recently a Onefive Origami (NKT A/S) 10 fs laser was studied,
where they found η=0.8, and anti-correlated amplitude and pulse length noise of
only 0.2% was shown to strongly dominate the quantum noise [87]. Alternatively, in
ref.[86], η=1.0 and an experimentally measured pump RIN of 1% was used to shown
to correctly give the measured noise around the pump.

Figure 4.10: Numerical simulations of the SC generated by pumping an HC-ARF
with 100 fs pulses at 2450 nm and 27 bar Ar pressure. 100 realizations
were computed. Blue spectrum shows the average of the realizations.
Ref. [2].

To numerically calculated the spectral profile of both the RIN and the coherence,
we used 100 spectra from 100 runs with different seeds in the ensemble. If laser
technical noise is ignored, the coherence is perfect (see Fig. 3.8 or Fig. 3 in Ref [1]),
but when the 5.5% RIN is taken into account, the coherence is almost completely
destroyed and the RIN becomes very high (Fig. 4.15), as expected . A direct com-
parison of the 100 SC spectra are overlaid each other to clearly show the significant
difference for the two different cases, as shown in Fig. 4.10. In Figs. 4.8(a) and 4.9,
both the experimental and numerical average spectra are compared and we notice
that the numerical model accurately captures the spectral bandwidth and the DW at
275 nm, but not the internal tail peak at 360 nm. Figure 4.8(b) shows the standard
spectral evolution along the fiber, dominated by SPM of the pump and generation of
the UV DW once the maximum compression point is reached at ∼7.5 cm fiber length.

In Fig. 4.10 and 4.11(a) we show the numerically calculated average and individual
SC spectra with both noise sources taken into account, along with a zoom of the UV
spectral region. From the pulse-to-pulse statistics, we calculate the RIN shown in Fig.
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(a)

(b)

Figure 4.11: Numerical simulations of (a) A zoom of the UV section of the spectra.
Experimentally the RIN was measured in the blue regions at the DW
at 280 nm and at 360 nm. (b) Calculated RIN for the 100 realizations
plotted in red, with stars indicating the measured 33.3% and 8.84% at
280 nm and 360 nm, respectively. The numerically calculated RIN at
280 nm was found to be 35%. Ref. [2]. .

4.11(b). In particular we obtain 35% RIN at 280 nm, which matches very well with
what we experimentally found, 33.3%. Since negligible noise was found when using
only quantum noise (Fig. 4.14), this strongly suggests that laser technical noise is
in fact the main reason of the final poor noise performance. Although the internal
part of the spectrum at around 360 nm did not perfectly match with our numerical
simulations, which is often the case [56, 59], thus the numerically and measured RIN
at 360 nm cannot be directly compared.

4.5 Phase-matching condition between soliton and
DW

In the numerical studies of UV SC and DW generation in gas-filled HCFs the most
used model is the unidirectional pulse propagation Eq. (4) for the full electric field,
which is defined over the effective mode area Aeff , which includes the higher har-
monics. The model (1) accounts for the full dispersion, the Kerr nonlinearity, and
the plasma effect. However, in most theoretical considerations of, e.g., soliton and
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DW interaction, and also in some general modelling [103], the more standard GNLS
envelope equation is used, which in the time domain is given by [18]

i
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Here self-steepening is present through the parameter s=1/ω 0, the ω 0 is the pump fre-
quency, the Kerr effect is present through the nonlinear parameter γ=n2 ω 0/(cAeff ),
where n2 is the material nonlinearity, and the linear fiber loss is present through the
parameter α, but the Raman effect is absent, this is because we are using a noble
gas, Argon. Second- and third order dispersion have been included through the pa-
rameters β n= dn β/dω n|ω=ω 0, where β(ω) is the linear propagation constant of
the fundamental guided mode.

The application of two different models has lead to more than one version of
the important phase-matching condition for soliton-DW interaction, which we would
like to discuss here. The phase-mismatch ∆ β is generally defined as the difference
between the propagation constant βDW of the DW at frequency ω and the nonlinear
propagation constant βNL of the soliton at frequency ωs. So assuming that the soliton
is the pump, ωs= ω0, the phase-mismatch becomes

∆β (ω) = βDW (ω) − βNL (ω0) = 0 (5)

In both models it is agree on, that the DW propagation constant is given by

βDW (ω) =β (ω) −β0− (ω−ω0) β1 (6)

where β0 = β(ω0) and β1= dβ/dω|ω=ω0 = 1/vg(ω0) is the inverse group velocity,
both are evaluated at the soliton frequency ω0. At present, there exists two different
versions of βNL in the literature. If one wants to study DW generation as resonant
energy transfer from a soliton, then one needs a soliton solution, which is generally
found as the fundamental NLS soliton solution to Eq. (4) with α=β 3=s=0, this
means ignoring loss and all higher order dispersion and nonlinear effects. The NLS
soliton solution has peak power P0, pulse length T0, and propagation constant β

s=γP0/2, and is given by
A(z, t) =

√
P0sech(t/T0 )exp(iβs1z) (7)

Thus, by considering phase-matching to the fundamental NLS soliton, one would get
βNL = βs1 = 1/(2LD) and since the dispersion length LD = T0

2/|β 2| is equal to the
nonlinear length LNL = 1/(γP0) for the fundamental soliton then β NL = γP0/2
[110, 111]. It is important that this expression is only valid for a fundamental soliton
with soliton number N=1, disregarding that the pump pulse typically is stronger and
has a higher soliton number N>1, where the soliton number is defined by the relation
N2=LD/LNL. Travers et al. for example realized that this definition of β NL would
give too weak a nonlinear contribution to the mismatch and replaced it with PC ,
defined as the peak power at the point of maximum compression [59, 113], which was
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then estimated to be PC = 4.6NP0 from numerical modelling based on Eq. 4 [114].
This then gives the following expression for the phase-mismatch

∆β (ω) =β (ω) −β0− (ω−ω0) β1− γPC

2
= 0,

PC = 4.6NP0 (8)

We note that PC actually has been estimated analytically to be PC=NP0
√2, which

has been shown to quite accurately represent the maximum power of a higher-order
soliton for large soliton orders, i.e., the peak power at the point of maximum com-
pression [114]. We have verified this with the N=8 soliton and found PC=NP0

√2
to be very accurate, whereas PC=4.6NP0 provides a too high estimate. However, we
take a more accurate approach and consider the exact analytical N-soliton solution
to the NLS Eq. 4, which is a bound state of N fundamental 1-solitons with propaga-
tion constants βsn=(2n-1)2β s1, where n=1,2,…,N. The n=N soliton with the largest
propagation constant βsN =(2N-1)2β s1 is also the one with the largest amplitude and
smallest pulse length[111], which means that it has the broadest spectrum and is thus
is the one that spectrally overlaps the most with the DW. We therefore naturally use
this propagation constant as β NL, which gives our phase-mismatch

∆β (ω) =β (ω) −β0− (ω−ω0) β1−

(2N−1)2 |β2|
2T 2

0
= 0, (9)

The definition of β NL as the propagation constant of a soliton means that effects,
such as ionization or self-steepening cannot be taken into account, this is because no
expression for the soliton solutions exists when these higher order terms are taken into
account. Therefore using instead, a simple plane-wave ansatz to find the nonlinear
propagation constant directly from the field Eq. (1) and then afterwards adjusting
the Kerr term to include the nonlinear parameter γ, Novoa et al. derived the following
expression for the phase-mismatch [70]

∆β (ω) =β (ω) −β0− (ω−ω0) β1−γPC
ω

ω0
+

ω0ρ

2n0cρcr

ω0

ω
= 0,

PC = 4.6NP0 (10)

where as well, c is the speed of light in vacuum, n0 is the linear refractive index of
the gas at the pump wavelength, ρ is the free-electron density, ρcr is the critical free-
electron density at which the plasma is opaque. The Kerr term takes into account
shock formation and self-steepening through the factor ω/ω0 and does not have the
factor ½ since it is not found as a soliton solution, but through a plane-wave ansatz.
The last term here is the ionization term, which also takes into account the factor
ω/ω0 . In Novoa et al., they showed that the ionization term competes with the
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Kerr term and allows to explain the generation of mid-IR DWs, but is less important
for the UV DWs [70]. This is also seen in Fig. 4.12, in which we plot the different
phase-mismatch curves (8), (9), and (10). The full and dashed blue curves are thus
very close at short wavelengths but not a longer wavelengths. It can also be seen from
Fig. 4.12, that the plane-wave derived expression (10) does not accurately predict the
DW wavelength at which that the mismatch is zero, whereas Eqs. (8) and (9) both
provide good predictions of the 275 nm DW wavelength observed experimentally, the
expression (9) being slightly better. In fact, due to the relatively weak contribution
from the nonlinearity, the phase-mismatch curve when the nonlinear part is ignored
(dashed black curve) looks very similar to the phase-mismatch curve we derived in
Eq. (9).

Figure 4.12: Phase-mismatch curves as defined in Novoa et. al. [70] with both the
Kerr and ionization effects (solid blue) and with only the Kerr effect
(dashed blue). The solid green is the phase-mismatch curve described
in Eq. (8) as reported in [48]. The solid red curve is from the phase-
matching condition (9) used in this manuscript. The black dashed
curve is (9) when the nonlinear part is ignored. Ref. [2] .

The experimental parameters and laser specifications used to calculate the phase-
mismatch and used in the dynamical modelling of the SC generation given below are:
100 fs pulse width (FWHM intensity), 2450 nm pump central wavelength and a pump
pulse energy of 7.5 x 10−6 Joules. Effective area is Aeff ≈ 1.65α2 , where α = 22 µm
is the core radius of the HC-ARF [48, 115]. The dispersion is empirically calculated
using [115] for Argon gas in a silica HC-ARF of 22 µm core radius, a tube diameter
of 25 µm, with 7 non-touching tubes. The tube have a wall thickness of about 640
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nm. The pressure is 27 bar and the temperature is 298 K. The free electron density
is ρ = 3.87 x 1023 m−3 and the critical plasma density is ρcr = 1.8167 x 1026 m−3 .
The nonlinear parameter is γ = 6.6447 x 10−7 W−1m−1.

4.6 Calculations of SC coherence and RIN
The modulus of the complex degree of first order spectral coherence of the generated
SC was calculated using the following expression [56]:∣∣∣g(1)
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The angle brackets in Eq. (11) represent an ensemble average over the independent

simulations m and n. The value of
∣∣∣g(1)

12

∣∣∣ indicates the quality of the spectral coherence
of the SC and it is primarily a measure of the phase stability[26]. The spectral
coherence would be perfect if

∣∣∣g(2)
12

∣∣∣ = 1, whereas
∣∣∣g(1)

mn

∣∣∣ = 0 indicates that the SC
spectrum has a random phase fluctuation from shot to shot (pulse to pulse). The
modulus of the complex degree of first order spectral coherence as a function of the
propagation distance is shown in Fig. 4.14, for the case when only OPPM noise is
considered and laser pump noise is ignored. It can be seen from Fig. 4.14 that the
whole output spectrum is fully coherent in this case. However, when we add the pump
laser noise of 5.5% (measured from the experiment), then the spectral coherence of
the generated SC drops drastically, which is shown in Fig. 4.15. From the numerical
simulations, it is therefore clear that the spectral coherence of the SC is very sensitive
to the pump power fluctuation, which must be included to get a realistic value of the
SC spectral coherence.
The RIN was calculated as the ratio between the standard deviation σ(ω) and the
mean µ(ω) [106]

RIN (ω) =σ (ω)
µ (ω)

=√
<

(
|(Am) (ω)|2−µ (ω)

)2
>

µ (ω)
(12)

where µ(ω)= <|Am(ω)|2 > The calculated RIN is shown in Fig. 4.16. It can be seen
from Fig. 4.16 that the RIN is very low in the full spectrum when pump noise fluc-
tuation has been ignored, while it increases drastically when pump noise fluctuation
is considered.
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Figure 4.13: The spectra of filtered DUV parts at 360 nm (purple) and 280 nm
(blue), together with the full spectrum. Note that the intensity of the
three spectra are not normalized. The FWHM of the filters is 10 nm.
[2] .
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Figure 4.14: (i) Power spectral density (PSD) at fiber length z = 26 cm. (ii)
Modulus of the complex first order degree of spectral coherence of the
generated SC, |g12((1))|, at z = 26 cm. (iii) Evolution of |g(1)

