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Abstract

The design and development of an all-in-fiber probe for Raman spectroscopy
are presented in this Thesis.

Raman spectroscopy is an optical technique able to probe a sample based on
the inelastic scattering of monochromatic light. Due to its high specificity
and reliability and to the possibility to perform real-time measurements
with little or no sample preparation, Raman spectroscopy is now considered
an invaluable analytical tool, finding application in several fields including
medicine, defense and process control.

When combined with fiber optics technology, Raman spectroscopy allows
for the realization of flexible and minimally-invasive devices, able to reach
remote or hardly accessible samples, and to perform in-situ analyses in haz-
ardous environments.

The work behind this Thesis focuses on the proof-of-principle demonstration
of a truly in-fiber Raman probe, where all parts are realized by means of fiber
components. Assuming the possibility to use a fiber laser with a fundamental
radiation at 1064nm, in-fiber efficient second harmonic generation is achieved
by optically poling the core of the waveguide delivering the excitation light
to the sample. In this way, Raman spectroscopy in the visible range can be
performed. The simultaneous delivery of the excitation light and collection
of the Raman signal from the sample are achieved by means of a double-
clad fiber, whose core and inner cladding act as “independent” transmission
channels. A double-clad fiber coupler allows for the recovery of the collected
Raman scattering from the inner-cladding region of the double-clad fiber,
thus replacing the bulk dichroic component normally used to demultiplex
the pump and Raman signal. A tunable Rayleigh-rejection filter based on a
liquid filled-photonic bandgap fiber is also demonstrated in this work.



xvi Abstract

The integration of the devices described in this Thesis allows for the real-
ization of a complete fiber Raman probe, where also the generation of the
excitation radiation is done in-fiber.



Resumé (Danish abstract)

I denne ph.d.-afhandling praesenteres design og udvikling af en all-in-fiber
sonde til Raman spektroskopi.

Raman spektroskopi er en optisk teknik, som ved hjelp af uelastisk spred-
ning af monokromatisk lys er i stand til at undersgge en prgve . Pa grund af
dens hgje specificitet og palidelighed, samt muligheden for at udfgre malinger
i real-tid uden nsevneveerdig forudgaende behandling af prgven, anses Ra-
man spektroskopi nu som et uundveerligt analytisk redskab med anvendelser
indenfor adskillige omrader sasom medicin, forsvar og proces-kontrol.

Kombineret med fiberoptik giver Raman spektroskopi mulighed for at kon-
struere fleksible og ikke-invasive maleapparater, i stand til at na sveert
tilgeengelige steder, samt udfgre in-situ analyser i farlige miljger.

Denne afhandling fokuserer pa en proof-of-principle demonstration af en
all-in-fiber Raman sond, hvor samtlige dele bestar af optiske fiberkompo-
nenter. Under antagelse af muligheden for at benytte en fiberlaser med en
fundamental bglgeleengde pa 1064nm opnas effektiv second harmonic gener-
ation via optisk poling af fiberkernen, som leverer excitationslyset til prgven.
Pa denne made kan Raman spektroskopi i det synlige bglgeleengdeomrade
udfgres. Den samtidige levering af excitationslys og opsamling af Raman-
signal fra prgven opnas ved hjalp af en double-clad fiber, hvis kerne og
indre kappe fungerer som uafhasengige transmissionskanaler. En double-clad
fiber-kobler ggr det muligt at genvinde Raman-signalet fra den indre kappe
i double-clad fiberen, og denne komponent erstatter saledes den dikroiske
komponent, som normalt bruges til at demultiplexe pumpe- og Raman-
signalet. Desuden demonstreres et justerbart filter baseret pa en fotonisk
bandgabsfiber fyldt med flydende krystaller til bortfiltrering af Rayleigh-
spredt lys.



xviii Resumé (Danish abstract)

Ved integrering af komponenterne beskrevet i denne afhandling kan en kom-

plet fiber Raman sonde realiseres, hvor ogsa pumpelyset genereres i en
fiber.
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Chapter 1

Introduction

Nothing is withheld from us which
we have conceived to do.

Russell A. Kirsch

Raman spectroscopy went from being an “esoteric” optical technique to
becoming one of the most common analytical tools available today. This
was made possible by the improvements in instrument technology during
the second half of the twentieth century.