12 | along
the fiber. The coherence properties were found by averaging over 100
simulations with only OPPM noise, i.e., ignoring pump laser noise. [2]
.
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Figure 4.15: (i) PSD at fiber length z = 26 cm. (ii) Modulus of the complex first
order degree of spectral coherence of the generated SC, |g12(1)|, at
z = 26 cm. (iii) Evolution of |g(1)

12 | along the fiber. The coherence
properties were found by averaging over 100 simulations with both
OPPM noise and a pump laser noise of 5.5%. The strongly reduced
spectral coherence clearly demonstrates the significant effect of the
pump noise on the RIN of the SC. Ref. [2] .
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Figure 4.16: (i) Calculated RIN with 100 realizations for fiber length z = 26 cm.
(i) Without pump noise fluctuations, and (ii) with 5.5% pump laser
fluctuations. .
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4.7 Discussion and Conclusions
In this chapter, we presented the first experimental study of the long-term stability
and pulse-to-pulse noise properties of a gas-fill DUV SC source based on noble gas-
filled HC-ARFs. We found that the spectrum and total power fluctuated, but there
is no sign of decay over 110 hours of operation. However, our experiments showed
that the pulse-to-pulse RIN of the DUV DW at 275 nm wavelength was 33.3%, which
is much higher than predicted or found by numerical modelling in earlier reports on
gas-filled DUV SC generation [1, 21, 48, 49, 56, 59, 72, 113]. We have argued from
numerical modelling that the observed strong noise originates from the RIN of the
pump laser, which was measured to be 5.5%. Our modelling with only standard weak
quantum noise in Fig. 4.14 confirmed near to perfect coherence and negligible laser
noise across all wavelengths, just as in the earlier reports where only this type of noise
is considered [1, 21, 56, 59, 72]. In contrast we found a RIN of 35% of the DUV DW
when taking into account laser technical noise, which is in good agreement with the
experiments. This general result indicates that the laser technical noise is ultimately
limiting the noise performance of SC sources based on coherent fs-pumped SPM. This
is also in line with recent demonstrations of the noise of SC sources using fs pulses to
pump solid-core fibers with all-normal dispersion [86, 106, 107]. Earlier studies have
also reported a strong amplification of pump laser noise in SC generation in solid-core
microstructured fibers by pumping in the anomalous regime with femtosecond pulses
[116, 117]. However, in these cases there is a strong contribution from the Raman
effect of silica on the SC generation, which is known to introduce noise, and therefore
it is less surprising that the SC spectrum is rather noisy. In our case the SC generation
takes place in a Raman-inactive noble gas. It was found in a recent publication, using
numerical modelling with only quantum noise, that the coherence could be not perfect
in these DUV SC sources [59]. It is important and very interesting to put the results
presented in this paper into context with our previous results in terms of soliton
numbers and known properties of SC generation. The first key point to be made is
that fs-pumped soliton fission based SC generation can be just as noisy as long-pulse
pumped MI based SC generation for large soliton numbers N, specifically when N>16
[26]. The second key point to be made is that in MI-based SC generation, even a
weak noise seed is enough to trigger MI and generate the typically high number of
solitons, thereby initiating random interaction which will dominate the SC noise. The
particular strength and type of the weak seed noise is not necessarily important. In
the modelling in [59], a 38 fs Gaussian shaped pulses from an λ0=800 nm (Ti:Sapphire
) laser was used to pump an HCF with a core diameter of about 44 µm filled with Ar
at a pressure of 13.5 bar. From Fig. 26 in [21] this would give a nonlinear refractive
index of n2 ∼ 1.2x10−22m2W −1. Assuming that the effective area Aeff is the area of
the core, the nonlinear coefficient gives γ = ω0 n2/cAeff = 8n2/(λ0D2) = 1.65x10-6
(Wm)−1 . From Fig. 1 in [59] we can find a group velocity dispersion of β2 = -2
fs2/cm, which gives a soliton number of N =17.9 and 12.6 for the two pulse energies
of 3.0 µJ and 1.5 µJ used in their modelling, respectively. This shows that the high
pulse energy case in which de-coherence was observed in [59] has a soliton number
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that was in fact above 16, such a high number is known to lead to highly noisy
SC generation for even the relatively weak quantum noise. The low pulse energy
case had a soliton number below the 16 and should thus be highly coherent if only
weak quantum noise were to be considered. Based on our experimental parameters,
which are ≈100 fs pulses, Ar at 27 bar pressure, diameter = 44 µm, and λ0=2450
nm, given the n2 = 2.069x10−22 m2W−1 also from [21] and β2 = -82.5 fs2/cm from
[1], we find a soliton number of N=4.66. Thus we are in the low soliton number
case, where complete SC coherence would have been expected when using fs-pumped
soliton fission based SC generation and taking only the very weak quantum noise into
account. Our experiments- confirmed through numerical modelling, demonstrates
how pump laser fluctuations, against prior expectation, makes the DUV DW and SC
very noisy. The results clearly demonstrate the importance of using a very low-noise
pump laser for DUV sources based on gas-filled HC-ARF. The pump laser at 2450 nm
has a RIN of 5.5% due to the fact that it is generated from the 800 nm Ti:Sapphire
seed. However, the mode-locked Ti:Sapphire laser itself, which is the laser most often
used in many papers to pump these DUV SC sources, has a much lower RIN (in our
case it was measured to be ∼0.43% as shown in Fig. 4.7) and would thus be much
more suitable as pump laser to generate DUV. However, a pump laser RIN of 0.43% is
still a much stronger noise source than quantum noise for SPM-based SC generation
[56], and therefore even the Ti:Sapphire pump laser would have to be improved in
terms of stability to truly enable a future coherent DUV SC source.
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CHAPTER5
Stimulated Raman

Scattering in Hollow
Core Fibres

”A theory can be proven by experiment; but no path leads from exper-
iment to the birth of a theory.” - Albert Einstein, The Sunday Times
(1976)

This chapter includes work published in Optics Letters, [64], permission and right
of re-use in this thesis is attached in Appendix B.

Stimulated Raman scattering (SRS) is a nonlinear process that occurs when the
light intensity inside the Raman non-linear medium (in our case gas) reaches a certain
(threshold) level called Raman threshold. The incoming pump light induces an in-
tense molecular or lattice vibrations which these modulates the incoming light beam,
thereby generating frequency-shifted radiation. When light is launched into a fiber,
spontaneous Raman gets amplified as it propagates along the length of the fiber, and
although spontaneous Raman scattering generates photons in the whole bandwidth
of the Raman gain, their amplification is not the same across the spectrum; i.e., fre-
quency which Raman gain coefficient is highest will be amplified more, leading to a
rapid buildup. If the pump power exceeds that of the threshold value, this buildup
will be exponential [112]. The interaction of such intense electrical field with Raman
material causes an output radiation shift toward a longer wavelength called the Stokes
shift. If the applied pump peak power is sufficiently high enough, higher order stokes
radiation could be generated [118]. Typically, SRS happens in both high and low
density material. Since its discovery in 1962, SRS has been achieved in gases, liquids
and solid-state materials [119, 120]. Gas-based SRS exhibits unique characteristics
such as high gain coefficient, flexible selection of the gain medium, large Raman fre-
quency shift and can be used to effectively generate tunable narrow linewidth lasers
at new wavelengths [64, 121]. Incorporating HCFs as a gas-cell medium has signif-
icantly improved the performance and efficiency of SRS in gases since the first use
of HCF for SRS in 2002 [122], over the last decade, many new wavelengths and var-
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ious gases have been investigated [123–126]. With wavelengths ranging from UV to
mid-IR, gas-based Raman lasers hold enormous potential application in various fields
such as pollution measurement[4], spectroscopic analysis of substances, biomedical
diagnostics etc. In this chapter, generation of high pulse energy Raman laser at 4.22
µm will be presented, the vibrational Raman is generated in Hydrogen-filled HCF by
using Er/Yb co-doped fiber laser with central wavelength at 1533 nm. The mid-IR
Raman laser is designed to target target the fundamental absorption of cabondioxide
(CO2). Secondly, we will present a multiwavelength cascaded Raman laser at 1638
nm, 1868 nm, 2100 nm and 2400 nm. The multi-wavelengths Raman are based on
rotational Raman, in a H2-filled HCF.

5.1 High pulse energy and quantum efficiency mid-IR
gas-filled Raman laser at 4.2 µm

Gases are considered ideal candidate for nonlinear optics that involve laser pulses
especially when high energy and peak power are required. They offer the greatest
transparency range as well as the highest damage threshold than any other nonlinear
media[64]. However, as a result of their volatile nature, traditional gas lasers usually
require large footprints to ensure sufficient laser light-gas interaction. The combi-
nation of gas laser with the relatively new low-loss silica HCF technology [21, 127]
has opened up a new way for intense light-gas interaction over very long distances in
spectral regions where silica has strong optical loss such as the the mid-infrared (mid-
IR) spectral region, also known as molecular “fingerprint” region because it contains
the fundamental absorption lines for most important molecules. Therefore, gas-filled
HCF is rapidly becoming a frontier towards next generation mid-IR laser technol-
ogy. Already, several impressive results have already been reported in the gas-based
mid-IR Raman laser, based on various configurations of HCFs, filled with variety of
Raman active gases [128–131].

Figure 5.1 presents the state-of-the-art in gas-based mid-IR HCF lasers with rel-
atively high pulse energy and quantum efficiency and provides a direct comparison
with the current work. It can be seen that different gases have been used as active
media for different lasing wavelengths with mechanisms of either population inversion
(C2H2, NO2, and CO2) or SRS (CH4 and H2), where the former possess the virtue of
having low laser threshold [129, 131–133], and the latter has the advantage of being
independent from the pump wavelength [130, 134]. The longest mid-IR wavelength
so far of 4.6 µm was achieved by pumping NO2 at its 1517 nm absorption band with
a pulsed optical parametric oscillator (OPA)[132]. However, both quantum efficiency
and pulse energy are relatively low due to the broad linewidth of the pump and the
high loss of the HCF used. On the other hand, a 2.8 µm laser based on a CH4-filled
HCF exhibits the highest pulse energy of 113 µJ, owing to the high pump pulse energy
and peak power from an Nd:YAG pump [130]. In terms of laser emission wavelength,
the SRS-based mechanism allows for high degree of freedom since it doesn’t impose
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Figure 5.1: Summary of current state-of-the-art of gas-filled HCF lasers in the 2.5
to 5.0 µm wavelength region, represented in terms of their quantum
efficiencies (red star) and pulse energies (black star), result from this
work is marked with circles. The highlighted gray region shows the CO2
absorption band. (a), (b), (c), (d), (e), (f), (g), (h) and (i). are results
in Refs. [128–136] respectively .

strict limitations on the pump wavelength [134–136]. Exploiting the H2 large vibra-
tional Raman shift coefficient of 4155 cm−1, mid-IR emissions at 4.4 µm have been
directly generated using Er-doped fiber laser at 1.55 µm to pump silica gas-filled
HC-ARF [134, 136]. These reports not withstanding, there hasn’t been any gas-filled
HCF laser being reported at the strongest absorption band of CO2 (∼ 4.2 µm), which
is a very important greenhouse gas. Such lasers can find several applications for ex-
ample in maritime industry [137]. Here, we report an efficient linearly polarized 4.22
µm laser generated from a H2-filled HC-ARF by designing a custom-made 1532.8 nm
pulsed fiber laser with pulse duration 6.9 ns as the pump. High quantum efficiency
of 74 % was obtained with gas pressure less than 20 bar, corresponding to high pulse
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energy of 17.6 µJ.

Figure 5.2: a) SEM image of the HCF with a magnification of × 400. (a) Simulated
(black curve) and measured (brown curve) attenuation spectra of the
HCF. The red star indicates the measured loss at the pump wavelength
of 1532.8 nm using the cutback method. [64] .

Figure 5.3 shows the schematic of the experimental setup. The pump laser is
custom-made all-polarization maintaining fiber laser (BKTel, Germany) consisting of
a directly modulated distributed feedback diode laser, seeding two stages of fiber Er-
doped fiber pre-amplifiers and a power Er/Yb-doped fiber. The seed oscillator delivers
a linearly polarized pulse train at a rep. rate of 8 kHz with 6.9 ns pulse duration. The
power amplification stage is a co-doped double-cladded Er/Yb fiber cladding-pumped
by 10 W CW laser diode at wavelength of 915 nm. The large core size of the gain fiber
is there to effectively suppresses the spontaneous Brillouin scattering and nonlinear
spectrum broadening. From the vibrational Raman frequency shift coefficient of H2,
the pump wavelength needed in order to generate Raman laser at CO2 absorption
band needs to be at ∼1533 nm. Our pump laser center wavelength was measured to
be 1532.8 nm, corresponding to Raman laser wavelength of 4.22 µm.

After the power amplifier, the maximum average power was measured to be 1.41
W, when the amplified spontaneous emission (ASE) is included. According to the
spectral intensity distribution, the average power of the pulse signal can be estimated
to be ∼643 mW, corresponding to 11.6 kW peak power giving a pulse energy of 80.4
µJ. The polarization extinction ratio (PER) of the pump laser is measured to be -19
dB, which includes the contributions from both the pulse signal and the ASE. Because
the ASE generated during the amplification process is intrinsically un-polarized, the
pulse signal in isolation is expected to have higher PER [64]. The laser linewidth
was measured by an OSA (ANDO AQ6317B, AssetRelay) with a resolution of 0.01
nm to be ∼0.06 nm. Considering the dependence of Raman gain on the pump laser
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Figure 5.3: Experimental setup showing the laser pump part in blue-dotted section
(inset figure is measured optical spectrum of the laser pump), and gas-
fill part with 2 gas cells sealing HC-ARF at both ends .

linewidth through the group-velocity dispersion walk-off effect between signal and
pump (see Eq. in (42) in Ref. [138]), the maximum length of H2-filled HC-ARF
capable of sustaining high Raman gain for this experiment is estimated to be ∼7 m
[135].

As seen in the 5.3 The output beam from the pump laser was collimated and
coupled into a 3.95 m HCF through a pair of plano-convex lenses. with both ends of
the HCF sealed by two gas cells for H2 filling. A half-wave plate (HWP) is placed
before the HCF to tune the laser polarization, which is crucial to improve the Raman
gain by minimizing the polarization difference between pump and signal caused by
the weak HC-ARF’s birefringence [139]. The achieved coupling efficiency was ∼81%,
including all the losses from the optical components from the output end of the pump
laser and the input end of the HC-ARF. At the output side of the HC-ARF, a 2.4 µm
long-pass filter with 20% transmission loss at 4.22 µm is used to extract the vibra-
tional Raman line laser that is generated from the residual 1533 nm pump. Figure
5.2(b) shows an scanning electron microscope (SEM) image of the HC-ARF, with the
cladding consists of a ring of seven non-touching capillaries and a wall thickness of
1030 nm and a diameter of 43.6 µm, forming a hollow core region with a diameter of
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∼73 µm. This structure enables two transmission bands separated by a high loss peak
centered at 2.0 µm, as can be seen in the calculated transmission spectrum depicted
in Fig. 5.2(c). The simulation was done using the finite-element method on com-
mercial software, COMSOL. A fine mesh size ranging from λ/6 to λ/4 was adopted
to ensure high simulation accuracy. Perfectly-matched layers was placed outside of
the fiber to accurately model the loss of the wave-guide. Absorption coefficient of
fused silica deployed in the simulation is fetched from Ref. [140]. Surface scattering
loss was ignored due to the surface roughness of the silica waveguide in the infrared
region and the large core diameter of the fiber [17]. The attenuation is measured at
1.53 µm is ∼0.05 dB/m obtained via a cut-back measurement (with five steps of 10
cm fiber per step) using the pump laser as light source. The fiber loss in the 2.4 -
4.5 µm region was alternatively measured with a cut-back method (with two steps of
10 cm fiber per step), buy using a broadband mid-IR SC source (MIR-SuperK, NKT
Photonics). The loss at 4.22 µm could not precisely be obtained through the cut-back
measurement because of the abundance of CO2 in the ambient air, thus inside the
fiber, however, from the surrounding background loss, we can see it is approximately
1.5 dB/m. Note that the loss difference between the simulation and experiment slowly
increase towards short wavelength direction. This can be attribute to the wavelength-
dependent fiber bent loss (as shown in see Eq. (4) in Ref. [141], where the minimum
bend radius is inversely proportional to the square of wavelength).

Figure 5.4: (a) Average power of Raman laser and dephasing time of H2 as a
function of pressure. (b) Spectra of pump and Raman laser. Right
axis shows the absorbance spectrum of CO2 obtained from the high-
resolution transmission molecular absorption database (HITRAN)[64]
.

Under the maximum pump power and an appropriate orientation of the polariser
plate, a 4.22µm Raman signal appears when the H2 pressure starts exceeding ∼5
bar, as shown in Fig. 5.4(a). The Raman power scales with the H2 pressure and
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(a) (b)

Figure 5.5: (a) Spectra of Raman laser at different pressures. (b) Measured pulse
profiles of the original pump laser (blue), residual pump (black), and
Raman laser (red). Inset of (b) are: (left) pump beam profile of output
from the HCF measured with a slit scanning beam profiler (BP109-IR2,
Thorlabs) and (right) the generated Raman laser beam profile measured
with an uncooled THz imager (IRV-T0831, NEC) [64] .

steadily increases to reaches saturation power at ∼141 mW when the pressure is 20
bar. This trend can be attributed to the known saturation of the Raman gain at high
pressures [142] and decreased dephasing time of H2 (see black curve in Fig.5.4(a)).
Remarkably and noteworthy, the saturation pressure here is much less compared to
previous reports [135, 136] since the transient Raman regime is well suppressed by
the long pump pulse duration of 6.9 ns. Fig. 5.4(b) shows the spectrum at 20 bar
measured using an optical spectrometer (Spectro 320, Instrument Systems) with a
resolution of 0.05 nm. A strong laser line at 4.22 µm is formed as a result of the
vibrational Raman Stokes shift from the pump laser. A rotational Raman line is
also formed at 1.68 µm, but its intensity is negligible compared to the vibrational
Raman line as a result of the optimized pump polarization [136, 143]. This rotational
Raman however, will be a the subject of the next section of this chapter. Simulated
absorbance spectrum of CO2 is also provided for comparison in Fig.5.4. It can be
seen in that figure that the spectrum of generated Raman laser is perfectly located
in the R-branch of the absorption spectrum of CO2. An experimental demonstration
supporting this statement is carried out by collimating the output Raman laser beam
in ambient laboratory air, which obviously attenuated along propagation (∼ -0.86
m−1), given that there is ∼408 ppm of CO2 concentration in the atmosphere [144],
this is depicted in Fig. 5.6. Fig. 5.5(a) shows the output spectrum of the Raman
laser at 10, 15, and 20 bar, confirming a fixed central wavelength of 4.22 µm. The
full-width half maximum (FWHM) was found to be ∼15.6 nm (263 GHz), which is far
larger than the theoretical value of the Raman line-width in hundred MHz level [142].
We attribute this discrepancy to the fact of the laser’s noise fluctuation, because the
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Figure 5.6: Open-path direct absorption measurement of CO2 in the ambient air.
The red curve is the result of exponential fit .

SRS is built up from spontaneous Raman scattering. The temporal pulse profile,
measured by a 100 MHz mid-IR photodetector (PDAVJ10, Thorlabs), is presented
in Fig. 5.5(b). Due to the limited bandwidth of the photodetector however, the
Raman laser pulse exhibits a series of oscillations at the trailing edge. The measured
pulse duration at 4.22 µm is estimated to be ∼4.5 ns. For comparison purposes, the
original pump pulse at the input and residual pump pulse after HCF measured by
a 1.2 GHz near-IR photodetector (DET01CFC, Thorlabs) are overlaid. Due to the
initiation of the SRS process requiring a certain power threshold, the residual pump
pulse exhibits two narrow sub-pulses that correspond to the trailing and leading edges
of the original pump pulse. The difference between the two pulses indicates a minor
residual transient Raman regime [135].

Subsequently, the HC-ARF length was optimized in order to maximize the Raman
laser power. It was found that when the fiber length exceeds 3.95 m, the Raman laser
power starts to decrease due to the loss of the HC-ARF. This length is far less than
the 7 m fiber length estimated earlier from the dispersion walk-off effect, indicating
the high sustained Raman gain during the interaction between pump and Raman
pulses. With the optimized fiber length, the dependence of the Raman laser power
and residual pump power on the coupled pump power are measured and shown in
Fig.5.7(a). By increasing the pump power, the intensity of the Raman laser continu-
ously increases while its growth rate gradually decreases to a nearly constant value.
Correspondingly, the calculated quantum efficiency in Fig.5.7(b) becomes nearly inde-
pendent to the pump power after ∼70%. At 20 bar, the maximum quantum efficiency
is 74%, giving a 17.6 µJ pulse energy. To the best of our knowledge, this is the high-
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Figure 5.7: (a) Average Raman laser power and residual pump power as a function
of coupled pump power. The dash line shows the quantum limit of
the Raman laser. (b) Calculated quantum efficiency and pulse energy
corresponding to (a) ref. [64] .

)(a) (b)

Figure 5.8: (a) Normalized Raman laser power and sinusoidal fit with respect to
the orientation of polarizer. (b) Long term stability of the Raman laser.
[64] .

est of both pulse energy and quantum efficiency ever reported gas-filled HCF lasers
beyond 3 µm, including reports from either fiber laser and solid-state laser pumping.
Additional to benefiting from the high PER of the pump pulse, the proposed Raman
laser exhibits excellent linear polarization, as indicated in Fig. 5.8(a). With the PER
measured to be ∼-35 dB. Note that the PER cannot be directly compared to the PER
of the pump laser since the ASE of the pump laser is not polarized. Furthermore,
the relatively low H2 pressure used in this experiment provides better stability of the
gas-pressurized system, and consequently improves the durability and practicability
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of the laser. To demonstrate the stability, and potential for real world application,
we recorded the long term power stability at 15 bar during the three hours contin-
uous operation, and the result is plotted in Fig. 5.8(b). As can be seen, the power
remains stable at ∼131 mW, with small power fluctuation measured with a coefficient
of variation of 2.43 %. In this work, the high quantum efficiency benefits from the
well-suppressed transient Raman regime. However, it is worth mentioning- as it can
be seen from the residual pump pulse profile in Fig. 5.8(b), that the transient Raman
wasn’t completely eliminated. This indicates that there is still room for improving
the quantum efficiency, owing to higher Raman gain of the steady-state regime com-
pared to its counterpart. This point can also be clarified in terms of the theoretical
gain coefficient of steady Raman regime; it almost reaches the saturation point be-
fore the pressure of H2 reaches to 10 bar [142]. This indicates that higher quantum
efficiency as well as lesser pressure are possible in this experiment, if the transient Ra-
man regime can be further suppressed using pump pulses with even longer duration.
However, without reducing the pulse peak power of the pump, longer pulse duration
could induce significant thermal effect for the large mode area Er/Yb doped fiber,
which is physically cooled with a heat sink. Therefore this issue could be solved by
improving the cooling system, or reducing the average power to a low levels by reduc-
ing pulse repetition rate. In the latter case, pulse pump scheme is required because
of the strong ASE. In summary, a linearly polarized 4.22µm Raman fiber-based laser
targeting the strongest CO2 absorption in the mid-IR is reported. This is achieved by
pumping a H2-filled HC-ARF fiber with a 1532.8 nm Er-doped fiber laser delivering
pulses with 6.9 ns duration and 11.6 kW peak power. The result is a pulse energy of
17.5 µJ and quantum efficiency of 74%, higher than any reported hitherto in gas-filled
HCF fiber lasers beyond 3µm wavelength. PER of the Raman laser is as high as –35
dB. Because of the long duration of the pump pulses, the maximum Raman laser
energy was achieved with H2 pressure less than 20 bar. The proposed laser posses
as an attractive system for many applications such as CO2 detection and monitor-
ing. Despite the high demands for such lasers, currently only mid-infrared quantum
cascade laser is commercialized for CO2 sensing. However, its low peak power limits
its usability for some high-sensitivity sensing techniques, such as photothermal and
photoacoustic and sensing. The proposed laser could be a potential candidate with
kW level peak power. Additionally, because of the absorption of CO2 at 4.2 µm,
the Raman laser is capable of begin used as pump to achieve 10 µm laser emission
through population inversion effect, we anticipate the application of the current work
to pave way for optically pumped 10 µm CO2 laser, which would allow broader gain
bandwidth, with higher CO2 pressure, when compared to the conventional electrical
discharge CO2 laser [145].
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5.2 Multi-wavelength high energy gas-filled fiber
Raman laser spanning from 1.53 µm to 2.4 µm

SRS can occur either as vibrational or rotational. Indeed, both rotational and vibra-
tional Raman can occur. In Rotational Raman, the change in frequency of light is
related to the difference in rotational energy levels of a given molecule. In vibrational
Raman however, this change is related to the difference in vibrational energy levels.