Besides the laser [I], inventions like the charge-coupled device (CCDI) ar-
ray detector [2] and small low-cost spectrometers have come to represent
milestones in the widespread evolution of Raman spectroscopy, making it
fast and reliable, and applicable to all kinds of samples. The possibility to
bring the spectroscopic equipment outside the laboratory and to perform
measurements in-field opened up for a wide range of applications, from art
and archeology [3] to forensics and defense [4], from planetary science [5] to
medicine [6H8].

The devolpment of the first fiber Raman probes in the early eighties [9] [10]
greatly enriched the possibilities of this spectroscopic technique. The combi-
nation of Raman spectroscopy and fiber technology allowed for the realiza-
tion of flexible and minimally invasive devices, able to reach samples located
far away from the laser source and spectrometer. The concept of in-situ
real-time analysis was now extended to samples located in remote and/or
hazardous environments. Unskilled operators could perform the measure-
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ments, without worrying about alignment issues or their own safety. Raman
investigations were soon carried out in-vivo, i.e. within a living organism.
Biomedical applications in particular drove the development of such devices,
ultimately bringing them inside the human body, inserted into catheters, en-
doscopes and needles [ITH14].

When integrated into a small-size reactor, a fiber Raman probe serves as
a real-time process monitoring sensor. The acquired spectral data provide
direct information about the variables involved in the process and their cor-
relation. Furthermore, the Raman signal represents an immediate feedback
to the ongoing reaction, based on which real-time optimization of the process
can be performed.

1.1 The FgSu project

This Ph.D. project finds its rason d’étre in the frame of the FgSu Project,

a name coined from the Danish words “Fgdevarer” (food) and “Sundhed”
(health)T]

The FgSu project aims at investigating the mechanisms affecting the dy-
namics and level of cell heterogeneity in culture of microorganisms. The
adjective “heterogeneous” in this case refers specifically to single-organism
populations, whose cells differ the one from the other in terms of shape, size,
gene pool and so on. While bench-scale bioreactors used for process devel-
opment can be considered homogeneous environments to a good approxi-
mation, the same does not hold for large scale reactors used in industrial
cultivations. This may be the reason for the lower yeld and productivity re-
sulting from scaled-up aerobic fermentation processes [15], [16]. However, it is
believed that the impact of heterogeneity on a typical microbial population
is not always detrimental. This property is in fact considered responsible for
a quicker adaptation of the cells to new operating conditions, thus having a
beneficial effect on the culture [I7, [1§].

Based on the hypothesis that there exists an optimum level of heterogene-
ity which leads to a robust fermentation process with sustained high pro-

!The term FgSu represents a shortening of name of the Commission funding the project,
namely the “Programkomiteen for Sundhed, Fgdevarer og Velfeerd” (Programme commis-
sion for Health, Food and Welfare) of the Danish Council for Strategic Research.
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ductivity, the FgSu project represents a multi-disciplinary effort to develop
suitable methodologies for controlling the level of heterogeneity in the pop-
ulation already at bench scale. As such, it combines analyses of molecular
mechanisms at the cellular level with a thorough understanding of all process
aspects and a quantitative description of the system. An excellent review
of the experimental methods and modeling techniques for the description of
cell population heterogeneity, assumed as the starting point of the project,
is given in [19].

From an economic point of view, the optimization of industrial fermentation
processes is extremely relevant for Denmark, whose companies produce more
than 70% of all enzymes used worldwide via fermentation processes.

Essential to the real-time monitoring of a bioprocess is the integration
of sensors in the system. Spectroscopic techniques such as Raman and
infrared (IR]) spectroscopy are commonly used to identify and characterize
heterogeneity in microbial populations [20-22].

The main goal of this Ph.D. project was the design and development of an
all-in-fiber Raman probe, compact enough to be integrated into a small-size
bench-scale reactor (1= 2mL in volume, accomodates a probe up to ~ 4mm
in diameter) and unfocused not to compromise the cell viability. The device
ought to be of simple operation, so that untrained personnel could use it,
relatively cheap and portable. This last condition in particular relied on the
outcome of a second Ph.D. project, aiming at the realization of a suitable
fiber laser. Since this second project never started, the activity described in
this Thesis was tailored to account for the lack of a custom-designed in-fiber
light source.

Being in-fiber Raman spectroscopy a rather mature technique, efforts were
made to demonstrate novel fiber solutions meant to improve and complete
the work previously done by others, so that all the “building blocks” needed
to realize a truly all-in-fiber Raman probe would be available.