This section will demonstrate a multi-wavelength Raman laser spanning from 1.53
µm to 2.4 µm by employing the cascaded rotational stimulated Raman scattering
(SRS) effect in a 5m long hydrogen-filled nested anti-resonant fiber (NARF), pumped
by a linearly polarized Er/Yb fiber laser with high peak power of ∼13 kW and pulse
duration of ∼7 ns at the telecom band. The multi-wavelength Raman laser have
its wavelengths at 1683 nm, 1868 nm, 2100 nm and 2400 nm, with highest pulse
energies of these lines up to 18.25 µJ, 14.4 µJ, 14.1 µJ and 8.2 µJ, respectively, and
the residual pump at 1533 nm. Their pulse energies are flexibly controlled by tuning
the gas pressure in the core of the fiber from 2 bar to 20 bar. This demonstration
not only shows a high pulse energy multi-wavelength operation in a broad spectral
range, but also implies a different perspective to generate Raman laser at previously
unreached wavelength (e.g. 2.4 µm in this work)

5.2.1 Cascaded Rotational Raman Laser
We have seen so far, how gas–filled hollow core fiber lasers have comfortably demon-
strated themselves to be a vital substitute to free-space lasers and solid-core fiber
lases, even more so as they hold additional advantages over their counterparts because
of their intriguing properties such as high damage threshold, good heat dissipation
capacity through gas circulation, tunable nonlinear and dispersion properties, and
potential of changing between active and inactive gases [146]. By confining the light
within the fiber core (air) region with a micro-level size, the light propagates with a
much stronger intensity and flexible distance when compared to the conventional free-
space structure, therefore enabling efficient SRS process. This kind of Raman lasers
were initially reported in the short wavelength region (∼ 500 nm to ∼ 1.2 µm) [122,
147–149], and subsequently extended towards long wavelength direction, [95, 123, 124,
150–155],. A frequently reported wavelength of this kind of laser in recent years is
the 1.9 µm Raman laser [123, 124, 132, 150, 151], which is directly and efficiently
transferred from the mature 1.06 µm pump laser by using the hydrogen as active
gas medium which has the highest vibrational Stokes shift coefficient (4155 cm−1)
than other known gases. Stepping towards longer wavelength was a long-standing
challenge due to the high silica loss. This challenge prevailed until the recent advent
of negative curvature fibers, such as NARF, which were able to effectively suppress
the high silica loss by properly design the anti-resonant structure [21, 127]. Few ef-
ficient MIR-infrared fiber lasers have already been reported [64, 156, 157], based on
the vibrational SRS process in H2 or methane (CH4). In these reports, the quantum
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efficiency can easily reach to a desirable level (e.g., >60%) in order to achieve high
pulse energy in micro joule level. However, their wavelengths are currently limited
at several fixed wavelength range, i.e., 2.8 µm and 4.2 µm - 4.4 µm, as a result of
the limitation on pump wavelength selection as well as fixed Stokes shift coefficient
of the specified gases. On the other hand, the efficient SRS process in gas-filled
HCF can easily lead to the formation of cascaded Stokes [126, 130, 147, 148], conse-
quently constituting a promising way for multi-wavelength (or frequency comb) laser
emission, which has versatile applications such as sensing, wavelength division mul-
tiplexing communication, and optical signal processing. An upgraded approach is to
achieve cascaded Stokes and anti-Stokes emissions simultaneously by satisfying phase
matching condition for the anti-Stokes line formation [154, 158, 159]. In comparison
with the conventional method which employs selecting multi-wavelength with a comb
filter within the limited gain bandwidth of rare earth ion doped gain medium [160,
161], this kind of method can achieve multi-wavelength operation in a much broader
wavelength range. Despite this, the reported energy/intensity of high order Stokes
and anti-Stokes lines are quite low when compared to the first Stokes line [154, 158,
159]. Besides, the longest wavelength of these multi-wavelength operation is usually
less than 2 µm, with an exceptional example is the result in ref. [157], where an
efficient second order Stokes line was achieved at 2.8 µm from a first order Stokes at
1.5 µm which was in turn generated from a pump laser at 1.06 µm. However, only
two wavelengths are formed in this demonstration, since the third order Stokes goes
up to ∼15 µm wavelength where the silica HCF has a high loss. From reports in
the literature, demonstrating an efficient and high pulse energy multi-wavelength gas-
filled Raman laser in a broad wavelength range could be a highly meaningful work.
In this work, we demonstrate a cascaded Raman laser involving multiple wavelengths
at 1.68 µm, 1.87 µm, 2.1 µm and 2.4 µm. Their quantum efficiencies are as high as
50.5%, 43.5%, 52.5% and 38.1%, respectively, corresponding to generate high pulse
energies of 18.5 µJ, 14.4µJ, 14.1µJ and 8.3µJ, respectively. .

The pump laser used in the experiment, is the same as in the subsection above,
(schematic in Fig 5.3. In order to achieve cascaded Raman combs, the pump laser
is focused into 5 m NARF (SEM image of cross-section shown in Fig 5.9a), with a
coupling efficiency of ∼80%. Such a fiber length, combined with the relatively small
core size of 37 µm, is experimentally found to be sufficient to enable several high
order Raman Stokes lines to be generated. The fiber has low loss of < 10−2 dB/m
at the pump wavelength and increases gradually towards the longer wavelength. The
nested feature of the fiber capillaries provides not only enhanced transmission, but
also a lower bending loss [17], thus, the fiber could be coiled to a 35 cm radius circle
for the experiment. Simulation of mode profile at Raman wavelengths is shown in
Fig. 5.10(a) A quarter-wave plate is placed before the input of NARF to convert the
pump from linear polarization to circular polarization and optimize the polarization
orientation, to enhance the rotational SRS effect.

The evolution of the measured Raman spectrum in term of pressure was inves-
tigated at the maximum pump power and proper orientation of the quarter wave
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(a) (b)

Figure 5.9: (a) Scanning Electron Microscopy (SEM) image of the NHC-ARF with
core diameter 38 µm and strut thickness of about 406 nm (scale bar:
20 µm). (b) Simulated attenuation spectrum of the fiber, Red dotted
line is the pump wavelength, and red line showing the pump wavelength
while the black dotted line are the wavelengths depicting the locations
of the cascaded Raman. .

plate, as presented in Fig. 2. An optical spectrum analyzer (Spectro 320, Instrument
Systems) was deployed for the measurement. Initially, only the first order Stokes at
1683 nm was observed at the pressure of ∼1 bar. Because the increasing in the gas
pressure corresponds to an increase in the Raman gain coefficient and suppression of
the transient Raman regime, which has lower gain coefficient than the steady-state
Raman regime. The intensity of first order Stokes first continuously increases until it
is sufficient to serves as a new pump to generate the second order Stokes at 1868 nm.
With similar cascaded SRS process, the third order Stokes at 2099 nm was formed
from the second order Stokes, and then increases in intensity and finally leads to the
formation of fourth order Stokes at 2394 nm when the pressure increases to ∼11 bar.
It can be seen that, the emergence of new Stokes is always accompanied with the
decrease in the intensity of the previous order Stokes, indicating that the last order
Stokes plays the role of the pump for the generation of new Stokes line. For the
fourth order Stokes, because the fifth order Stokes at ∼2.8 µm couldn’t be formed
with the high fiber loss of ∼102 dB/m, its intensity continuously increases until the
gas pressure reaches to the limit of the experiment setup (21 bar).

For better clarity, Fig. 5.11 presents several typical spectra at different gas pres-
sures of the horizontal lines in the contour plot in Fig. 5.10. The variation of the
relative intensity of these laser lines implies that the pulse energy of each laser line
could be flexibly controlled by change gas pressure. Note that the FWHM of each
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Figure 5.10: (a) Simulation of the fundamental mode profile at central wavelengths
of Raman lasers. (b) Evolution of the Raman laser spectrum as a func-
tion of pressure. Horizontal lines at 2, 8, 15 and 21 bar represent the
graphs in Fig. 5.11. Right graphs depicts the corresponding evolution
of each Raman laser line intensity .

Stokes line is in the level of MHz, which is less than the resolution of the optical
spectrum analyzer and therefore couldn’t be measured here. Figure 5.12(a) shows a
typical pulse profile of the first order Stokes at the hydrogen pressure of ∼1 bar, as well
as the corresponding pulse profile of the original pump before the NARF, measured
by a 1.2 GHz near-IR photodetector (DET01CFC, Thorlabs) connected to a 4 GHz
oscilloscope (Teledyne Lecroy HD09000). This Stokes pulse exhibits a near Gauss
profile with a pulse duration 4.9 ns, which is obviously less than the original pump
pulse duration of ∼7 ns. Beside the fact that the frequently observed near Gauss
pulse profile, some occasional Raman pulses with completely different profiles were
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Figure 5.11: Optical spectrum of cascaded Raman laser at different pressures. The
spectrum are of the horizontal plot in Fig. 5.10 .

also detected, as shown in Fig. 5.12(a)-(c), where they are characterized by typical
multi-peak structure. This originates from the random nature of the quantum noise
which serves as the seed for the SRS process here. Although the measured Raman
pulses show various profiles, their pulse duration always appear less than the pump
laser, since the Stokes pulse is formed in the center part of the pump pulse where its
instant power is sufficient to initiate the SRS process. For this same reason, the high
order Stokes has a narrower pulse duration than its pump– preceding Stokes. There-
fore, the fourth order Stokes here is supposed to have the narrowest pulse duration
when compared to 1-3rd Stokes. This kind of reduction in pulse duration is another
limitation on the generation of higher order Stokes, since the narrower pulse duration
is accompanied by the enhancement of the transient Raman regime.
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Figure 5.12: (a) Pulse profile of first Stoke Raman ∼1 bar (blue) and pump profile
(black), (b) and (c) are other Raman profiles, (d) Calculated quantum
efficiency (QE) of all multi-wavelength Raman laser with respect to
pressure, (e) Output total power and power total power of Raman
laser with respect to pressure .

Figure 5.12(e) shows the evolution of pump power and total Raman laser power
as a function of gas pressure. It can be seen that the pump power continuously drops
down with the increasing of gas pressure, indicating the constant energy transferring
from pump to Raman laser. Meanwhile, the total power of all Stokes lines first quickly
increase to the maximum value of 268 mW with the known saturation of the Raman
gain coefficient, and then drops slowly. This could be mainly attributed to the low
photon energy and high fiber loss at long wavelength direction. A similar drop in
output power with increased in pressure is also noticed in [158], where they showed
a drop of ∼20% when pressure was changed from 0.5 mbar to 6 bar. They attribute
this deviation (which is more pronounced for higher gas pressure), to be caused by
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additional losses induced by additional strains in the fiber caused by pressure. The
power of each Stokes line is measured by extracting them with a series of long-pass
filters. Fig. 5.12(d) shows the calculated quantum efficiency for individual Raman
laser, the maximum quantum efficiencies of 1683 nm, 1868 nm, 2099 nm, and 2394 nm
are 50.5%, 43.5%, 52.5% and 38.1% respectively, shown in Fig. 5.12(d), corresponding
to pulse energies of 18.5 µJ, 14.4µJ, 14.1µJ and 8.3µJ, respectively. It can be seen
that the pulse energy of each Stokes line can easily reach to micro joule level. To best
of our knowledge, this is the first time to achieve micro joule pulse energy over four
cascaded Raman Stokes lines in such a broad spectral range. This benefits from not
only the circular polarized pump with a high peak power of 13 kW and long pulse
duration of 7 ns, but also from the relatively low transmission loss of the NARF and
its small core diameter of 37 µm, which is necessary to enhance the light intensity
and therefore the gain coefficient.

As the pump power is changes, the Raman combs also change, we investigate
this by gradually increasing the pump power and recorded the spectral evolution.
This is shown in Fig. 5.13. A crucial factor for the generation of the higher order
Stokes (e.g., fifth Stokes at 2.8 µm) is the subtle compromising between the fiber core
diameter and the high optical loss of the NARF at longer wavelengths. Reducing the
fiber loss is usually at a price of increased core diameter, which in turn will lead to
the decrease in light intensity and consequently Raman gain coefficient. The other
possible way to achieve the higher order Stokes is to improve the pump pulse peak
power or pulse duration. A high peak power is desired to initiate an efficient SRS
process with a high threshold, while a long pulse duration facilitates the suppression
of the transient Raman regime. Especially, as mentioned above, since the increasing
the Stokes order is associated with the decreasing of pulse duration, a long pump pulse
duration is therefore an essential factor to increase the order of Raman Stokes. Despite
the limitation by the damage threshold of the Er/Yb doped large core size fiber,
increasing the peak power of the pump is associated with the decreasing of the pump
pulse duration. For instance, although the pulse peak power could be increased to 25
kW by reducing the pulse duration to 500 ps, such a narrow pulse duration will induce
more contribution of transient Raman regime and result in significantly reduction of
the Raman gain coefficient. In conclusion, we demonstrate a multi-wavelength fiber
Raman laser spanning from 1.53 µm to 2.4 µm based on the cascaded rotational SRS
effect in a H2-filled NARF. The quantum efficiency of each Stokes line is higher than
40%, to ensure high pulse energy in micro joule level. Further improvement could be
made by utilizing half-wave polarizer at the input.
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Figure 5.13: Contour plot of Raman laser with change in pump power. Power is
tuned by changing laser pump current from 2A to 8A. (plotted in log)
.



CHAPTER6
Application of Hollow

Core Fibers in Gas
sensing

”Climate change is not a far-off problem, it is happening here, it is hap-
pening now” - Barak Obama, 2015.

This chapter contains part of our published work in IEEE Sensors Journal [3] and
SPIE [162], permissions for re-use in this thesis is attached in Appendices D and A
respectively.

In this chapter, we will present how Hollow Core Fibers (HCF) can be deployed, as
a good candidate in providing a cheap, robust sensitive and highly selective gas sensor.
The chapter is divided into two sections: First will be on a detection of multiple gases
using Supercontinuum (SC) laser, equipped with Hollow-Core Photonic Band-Gap
(HCPBG) fiber. The second with be a the demonstration of HCPBG fiber integrated
on a silicon chip. This, to the best of our knowledge, is the first demonstration of a
fully integrated optical ammonia sensor, based on a photonic integrated circuit (PIC)
with a tunable laser source and a HCF as gas interaction cell. In both cases, effort
has been made to make the sensing module as practical as possible. To that end, we
have ensured an all-fiber system, where gas is passes through a mechanical splice that
is placed in a robust gas-cell. Furthermore, this chapter discusses additional ways of
sending gas into the cores of the fiber of the facets were to be spliced. The splicing the
of the HCF to a solid core - say single mode fiber (SMF), is integral in eliminating free-
space optics and enabling the use of such sensors in practical environments. Therefore,
at the end of this chapter, we discuss the use of Focused Ion Beam (FIB) for a novel
gas channelling path on a non-touching anti-resonant fibers, and also demonstrate
the use of femtosecond laser ablation for drilling holes on the HCF to access the cores.
We briefly discuss the splicing of these fibers and challenges associated therewith.
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6.1 Background
Gas sensing technology has been, and is still a strong field of research because of
its widespread applications and demand especially in current age of global warming.
The areas of application range from industrial production, automobile industry, green-
house monitoring to mention a few. A number of gas sensing technologies based have
already reached commercial stages; such as metal oxide based gas sensors, calorimetric
based gas sensors, Carbon nanotubes, polymer based gas sensors, etc. Despite their
traction and commercialization, they are not without draw backs. Most cost-effective
and commonly used gas sensors today are metal oxide sensors [163], whose device
response depends on the redox reaction between the target gas and the oxide surface
[163], [164]. This practically means that they suffer from a lack of selectivity [29]
and also a short lifetime as a result of deterioration of metal oxide reacting surface.
Although such sensors can be very sensitive, their high sensitivity also comes at a cost
because they often require very high operation temperatures of up to typically a few
hundred degrees Celsius (OC) [165]. Therefore, although metal oxide semiconductor
based sensors have been widely utilized, the demand of high operation temperature
results in more cost and less energy efficient, coupled with complicated configurations
compared to others working at room temperature. This limits the development and
deployment of such oxide sensors [163]. paradoxically, low detection limit is not often
the challenge, for example, there is challenge with regards to sensing very high concen-
trations of NH3. Many ammonia sensors have constraint on the maximum detection
limit they can comfortably sense, e.g, photoionization detectors having a response to
1000 ppm [166] and electrochemical based NH3 sensors saturating at only 100 ppm
[167], [166]. This is primarily because high concentrations of NH3 easily poisons the
reactive surfaces of the sensors, or saturates their responses. This, we will show, is
not an issue when HCF is used in absorption spectroscopy.

6.2 Absorption based gas sensing
Absorption is a phenomenon where a radiated light is absorbed by a poly-atomic com-
pound. The wavelength dependent characterization of materials using their molecular
absorption is called absorption spectroscopy. In a gaseous phase, molecules randomly
collide with each other in a Brownian motion, but within the molecule itself, there
are inter-atomic vibrations called molecular motion or internal degrees of freedom.
The internal degree of freedom of a given molecule with an n number of atoms in a
molecule, can be described as 3n, where each atom has a degree of freedom in X, Y
and Z directions. This gives a total of 3n motions, 3 of these are transnational and 3
are rotational. This then gives a 3n−6 motions that are non-linear (which changes the
distance between the atoms or the angle between the bound(s)). Take for example a
carbon dioxide molecule, it has two atoms of oxygen and an atom of carbon. The total
motional freedom is then be (3)3 - 6 = 3 motions, namely the in-phase and out-phase
stretches and a bending/deformation. In cases of linear molecules (such as diatomic
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gases), the Z direction is absent and the total motional freedom is thus 3(n) − 5. For
example, O2 has 3(2) - 5 = 1 degree of motion, the only motion for such a simple
molecule is a stretching vibration. These motions are primal in absorption process.
When light is shun on matter (gas in this case), the atoms are excited to these vi-
brational states from their ground states. The interaction between radiation and gas
molecules in the infrared region can be explained in terms of resonance between an
oscillating radiation frequency and the natural frequency of a particular normal mode
of vibration for a given material. Furthermore, the molecular vibration must cause
a change in the dipole moment of the molecule for IR absorption to happen. And
since every molecule has different absorption spectrum, it is possible to exploit this
to a useful application. This phenomena gives rise to absorption spectroscopy. Ab-
sorption spectroscopy refers to spectroscopic techniques that measure the absorption
of radiation, as a function of frequency or wavelength, due to the distinct interaction
of the given sample with radiation. Beer-Lambert’s law, provides the relation for
concentration-dependent molar absorptivity of photons at specific wavelengths. If we
define the absorbance, A, as log(I/I0), where I is the intensity of light that passed
though the medium, and I0 as the incident intensity shun on the material, then Beer
Lambert’s law states that the absorbance is directly proportional to the product of
path-length the light propagates in the medium, l, and the concentration, C of the
gas in the medium. The equation is denoted as:

log
I

I0
= A = ϵlC

where ϵ is the molar absorptivity or sometimes the molar absorption coefficient and
C is the concentration.

A lot of work has been done in various types of gas based absorption, such as
Differential Optical Absorption Spectroscopy [168, 169], Tunable Laser Diode absorp-
tion spectroscopy[170, 171], intra-cavity absorption spectroscopy [172]to mention a
few. With each having different technique, they all utilizing the fact that every gas
has a unique absorbing property to IR radiation with different wavelengths. A typical
example of IR absorption fingerprint is depicted in Fig. 6.1, where the absorption
spectrum of Acetylene is shown, with a magnification on the fundamental molecular
absorption at ∼3µm. A typical absorption based gas sensor contains an IR light
source, a gas chamber/gas-cell and an IR detector/spectrometer. In this study, we
aim to monitor multiple gases, for this, either a tunable laser source could be used or
a broadband laser source. The excitation laser used for the experiment is a relatively
easy-to-build fiber-coupled SC broadband source, it is in-house made SC laser. The
SC laser uses a directly modulated telecom-range diode laser-based amplifier (MLT-
PLR-OEM20, Manlight) operating at ∼1550 nm as a pump laser with 3.2 ns pulse
length duration. This pump laser is driven by an external pulse generator (TG2000,
AIM-TTi), which has a tunablility range from 30 kHz to 100 kHz. This tunability is
vital for the application we will use because we need to tune the peak power. The
peak power is consequential in determining the broadening of the SC spectrum. As
pulses from the laser are used to pump a standard dispersion-shifted fiber (DSF)



82 6 Application of Hollow Core Fibers in Gas sensing

Figure 6.1: Simulation of molecular absorption lines of C2H2 from the spectraplot,
from Hitran database [173] section of the absorption in the mid-IR is
magnified.

(DCF4, Thorlabs) with a ZDW close to 1550 nm; this means our pump is very close
to the ZDW, which is essential for standard SC generation [26].

The output of the pump laser is spliced directly using a commercial splicer (FSM-
100P+, Fujikura) on to the DSF so as to maximize the coupling efficiency and also
for the ease of handling. Details on splicing parameters is provided at the end of this
chapter. In order to avoid back reflections from the end facet of the output fiber,
the output fiber was angle cleaved at an angle of about 8 degrees, adjusted from the
tension cleaver (CT-100, Fujikura).

The angle-cleaved end of the fiber is placed in the ferrule inside the gas-cell shown
in Fig. 6.3. The output spectrum of the SC is tailored to match the absorption
bands of the species by switching between two settings. For NH3 detection, we use a
repetition rate of 30 kHz and a seed current of 1700 mA to increase the power spectral
density (PSD) below the pump - since the region of interest (as seen in Fig. 6.2a and
b) is from about 1480 nm to 1550 nm. For CH4 detection, we adjusted the rep. rate
to 91 kHz and a seed current to 3200 mA, to increase the PSD in the wavelength
above 1610 nm - since this is the region of interest for CH4 (as seen in Fig. 6.2(a)
and (c)).
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Figure 6.2: (a) Simulation of molecular absorption lines of NH3 and CH4 from the
Hitran2016 database [173]; Number of discrete spectral lines shown on
right. (b) SC generated for NH3 sensing, overlaid with measured NH3
absorbance (c) SC spectrum for CH4 sensing, overlaid with measured
absorbance of CH4.

6.2.1 Experimental set-up for all-fiber system for gas system
The applicability of the SC laser described above is demonstrated for multi-species
gas sensing. The angle-cleaved output fiber was placed inside a ceramic ferrule, such
that the tip of the fiber is barely extruding out of the ferrules’ borehole as shown in
Fig. 6.3. The other side of the ferrule is glued with an epoxy glue to keep the fiber
in place. A second ferrule of same dimensions is used for the HCPBG fiber, here,
the facet of the fiber is flat-cleaved because there is the back reflection is negligible
since the core is air. The HCPBG fiber is fixed into the ferrule with epoxy similarly
before both ferrules are connectorized inside the mating-sleeve connector (Thorlabs,
ADAF1). The mechanical splice is adjusted carefully to obtain high coupling efficiency



84 6 Application of Hollow Core Fibers in Gas sensing

Figure 6.3: (a) and (b) are HCPBG and SMF inside a ferrule respectively, (c) is
air passage of the mating sleeve, where both ferrules are mechanically
spliced. .

between the two fibers while still maintaining some gap between the two ends to
facilitate gas diffusion into the HCPBG fiber. This procedure is carried out under an
optical microscope for higher precision. We found that a gap of ∼80 µm between the
SMF and the HCPBG fiber gave a coupling efficiency of ≈ 65 % while maintaining
sufficient path for gas diffusion. This procedure is done again at the other end of the
HCPBG fiber, where an optical patch cable is mechanically spliced to the HCPBG
and then connected to either an Optical spectrum analyzer (OSA) (Assetrelay, ANDO
AQ6317B) or a power meter (Thorlabs, S407C) for spectral characterization and
power monitoring, respectively.