In general, a Raman spectroscopic experiment requires the following
steps:

1. Generation of the excitation light;

2. Delivery of the excitation light to the sample / Excitation of Raman
scattering;
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3. Collection of the scattered light;
4. Filtering of the collected light;
5. Detection of the filtered light.

As for the in-fiber generation of the excitation light, fiber lasers operating
in the [Rl range are nowadays commercially available. The possibility to
use such a device was therefore taken for granted. The attention was in-
stead focused on the in-fiber wavelength conversion needed to excite Raman
spectroscopy with visible light, an aspect never addressed before.

While a big effort had been made by others to optimize aspects like the
delivery of the excitation light to the sample and the collection of the scat-
tered radiation, little had been done as for the in-fiber demultiplexing of the
two signals, whenever they are propagating simultaneously along the same
waveguide. Given the importance of this aspect, the demonstration of a
fiber demultiplexing component was addressed in this project.

The availability of fiber-based Rayleigh-rejection filters, a key component in
a Raman spectroscopy experiment, was rather limited. A novel implemen-
tation of such a device was demonstrated in this work.

Despite a few previous attempts in this direction [23], the implementation
of a spectrometer based on optical fiber technology was considered far from
becoming a reality. Thus spectrometers based on a (bulk) dispersion gratings
and a detectors were used all throughout this project.

Due to lack of time, the solutions resulting from this Ph.D. could not be
tested on a real bioreactor. However, the work here presented represents
the first step towards the demonstration of a complete all-in-fiber Raman
system, where everything except the spectrometer is made by optical fiber
components.

1.2 Thesis structure

An introduction to Raman spectroscopy is given in Chapter [2| with main
focus on the key aspects which are relevant to understand the work presented
in this Thesis.
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Chapter |3| presents an overview of the state-of-the-art in the field of fiber
Raman probes. The advantages and disadvantages of single- and multi-fiber
probe geometries are discussed, to clarify the challenges faced during this
project and to better understand the design choices made.

A low-loss tunable Rayleigh-rejection filter based on a photonic crystal
fiber (PCE) infiltrated by a high-index liquid is described in Chapter |4 An
introduction to [PCEk is given at the beginning of the chapter, in order for
the reader to understand the inherent spectral filtering action performed
by a fiber guiding light by the photonic bandgap (PBQ) effect, and how it
is possible to tune such a spectral behaviour at will. The filter realization
is described, and its spectral characteristic is compared to that simulated
by means of a finite element method (FEM]) code. The results of a Raman
spectroscopy experiment based on the device, also presented in [24], 25], are
then discussed.

Chapter [p]deals with a probe based on a double-clad fiber. The device allows
for the propagation of the excitation light to the sample along its core and the
collection of the scattering in its inner cladding. A bulk dichroic component
is needed to demultiplex the laser and scattered radiation at the in-coupling
section of the waveguide, thus allowing for the recovery of the collected
Raman signal. The results of a Raman spectroscopy experiment carried out
with this probe on a sample of cyclohexane are presented and discussed.
Some practical issues faced during this activity are also described.

Chapter [6] represents an additional step forward towards the realization of
an all-in-fiber Raman probe. Two single-fiber Raman probes are described,
both based on optically-poled double-clad fibers. These devices represent
one of the first practical applications of the (26-year-old) optical poling tech-
nique. After a brief introduction on optical poling, the realization of a Ra-
man probe based on a single optically-poled double-clad fiber is described.
The results of the application of such a device to the Raman spectroscopic
investigation of a sample of dimethyl sulfoxide (DMSQI), also reported in [26],
are shown and discussed. The second device, a Raman probe based on a
double-clad fiber coupler with one of its fibers optically-poled, is then in-
troduced. The coupler realization is described and a Raman spectrum of a
sample of acquired with such a probe is shown and discussed.

Chapter [7] concludes this Thesis, summing up the contribution of this project
to the field of in-fiber Raman spectroscopy and glancing at some possible
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future developments of the work here presented.



Chapter 2

Raman spectroscopy

It’s a crazy world out there. Be curious.

Stephen Hawking

Raman spectroscopy is an optical probing technique based on the inelastic
scattering of monochromatic light. As a result of the interaction between
the incident radiation and the sample under study, wavelengths different
from the excitation one are emitted. The analysis of the emitted spec-
trum provides qualitative and quantitative information about the molecular
composition and structure of the sample. Due to its high specificity and
reliability, Raman spectroscopy allows for the unambiguous identification of
a wide range of samples in a fast and noninvasive way.