One junction of the two mechanical splices is placed in a simple custom-made
gas-cell; this is aimed to provide a pressure gradient in the system, so gas flows in a
specific direction in the system. Gas is passed into the 2.4 m HCPBG through the
gas-cell. Nitrogen gas (N2), NH3 and CH4 cylinders (from Air liquide A/S), with
high purity (99.999 %) are connected to a mass flow controller (MFC) (EL-Flow,
Bronkhorst). The controllers regulate the flow of gasses, enabling for the dilution of
gas mixtures at various concentrations with high precision. N2 is here used both as
the diluent and as background gas during the experiment. The choice of N2 is not
only because N2 is the most abundant gas in open atmosphere (78.1 %), but also it
has no absorption lines in our spectral region of interest. The MFC is operated at a
flow rate between 5 – 100 standard cubic centimeters per minute (SCCM), which is
within the linear operation regime of the MFC devices. It is important to mention
that a sufficient length of tube, mixing tube, is used after the connecting junction of
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Figure 6.4: Schematic of multi-species gas sensing set up: The SMF from the laser is
mechanically spliced to an HCPBG fiber, the other end of the HCPBG
is also mechanically spliced, and placed in a sealed gas-cell. Two MFCs
are used to control the flow from N2 and either CH4 or NH3. A Scanning
Electron Microscopy (SEM) image of the HCPBG fiber is shown. Ref.
[3].

the two MFCs to ensure homogeneity of the gas mixture before it is passed into the
gas-cell.

6.2.2 Multi-gas Detection

6.2.2.1 Spectral Analysis

The output spectrum of the fiber is measured with an ANDO OSA with a resolution
of 0.1 nm. Before recording the data, the entire chamber was purged with N2 gas,
and the background spectrum is recorded, shown in red in Figs. 6.6. Then either
NH3 or CH4 is passed from the compressed cylinder through the chamber. The laser
parameters were tuned to increase the power in the respective spectral regions as
detailed earlier, then the spectrum was recorded. For NH3, the spectral measurement
was done at several concentrations and in all cases the spectral absorption dips can
clearly be seen in the 1500-1550 nm band, as seen in Fig. 6.6b. We calculated the
absorbance, log(I0/I), of the gases; where I0 and I is the transmission with pure N2 and
target gas respectively. This is depicted in Fig. 3a, where the measured absorbance
perfectly captures the absorption band from Hitran (with intensity cut-off of 1x10−28
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cm/mol). Noticeably, it accurately captures the strongest peak at 1531 nm which has
been reported in many studies of ammonia near-IR spectroscopy [174, 175].

Figure 6.5: (a) Absorbance of NH3 ploted along with Hitran simulation using 1x10-
28 cm/mol intensity cut-off, (b) Spectrum of NH3 at various concentra-
tions. Red curve is the spectrum of the background (N2). The system
is flushed with N2 after every measurement. Percentage of NH3 for each
measurement is shown in the legend. Ref. [3].

As for CH4, the spectrum shown in Fig. 6.6 has absorption dips in the wavelength
region from 1620 nm to 1700 nm, which matches the absorbtion band in the HITRAN
simulations of Fig. 6.2(a). Here also, the measured absorbance captures the strongest
peak at 1666 nm as shown in Fig 6.6a. For both NH3 and CH4 however, each and
individual absorption line cannot be fully resolved because the actual absorption lines
have much narrower line width than the maximum resolution of the OSA used (0.01).
Therefore, in order to quantify the relative change in transmitted light when the gas
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mixtures are passed, one could effectively calculate the area under the curve of the
spectrum and compute the differences for N2 and for CH4 or NH3. In other words,
we can alternatively monitor the changes in output power using a high res. power
meter. This will also permit for real-time continuous measurement [176].

Figure 6.6: (a) Hitran simulation of CH4 with line intensity cut-off of 1x10-28 cm/-
mol and measured absorbance of CH4, with peak at 1666 nm accurately
captured. (b) The spectrum after the all-fiber gas system; Red spectrum
shows the spectrum after 100 % N2 is passed. Purple spectrum is mea-
sured after 50% CH4, and 50% N2 diluted gas is flushed into the fiber.
Inset shows a zoom of the spectrum from 1610 nm to 1700 nm. Ref. [3].



88 6 Application of Hollow Core Fibers in Gas sensing

6.2.2.2 Power Analysis

To continuously measure the transmitted power through the gas system, a thermopile
IR power meter (Thorlabs, S470C) was deployed, and the power is monitored in real-
time. The power remained constant (at its highest) when pure N2 is continuously
flushed through the system. As seen in Fig. 6.7, after each NH3 mixture, pure N2
is flushed through the system, and the output power always recovers to its initial
reading, showing the reliability of the system. When a 5% NH3 mixture was injected,
the power gradually dropped and saturated at a specific value. When an even higher
concentration of NH3 was used, the power drops to an even lower. That is to say, we
monitored the changes in the transmitted light (output power) at various concentra-
tions of NH3. The inset in Fig. 6.7 shows a linear fit of the power response, this is
calculated as the percentage reduction in transmitted power, with the shaded region
showing a 95% confidence band in linearity.

A similar procedure was followed for CH4. N2 is then mixed with CH4 at con-
centrations from 0 % to 100 %. The continuous power log is shown in Fig. 6.8, and
the relative decay in power ( or signal response) is plotted with purple shaded area
showing the 95% confidence band, depicted in Fig. 6.8(b). Just as in Fig. 6.7(b), the
response is defined as the relative decay in power from the level for pure N2 (in this
case 9.2 mW), to the saturated region for every concentration (shaded in red).

6.2.3 Response time, Repeatability and Detection Limit
A. Response time In a gas monitoring system, a sensor ought to be able to detect
the concentration of the target gas at every given instant. In our system, the response
measured is always that of the gas inside the 2.4 m long hollow-core of the fiber at
any given time. However, for this particular demonstration, although the device gives
the measurement instantaneously, there is a delay because the target gas from the
gas cylinder takes time to fill the tubes and dilute with the background gas, and it
also takes time to fill the fiber core. Thus, the gas dynamics becomes dependent on
the flow rate of the MFCs, the fiber length, as well as the length of our mixing tube,
which is ∼1.5 m here. In diluting the gases, the nominal flow for every concentration
changes; e.g., to dilute NH3 by 50%, the MFC was set to give out 50 sccm of N2 per
minute, and the second MFC is also set to 50 sccm. This gives a net flow of 100
sccm after the dilution. In the case of 80% NH3 however, the NH3 MFC was set to
50 sccm while the N2 MFC was set to give 13 sccm, giving a net mass flow of 63
sccm, this reults in a longer response time of about 5.72 minutes compared to when
the total mass flow was 100 sccm. To demonstrate this, a section of the plot in Fig.
6.7 is analyzed in Fig. 6.9 (a). The fact that the response time is dependent on the
flow of gas, but not its concentration, is clearly demonstrated in the cases (i) and
(ii) in Fig. 6.9, which both have the same flow rate (100 ccc/m) and equal response
time of 3.4 minutes, but different concentrations of NH3. It is noted that this long
duration for gas mixing before diffusing into the fiber can easily be improved in a
commercial practical system, where the target gas is delivered directly into the gas
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Figure 6.7: (a) Continuous power log of NH3 gas sensing: diluted concentrations
from 5% to 80%. N2 gas is passed into the system after each NH3
mixture is flushed through the fiber. At 0% NH3, only N2 is in the fiber
core. Red bars show the saturated power level for various concentrations
and span in time, used in calculating signal response in (b). (b) Shows
signal response of NH3 at different concentrations, with the shaded area
showing a 95% confidence band. Error bars in red. [3].

cell by a ventilation fan for example. A such, only the time to fill a given length of
the fiber will be considered, this length is often a trade-off between the absorbance
and the response time. A previous study has shown that a response time as low as
3 seconds is attainable [177], albeit, this would require a sophisticated femtosecond
micromachining along the length of the fiber for gas diffusion. This type of gas
channelling will also be discussed later in this chapter.
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Figure 6.8: (a) Continuous power log of CH4 gas sensing: CH4 mixture of concen-
trations from 0-100%, measurement is continuous with only the MFC
flows changed. The power remains constant once the mixture has filled
the HCPBG. Red bars show the saturated regions at various concentra-
tions, which is used in calculating signal response for methane in (b).
The bars signify the saturated power level and the span used in calcula-
tion the signal response in (b). (b) Shows the best linear fit of the gas
response vs. concentration, with the purple shaded region showing the
95% confidence band. [3].

B. Noise and Detection limit
Although SC lasers are known for having high noise (pulse intensity fluctuations)

[178], the effect of this fluctuations can be significantly reduced if data is taken from
the average of many pulses [179]. In this work, the response from both the spectrum
analyser and power meter sensor is averaged over ∼15,000 pulses, which significantly
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Figure 6.9: (a) Shows the time it takes for the power to saturate from a section
of the plot in Fig. 5. Duration for power to the plateau is taken as
response time. Total flow rates of case (i) and (i) is 100 sccm, (iii) is
75 sccm and (iv) is 63 sccm. (b) Spectra after a band-pass filter with
1530 nm, 10 nm FWHM is used. Spectrum in black is N2 and dotted
red shows the 0.01% NH3 spectrum. Ref [3].

increases the signal to noise ratio. With the OSA integration time of 1 second, the
NH3 and CH4 spectra recorded will be an average of over 30,000 and 91,000 pulses,
respectively, due to the different repetition rates used in the two settings. We calculate
the standard deviation (STD) of power log from the laser (after the addition of
HCPGB) for 4 minutes- duration for half-cycle measurement (Fig. 6.10(a)), The
STD for this short-term stability is 1.57 x 10−5. Which is similar to our long term
stability for 6 hours. The Allan-werle deviation of the system is calculated for 6
hours stability measurement , which shows a theoretical detectable limit of 4 ppm
Fig. 6.10(c). Other sources of noise, such as room temperature fluctuations, white
noise from the detector, etc. were not considered. Furthermore, a gas mixture of N2
and 0.01% NH3 (Air Liquide A/S) was also measured using the proposed system. The
power meter reading did not show a noticeable difference when the entire spectrum
is recorded, however, when a 1530 nm band-pass filter was added at the output, a
distinct difference in amplitude could be observed between the N2 background and
0.01% NH3 (Fig. 6.9(b)) signal. Thus, the addition of filters could further improve
the sensitivity, but not without compromising the all-fiberized system.

C. Repeatability
Reliability is very necessary for any gas sensor, ; i.e., it must give consistent results

under same conditions. The proposed system is highly repeatable. We demonstrate
this by taking repeated cycle of measurements for a fixed NH3 concentration. The
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Figure 6.10: (a) Shows the stability of laser over 4 minutes. (b) Measurement by
repeatedly passing of 50 % NH3 and recovery after passing N2. The
demonstration of 2 and a half cycles shown in figure 8(b) was carried
with a 50% NH3 mixture. (c) The Allan-Werle plot for ammonia
sensing, showing the calculated detection limit, with optimal averaging
time of 100s. Ref. [3] .

signal response of the gas always returns to its original value. Figure 6.10(b) shows a
response measurement for 2 and a half cycles with 50 % concentration of NH3 mixture
followed by N2 repeatedly. It can be seen that the sensor shows high repeatability.

In conclusion, a compact and all-fiberized gas sensor for detection of multiple
gaseous organic compounds, based on readily available and commercial optical com-
ponents is proposed. The gas sensor is based on a simple home-built SC laser, which
is relatively cheap compared to commercially available SC sources. Tuning the peak
power of the pump laser allows for the output spectrum of the SC to be tailored
to target the absorption features gases within the telecommunication regime. The
results shown here demonstrates the possibility of targeting gasses such as NH3 and
CH4, which are of great importance in the agricultural industry. The proposed sys-
tem is highly reliable for real-time continuous monitoring, with high selectivity and
ability to measure even the highest concentrations of NH3 without saturating. It is
relatively cheap and sensitive to concentrations as low as 4 ppm when estimated with
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Allan-werle analysis. Further improvements can be made miniaturize the system by
adding simple exhaust points on the gas-cell to pump air and reduce the diffusion
time before entering the gas-cells
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6.3 Integrated ammonia sensor using a telecom
photonic integrated circuit and a hollow core fiber

In this section, we will discuss integrated ammonia sensor for using the matured
telecom technology and Hollow core fiber. In the section above, we utilized a SC
source in multi-species gas sensing, Here, present a fully integrated optical ammonia
sensor, based on a photonic integrated circuit (PIC) with a tunable laser source
and a HCF as gas interaction cell. The PIC also contains a photodetector that can
be used to record the absorption signal with the same device. The sensor targets
an ammonia absorption line at 1522.45 nm, which can be reached with InP-based
telecom compatible PICs. A 1.65-m long HCF is connected on both ends to a single-
mode fiber (SMF) with a mechanical splice that allows filling and purging of the fiber
within a few minutes. We show the detection of a 5% ammonia gas concentration,
as a proof of principle of our sensor and we the potential to even detect much lower
concentrations. This work paves the way towards a low-cost, integrated and portable
gas sensor with potential applications in environmental gas sensing.

6.3.1 Introduction

Gaseous emissions from intensive livestock production contribute to global warm-
ing and several other environmental challenges. The livestock contribution to global
warming is mainly due to emissions of methane and nitrous oxide from animal metabolism
as well as manure storage and application. Emission of ammonia from livestock ma-
nure contribute to i) human health effects and premature deaths due to fine particle
formation, ii) eutrophication of aquatic ecosystems, iii) acidification of soils through
nitrification, and iv) secondary emission of nitrous oxide [180]. Controlling and legis-
lating guidelines on the emission of such gases is hindered by the lack of cost effective,
sensitive and selective gas detection systems. In the case of ammonia, optical gas
detectors achieve the required detection and selectivity levels, but are not suitable
for wide application due to their size and price [29, 163, 181, 182]. Photonic integra-
tion targets to reduce the costs and footprint of such devices, such that optical gas
detectors can be used outside of research institutions. Recent work has theoretically
shown the potential for photonic integrated circuits (PICs) paired with HCFs as gas
sensor for environmental monitoring [183], but in the case of ammonia the experi-
mental verification has not been shown. This paper investigates the absorption lines
within reach of telecom foundry processes, leveraging the high technological maturity
of indium phosphide (InP) based diode lasers. The combination with HCFs allows for
a sensing system with a small footprint, as HCFs allow for long propagation lengths
while maintaining small size.
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6.3.2 Setup and components

A schematic of the full setup is shown in Figure 1. It can be separated into three main
components: the PIC-based laser source, the HCF gas cell, and the detector. The laser
was produced as part of multi-project wafer (MPW) run offered by SMART Photonics.
Section 2.1 is dedicated to the description of this PIC. Light-gas interaction takes place
in the HCF, which is further expanded on in Section 2.2. The detector is an Agilent
8164B lightwave measurement system (LMWS) with two of its slots being occupied
by a 81633A and a 81632A power meter respectively. One of the power meters is
used for the measurement path (PM2), the other one for the reference measurement
(PM1) to compensate for laser noise and the residual amplitude modulation (RAM)
of the tunable laser.

FC/APC to FC/APC

FC/PC to FC/PC
gas in

HCF

DBR LF

PIC
1.25 mm

90/10 FC

LDD

PM1

LWMS PM2

gas out

Figure 6.11: Sketch of the setup. The PIC is grounded from the substrate side,
whereas the laser diode driver (LDD) connects to the on-chip dis-
tributed Bragg-reflector (DBR) laser with a probe needle. The laser
output is collected with a lensed fiber (LF) and split into two arms at
the 90/10 fiber coupler (FC). 10% of the light is guided towards the
power meter 1 (PM1) of the light wave measurement system (LWMS).
The 90% light path connects to the roughly 1.65 m-long hollow-core
fiber (HCF), which has a mechanical splice on each end to allow gas
in/out flow. The mechanical splice is shown at the inset of the figure.
Light that passed through the HCF is then guided towards the second
power meter (PM2). .
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6.3.3 Photonic Integrated Circuit
The PIC is an indium phosphide based distributed Bragg reflector (DBR) laser. There
are two DBR gratings of equal length and pitch, which sandwich a semiconductor
optical amplifier (SOA). Both DBR and SOA can be contacted by needle probing, but
for the tuning operation that is needed here, only contacting the SOA suffices. Fig.
6.11 shows the corresponding mask as submitted to the foundry (SMART Photonics),
as well as the small segment of the DBR laser with the landed needled and lensed
fiber. The chip contains other laser structures designed for different wavelengths, that
can be used to target different absorption lines, as well as on-chip photodetectors
(PDs). The chip is 2 x 4.6mm2 in size. Earlier work has shown, that a widely
tunable laser can be realised on the same platform, but would require a more complex
tuning algorithm [183–185]. The DBRs have been designed to have the center of their
reflection at a wavelength of 1514 nm, but due to manufacturing uncertainties, the
eventual maximum was shifted to longer wavelengths, which allowed for targeting
the 1522.45 nm absorption line of ammonia. This absorption line, as calculated with
HITRAN [173] for a length of 1.65 m of a gas mixture consisting of 5% pure ammonia
at atmospheric pressure, is shown in Fig. 6.14(b). As can be seen, the full width at
half-maximum (FWHM) of the absorption line is about 0.1 nm, so less than 0.5 nm of
tuning range are sufficient for a measurement on this line. The combination of SOAs
and PDs on the same circuit allows for several advanced spectroscopic configurations,
such as having the reference arm on chip, or balanced detection schemes.

Figure 6.12: Mask submitted to the foundry. The laser used in the experiment
framed in green. The chip is 2x4 : 6mm2 in size. .

6.3.4 Hollow core fiber Incorporated in IPC
The HCF used is a commercially available hollow core photonic band gap (HCPBG)
fiber (NKT Photonics 7-cell HC-1550-2). The 11 �m core diameter HCPBG fiber
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PN

LF

Figure 6.13: Microscope image of the laser structure as highlighted in shaded blue
in Fif 6.12. The picture shows the probe needle landed on the metal
pad to inject current to the SOA as well as the lensed fiber used for
coupling. .

has a loss of <30 dB/km within the transmission window (1490 nm to 1680 nm)
with extremely low bend loss, which means that a bend radius of less than 1 cm
can be used without perturbations to the guided light [46]. In devising the all-fiber
system, we deployed a mechanical splice at the two ends of the HCPBG fiber similar
to that reported is [3, 162, 186]; where the ends of the HCPBG fiber are mated with a
ceramic mating sleeve to a single mode fiber (SMF; inset Fig. 6.11, after both facets
have been cleaved with a tension cleaver. Using an optical microscope, optimum
alignment between the SMF and the HCPBG fiber is ensured, resulting in a gap of
50 µm, with 2.1dB insertion loss at each junction of the mechanical splice (including
Fresnel reflection at ends of SMF). The beam-profile is also measured at each junction
during the mechanical splice to ensure that light is guided in the fundamental mode
of the fiber. The fiber length is important in the performance of the gas sensor, as its
length is directly proportional to the absorbance, as described by the Beer-Lambert
law. For this experiment, a length of 1.65 m is deployed. While a longer length will
yield better results, there is a trade-off as the longer length will require longer filling
time, which consequently increases the sensor response time.

6.3.5 Results
The DBR laser was driven at a temperature of 26°C to tune laser emission to the
desired wavelengths. At this temperature, the threshold current was approximately
17 mA and the laser could reach a maximum output power of 2 mW. The linewidth
was measured with the delayed self-heterodyne technique, yielding a FWHM of ap-
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Figure 6.14: Absorption of 5% ammonia gas mixture after 1.65 m propagation at
atmospheric pressure .

proximately 50 kHz. The side mode suppression ratio (SMSR) was measured with
an Yenista/EXFO OSA20 and exceeded 30 dB. The laser emission wavelength can
be tuned by changing the driving current through the SOA, which was used for the
fine tuning to sweep over the absorption line. This leads to a RAM, which can be
compensated for by using a reference detector, i.e., PM1 in our setup. Fig. 4.5 shows
the reference power as measured with PM1, as well as the transmitted power through
the HCF filled with a mixture of 5% ammonia and 95% nitrogen as neutral back-
ground gas. As can be seen from the figure, increasing the injection current into the
SOA increases the measured reference powers. This is due to an increase in emitted
laser light, which is detected by PM1. Current injection into the SOA is also used to
tune the emission wavelength of the laser, as the increased current affects the electric
carriers in the semiconductor, as well as the temperature. Temperature and carrier
density affect the refractive index of the waveguiding material, and hence the effective
index. This change in index affects the longitudinal mode of the laser cavity. The
increase in emitted laser light power when tuning the laser wavelength, as seen in Fig.
4.5(a) in red, requires normalisation when scanning over an absorption line, e.g., with
a reference detector, and is called RAM. This is also seen when following the blue
line, as a slight increase of the base line power, i.e., the measured power without the
presence of a strong gas absorption for a certain wavelength, is visible. Fig. 4.5(a)
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this can be seen when following the blue line: between 50 and 60 mA, the power only
slowly increases. There are faster variations on that curve, that are attributed to
noise as well as side absorption lines of much lower strength than the main one. The
main absorption line can be observed between the 63mA and 73mA where the curve
seems to to show a dip. Here, dip refers to the segment at the curve where the trans-
mitted power falls from 0:3mW to a level that is 90% lower than that ( 0:03mW).
For injection currents in excess of 73mA, a small increase in the measured power,
similar to the section of currents lower than 63mA, is observed. By normalising the
transmitted power with the reference power, the absorption line can be quantified.
The result of this normalisation, overlapped with the expected transmission signal
predicted by HITRAN is shown in Fig. 4.5(b). Fig. 4.5(b) shows the absorption line
as calculated with HITRAN in red. The line contains one very strong absorption
line in the center, as well as sidelines at much lower absorption strengths. For lower
driving currents, the shape of the absorption as shown in red can be quite accurately
predicted, i.e., comparing the shape of the blue and the red line, a nice overlap can
be observed. As blue shows the measured data of a normalized power, which can be
seen as equivalent to a transmission measurement, and red the predicted transmis-
sion, a good correspondence between measurement and theory can be attested. The
blue curve shows seemingly random fluctuations that distort the quality of the curve,
which can be attributed to the noise of the system. At higher currents the tuning
seems to stagnate, i.e., the emission wavelength of the laser seems to change less for
the same current change when compared to lower injections currents. This can be
seen when following the normalized power of Fig. 4.5(b) beyond 70 mA, where some
of the absorption line features given by HITRAN can be seen, but at the wrong posi-
tion with respect to the x-axis. Fig. 4.5(b) also allows for an estimate of the detection
limits of the system. From the blue line of Fig. 4.5(b), noise fluctuations of the nor-
malized transmission are at the 10% -level peak to peak. Similarly the modulations
(i.e., the change of the measured power outside of noise fluctuations, between 50 and
70 mA) allow the observation of features that are expected when comparing to the
HITRAN transmission, which are also in the range of 10% . The signal to noise ratio
(SNR) can be potentially improved by averaging. The data points in Fig. 4.5 have
been taken with an integration time of 0.1 s. However, beyond averaging times of 1
s, no further noise reduction could be seen. This is attributed to the interaction of
different spatial modes in the HCF [187, 188]. Overall, a sampling of 0.1 s provided
the best trade-off between number of data points, and hence proper sampling of the
absorption line, and noise. Due to fluctuations from mechanical drifts, it is important
to complete a measurement in a short window, This window can range from 10 min-
utes to 2 hours. This influence from lab conditions can be eliminated by integrating
into a fully packaged system.