This chapter provides a brief introduction to Raman spectroscopy and the
phenomenon of spontaneous Raman scattering, followed by an overview of
the key aspects which are relevant to the work presented in this Thesis.

2.1 Introduction

The phenomenon of inelastic scattering of light, nowadays universally known
as Raman scattering, was experimentally observed for the first time in 1928
by Raman and Krishnan [27], though its existence had been postulated five
years earlier by Smekal [28]. However, it was not until the last decades of the
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twentieth century, with the invention of the laser and the huge improvements
in detector technology (above all the introduction of charge-coupled device
array detectors [2, 29, B0] and Fourier-transform spectrometers [31]), that
Raman spectroscopy could prove itself as the fast, reliable and invaluable
analytical tool it is known as today. This is mainly due to the inherently
weak nature of Raman scattering, with approximatively 1 over 10'° incident
photons undergoing inelastic scattering. Additionally, the detection of Ra-
man scattering in the visible range is often impeded by the competing phe-
nomenon of fluorescence, which is usually orders of magnitude more intense
[32]. With the instrumentation currently available, Raman spectroscopy is
now a mature technology which finds applications in several fields, ranging
from chemistry and pharmacy [33] to medicine [6-8], forensics and defense
[4], art and archeology [3] and process control [34].

Variations of Raman spectroscopy have been developed in the last few
decades, mainly in an attempt to enhance the sensitivity of the process.
Surface-enhanced Raman spectroscopy (SERS) [35], coherent anti-stokes Ra-
man spectroscopy (CARS) [36, B7] and tip-enhanced Raman spectroscopy
(TERS) [38] are just a few examples of these improved techniques.

2.2 Raman spectra

The qualitative and quantitative information resulting from Raman scatter-
ing is gathered in a Raman spectrum, i.e. a plot of the scattered intensity
versus the wavelengths at which the scattering occurs. Modern spectrome-
ters usually count photons rather than measure watts. Therefore, the inten-
sity of the Raman signal is usually expressed in (photon) counts. Counts are
often plotted versus wavenumber shifts, in units of inverse length (cm™!),
rather than versus wavelength. This allows for the fast comparison of spec-
tra of the same sample, since when expressed in cm™! the position of the
Raman lines is always the same, regardless of the specific excitation wave-
length used. In this way, a sample can be identified by simply comparing
its Raman spectrum with a set of reference spectra, for instance digitally
stored in a database. The same does not hold in case of spectra plotted
versus wavelength, for which the position of the peaks shifts according to
the pump wavelength. The conversion between wavelength and Raman shift
(as a wavenumber shift is often referred to) can be done by means of the
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Figure 2.1: Raman spectrum of cyclohexane (CgHiz), recorded over a 1s
acquisition time. The measurement was repeated 3 times to avoid spectral
artifacts. The intensity of the Raman bands, plotted versus wavenumbers, is
here expressed in photon counts, common practice for modern spectrometers.

following equation
1 1

ARaman = —
)\laser )‘Raman

(2.1)

where Ajgser is the excitation wavelength and Aggman is the measured wave-
length of a given peak. An example of Raman spectrum is shown in Fig.

2.1

As wavelength and energy are related, a Raman spectrum is a plot of the
scattered intensity versus energy. In particular, inelastic scattering results
from the interaction of the incident radiation with the (vibrating) molecules
of a given sample, causing photons to be emitted at different energies with
respect to the excitation light. The position of each Raman peak corresponds
to one of these energy shifts. Therefore, the combination of peak position
and intensity provides information about the particular molecular vibration
which caused the energy shift.

Elastically-scattered light (Rayleigh scattering) is instead characterized by
same energy (wavelength) of the exciting radiation. Thus, the Rayleigh line
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Figure 2.2: Spectroscopic transitions underlying Rayleigh and Raman spec-
troscopy and fluorescence. Rayleigh-scattered light has the same energy (wave-
length) of the incident radiation, while Raman Stokes- and Raman anti-stokes-
scattered light have a lower and higher energy than the excitation radiation,
respectively. Fluorescence emission always has a lower energy than the inci-
dent beam. Raman scattering and fluorescence occur on different timescales
(femtosecond and nanosecond, respectively).