Fig. 6.16 shows the measurement data when using the on-chip photodetector in-
stead of an external device. The light output that would lead to the external power
meter PM2 in Figure 1 was coupled to a PD on the opposite side of the PIC. The
photo current was measured for a bias voltage of -2V. The measured photocurrent can
be related with the power of light impinging the detector via the responsivity, which
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Figure 6.15: (a) Blue: Measured power through the filled HCF (5% ammonia). Red:
Measured power on PM1. (b) Blue: Normalised power. Red: expected
transmission according to HITRAN .

is typically around 0.85 A/W for PDs of this foundry [189]. Taking this estimated
conversion value, a photocurrent of 5 µA corresponds to a power of 4.25 µW . How-
ever, the exact conversion ratio depends on a multitude of parameters, among others,
wavelength, bias voltage, power levels, and temperature. Nevertheless, at least for
a small interval, a linear relation between power and measured photocurrent can be
assumed. Fig. 6.16(a) shows an increase in the emitted laser power when increasing
the SOA current. This has been identified before as RAM and is a consequence of the
tuning mechanism of the laser. As the laser is unchanged, the same RAM features
can be observed, although the detector has changed. Comparing the blue and the
red curves in Fig.6.16(a), the blue curve has a small segment between 60 and 80 mA,
where the measured photocurrent falls significantly faster than the reference power.
This is attributed to a dip in transmission due to laser light absorption by ammonia
in the HCF. Due to the underlying RAM, when not normalising the measured pho-
tocurrent, this gives the impression of a stronger dip following the curve from the left.
This asymmetry is a consequence of the continuously increasing laser emission power.
Despite the fixed gas composition for the measurements shown in Figures 3 and 4, the
measured absorption signal, i.e., the dip in the measured photocurrent, decreased to
10% of its maximum value in Fig. 6.16(a) (from 4.8 to 4.4 µA). Assuming the typical
responsivity values for this platform, this translates into 4.1 and 3.7 µW . The dip of
10% in Fig.6.16(a) is lower than the dip of 90% observed in Fig. 6.15(a). This can be
expected, as no polarisation control has been included in the setup and the waveguides.
Meanwhile, the photodetectors are very polarisation sensitive. Thus, light from the
backside of the DBR laser can reach the PD, although no waveguide has been etched
to link them. This can be verified from Figure 4(b), where the lensed fibers have been
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intentionally misaligned to prevent effective fiber-chip coupling. Despite the lack of
this coupling, the measured photocurrent increases with growing injection current to
the SOA (blue). The red curve shows that even with the bad alignment, lasing can
be verified with the external reference detector PM1. Since a big part of the light
that is measured by the on-chip photodetector did not propagate through the HCF,
and hence never interacted with the ammonia within said fiber, a large fraction of the
measured power does not contain any absorption signal. Despite these unfavourable
conditions, an absorption dip can be identified. These measurements shows the first
fully integrated ammonia measurement using a PIC and a HCF. The measurement
can be improved by placing absorbers, such as another PD, between the DBR laser
and the measurement PD, which eliminates the erroneous signal, and incorporating
a proper polarisation control for the coupling to the PD, which will effectively in-
crease the signal strength. Future designs should also facilitate asymmetric DBR
laser structures. As those measures increase the amount of signal that reaches the
detector without a significant change to laser and detector noise, the SNR of should
increase. The bottleneck of the measurements using the external photodetector is the
modal interference in the HCF. The improvements of detector and laser should allow
for SNRs comparable to the measurements with the external photodetector, as only
the HCF is unchanged and the predicted improvements of the other components go
beyond the SNR limits set by the HCF.

Figure 6.16: (a) blue: Current on on-chip PD red: reference power. (b) blue: Cur-
rent on on-chip PD without fiber coupling. red: Amplitude rise on
reference due to coupling into unaligned fiber on laser side. In con-
trast to other measurements, these curves have been taken at 18°C.
.
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Figure 6.17: A stability measurement at fixed wavelength of 1550 nm, the fiber was
curled during the highlighted section and the transmission was stable
.

6.3.6 Conclusion and outlook
We presented the first ammonia measurement using a PIC and a HCF. The PIC was
relying on mature telecom foundry processes targeting absorption wavelengths in the
near-infrared. For verification purposes we also investigated the sensitivity of the sys-
tem with an external reference. Currently absorption of 10% power, i.e., the power
in the absorption line drops by 10% of its baseline value, can be detected. Using
the HITRAN database values for line strengths, absorption strengths can be linked
to concentrations, deduced from the Beer-Lambert law. When using the absorption
line at 1522.45 nm, an absorption strength of 10% corresponds to an ammonia con-
centration of 0.1% [173]. However, the system can be easily adapted for other target
wavelengths and hence gases, e.g., methane. This can be done by changing the pitch
of the DBR grating, or by relying on widely tunable laser (WTL) structures. Several
WTL concepts have already been demonstrated within the same platform, [183–185].
Photonic integration also lends itself to more advanced detection methods, such as
wavelength modulation spectroscopy (WMS) or balanced detection methods. For an
increase in stability and a portable solution, PICs can be packaged.
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6.4 Focused Ion Beam milling and femtosecond laser
ablation of HC-ARF

Focused ion Beam (FIB) milling, is a milling tool that allows direct patterning on
a sample through bombardment of ions on the surface. It uses highly focused ion
beams such as gallium ion (Ga+) beam, it scans and cuts the sample surface inside
a vacuum chamber. Ga+ is preferred selection because it has low melting point
and vapour pressure, which simplifies operations [190]. This technique was originally
developed as a method for sample preparation in electron microscopy but has since
gained numerous applications in mico-milling and patterning of substrates. The main
advantage of FIB is its very high precision in that it can mill spot sizes less than less
than 10 nm [191]. Similar to scanning electron microscopy, in FIB, highly energetic
electrons can gather is there is no conducting surface for the electrons to be grounded.
Therefore coating of the fiber is necessary to reduce surface charging. To prepare the

After

Figure 6.18: First two mages are of 25 cm long HC-ARF mounted with conducting
tapes on FIB machine stage. last figure is optical images of the side
after the milling. .

sample, the HC-ARF is stripped to remove the coating from the tip, afterwards,
the fiber is cleaved with a tension cleaver to have a perfectly flat facet. Afterwards a
Sputter coater (Cressington, model 208HR, targets: Au or Cr) is used to deposit 5nm
thin gold layer. The sample is mounted in FIB machine (FEI Quanta 200 3D SEM-
FIB) with conducting copper (Fig. 6.18). The milling involves selection of specific
region of HC-ARF, where there will be no destruction of the capillaries surrounding
the core. This way, there will be no distortion to the guiding element of the fiber
(see Fig. 6.19)(ii). The milling is performed with an acceleration voltage of 30 kV
and current of 20 nA. The high ion current leads to a the milling for each channel
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in 1 hour. Outcome after the milling process is shown in Fig.6.19(ii) and (iv). Two
channels of ∼80 µm deep were achieved, because of the angel of the Ga+ gun to the
fiber, the side seems to be etched deeper (fig. 6.18)

Figure 6.19: SEM images of FIB milling, (i) and (ii) are the facet and fiber tip
before the milling process. (iii) and (iv) are the images after milling,
showing two channels for gas access to the core. .
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6.5 Femtosecond laser ablation of HC-ARF

Femtosecond (fs) lasers can be used to functionalize a surface or remove the material.
In transparent materials such as glass, the carrier excitation (absorption of photons
and avalanche ionization) occur at 10−15s to 10−14s [192], followed closely by ther-
malization (carrier/phonon scattering) at 10−13s and the followed by thermal and
structuring events (Shock-wave, thermal diffusion and re-solidification) [192]. When
fs laser pulse with a high enough pulse peak intensity is focused on a material, the
laser pulse energy is partly transferred to electrons in the short duration of the pulse.
These highly excited electrons thermalize with the ions and deform the material per-
manently. Depending on the degree of excitation deformations such as cracking,
localized melting or void formation will occurs. In pure materials, carriers are gener-
ated by multiphoton absorption, moving electrons from the valence to the conduction
band. For the process to occur with high probability, several photons must be in-
cident on an electron at the same time. We deployed this technique in drilling few
micons size holes on the HCF for gas entry/exit. The laser used is 1kHz Ti:Sapp

Figure 6.20: Optical images of drilled HCF: numerous holes are drilled along the
length of the fiber. Inset is magnified selected hole it ∼5.7µm diameter
.

laser at 800 nm with 40 fs. Initial beam width is 10 mm focused with a 50 mm focal
lens to give a focused bean diameter of 5 µm. this can be seen approximately in bore
diameter in Fig.6.20. The pulse energy used in boring the holes is 50 µJ (peak power
1.1GW), fluence of 255 J/cm2 and intensity of 5.6 PW/cm2, duration of irradiation
is <1 second.
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6.5.1 Splicing of HC-ARF
The purpose of micromachining is to provide gas path, when the fiber facet is finally
spliced to a solid core fiber. There are two main types of splicers, the Arc- fission
splice and Filament fusion splice. We attempt to splice the two micromachined fibers
to an SMF, however, since the HC-ARFs are not commercial standard dimensions,
the outer diameter (185µm)is much bigger than that of the SMF (125µm). This yields
to a very fragile splice that easily breaks because majority of the SMF is attached to
the thin inner capillaries of the HC-ARF.

Figure 6.21: SEM images of FIB milling, (i) and (ii) are the facet and fiber tip
before the milling process. (iii) and (iv) are the images after milling,
showing two channels for gas access to the core. .

Fig.6.21(a) shows an FIB milled HC-ARF spliced to and SMF, but highly brittle
with breaks and residue of the broken inner capillaries can be seen in Fig. 6.21(b).
Additional splice current and duration could increase the robustness of the splice,
however, not without closing the holes milled. As for the femtosecond machined fiber,
there is no risk of closing the holes since the holes are along the fiber, Fig.6.21 shows
a stronger splice, and collapsed HCF holes, which will lead to high splice-loss. One
can remedy the situation by fabricating HC-ARF of similar dimension to the solid
core.



CHAPTER7
Conclusion

The aim of this Ph.D. is to further the field of gas-filled HCF by exploring novel
ways of using said fibers, in fields of sensing such as spectroscopy, and to showcase
the strength of using HCF in non-linear optics. The intriguing properties that HCF
has cross-disciplinary application. It can be argued that HCFs are still in their early
days, almost every year for the past decade, a milestone and record low-transmission
is attained, paving way for ultrabroad bandwidth which is very attractive for data
transfer and digital communication, bridging the UV and mid-IR section of the spec-
trum through SC generation which permits experiments in spectroscopy, microscopy
and semiconductor inspection. By virtue of the guiding mechanism and hollowness
of the core, various fundamental physics experiments in fields of ultrafast nonlinear
optics for example. The interaction of light and matter- although studied for ages,
has also found a place with HCFs, gas spectroscopy and sensing are carried out in
very low concentrations without the need for large footprint gas-cells.

In chapter 3, we showed the generation of ultra-wide SC in argon-filled HCF.
By pumping in the mid-IR, we were able to demonstrate the generation of resonant
dispersive waves at 275 nm in the deep-UV and a broadened spectrum in the mid-IR.
The entire spectrum spanning from 200 nm to 4µm was generated by pumping a
single HC-ARF with 100 fs pulses at 1kHz rep. rate. The fiber was pumped deep
in the anomalous regime because the zero dispersion of the fiber is below 1µm and
the pump central wavelength is 2.47µm. At 8µj input energy, the combined effects of
self-phase modulation, anomalous dispersion and increased nonlinearity as a result of
the 30 bar Ar pressure, causes multi.octave spectrum at the maximum compression
point in the fiber.

In chapter 4, an in-depth analyses of the noise and stability of resonant dispersive
waves generated in Chapter 3 as presented. Using a fast photodiode and an oscil-
loscope, train of 10,000 pulses were recorded and variation in their pulse to pulse
intensity was calculated. The result was further supported my modeling to fully un-
derstand the source of noise. The stability of the DW was also monitored for over
100 hours of continuous operation. We conclude the chapter with a very important
message: While no sign of solarization is observed, the technical noise of the pump
highly influences the noise of the DW. This should also be considered when modeling
the choherence and nose, in addition to the quantum noise.

In chapter 5, we preset two types of Raman laser. Through carefully design of the
pump laser, a Raman laser with record quantum efficiency and energy was realized at
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4.22µm in the mid-IR. This Raman laser wavelength matched the strongest absorption
line of CO2 in the mid-IR, giving a very practical application of the laser in CO2
sensing. A second part of the thesis presents a multi-wavelength Raman laser, where
four discrete wavelengths that are positioned at 1683 nm, 1868 nm, 2100 nm an 2400
nm were generated through cascading of 1st order rotational Raman to the 2nd and
the second to the 3rd until the 2400 nm Raman laser was generated. Effects of pump
and pressure were studied with respect to the output power and quantum efficiency
of the Raman lines.

In chapter 6, we report on the application of HCF in gas sensing, which is a sig-
nificant part of the thesis. A simple SC laser source was used along with photonic
bandgap fiber to continuously monitor NH3 and CH4 in the telecommunication wave-
length band. We explore novel ways of circumventing the key issue of blocking access
to the core of the HCF when it is spliced to a solid core. The splicing of HCF to a
slid core is necessary if a robust all-fiberised system is to be actualized. We explore
focused ion Beam, femtosecond laser ablation and mechanical splice through the use
of ceramic mating sleeved at the splice point. The mechanical splice method was
deployed in fabricating the first photonic integrated circuit based- ammonia sensor.
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