occupies the position of zero shift (0cm™!) in the spectrum. The frequency
of the inelastically-scattered photon is wavelength-shifted with respect to the
incident photon by the emission or the absorption of a phonon. In the first
case (emission of a phonon), a line appears in the spectrum at a longer wave-
length than the pump light (Raman Stokes scattering). This corresponds
to an energy transfer from the pump to the molecules. In the second case
(absorption of a phonon) the line appearing in the spectrum is blue-shifted
in relation to the pump (anti-Stokes Raman scattering). Thus, light is scat-
tered with a higher energy than the incident radiation. The Stokes and
anti-Stokes lines are located symmetrically about the Rayleigh line, though
the peaks intensities on the two sides are normally very different [32]. This
is due to the fact that, unless the molecules of the sample are already in
an excited vibrational state during the scattering process (for instance if
the temperature of the sample has been previously increased), Stokes Ra-
man scattering is much more likely to happen. This can be understood by
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considering that, at thermal equilibrium, the number of atoms at different
energy levels obeys the Boltzmann population distribution equation,

NQ Ey—Ey

A 2.2

7 (22
where N7 and Ns are the number of atoms at energy state F; and Fo,
respectively, k is the Boltzmann constant (8.6x107°[eV/K]) and T is the
temperature. If the energy shift AE = Ey — E1 > kT, then Ny < Nj.
For this reason, only the Stokes side of the spectrum is normally considered,
due to the higher intensity of the Stokes-scattered light compared to the
anti-Stokes-scattered light.

An energy level diagram like the one shown in Fig. provides an intuitive
explanation of the energy exchanges underlying the generation of the Raman
lines. Scattering may occur whenever the energy of the incident light is not
sufficient to promote a large electronic transition, the base of fluorescence, as
also indicated in Fig. for comparison. In this latter case, incident light is
absorbed by a fluorescent molecule, or fluorophore, which is promoted to an
excited level. After a fast nonradiative decay at high energy configurations,
the fluorophore eventually reaches the lowest energy excited state, which
is metastable. Next, the fluorophore returns to its ground state, and the
excess energy is emitted as light. Longer excitation wavelengths, i.e. smaller
excitation energies, may cause Rayleigh and Raman scattering, but not the
appearance of fluorescence. In other words, scattering can occur for any
wavelength of the excitation radiation, while the same does not hold for
fluorescence.

2.3 Fundamentals of the classical theory of Raman
scattering

A theoretical treatment of Raman scattering can be done in a classical and
quantum mechanical way. Both approaches relate the scattered radiation
to the oscillating electric and magnetic multipole moments induced in a
molecule by an incident electric field, the most significant of which is nor-
mally the oscillating electric dipole [39]. Although a description in terms of
classical mechanics does not account for the quantized nature of vibrations
and is therefore deficient, it does provide enough insight into the subject to
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understand the work presented in this Thesis, and in addition it is consider-
ably simpler. For this reason, only a classical treatment of the phenomenon
is considered in this Chapter.

What follows is based on the microscopic approach presented in [39], where
the interaction between monochromatic radiation and a single scattering
molecule is considered. Only the aspects which are important to understand
the results discussed in the next Chapters of this Thesis are here reported.
The reader who wants further and more detailed information is encouraged
to check the excellent “The Raman Effect” by Long [39].

The radiation is treated as a plane wave of frequency wy, while the molecule
is assumed to be free to vibrate but not to rotate. For semplicity, a single
molecule is considered here.

Upon illumination with plane monochromatic waves of frequency wp, an
oscillating electric dipole is induced in a molecule, responsible for the scat-
tering of light by the molecule itself. The intensity radiated by such a dipole
along a direction forming an angle 6 with its axis, in terms of time-averaged
power per unit solid angle, is given by

I =k wipdsin® (2.3)

where pg is the amplitude of the induced dipole with frequency ws, generally
different from w; and

1

[V
32m2e0c}

” (2.4)
where ¢y and ¢ are the velocity of light in vacuum and vacuum dielectric
permettivity respectively. Eq. shows that the scattered intensity [
at a particular frequency is determined by the amplitude of the induced
electric dipole at that frequency. Moreover, it is worth noting that the scat-
tered intensity is proportional to the fourth power of the scattered frequency
ws. The total time-dependent induced electric dipole moment vector of the

molecule can be approximated by its linear term,

p~ p(l) =a-E (2.5)
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where E represents the time-dependent electric field vector of the incident
monochromatic radiation of frequency wi,

E = Eg cos(wit) (2.6)

and @ is the polarizability tensor of the molecule, function of its molecular
vibrational frequencies. The polarizability is a material property, different
for different molecules. Thus, Eq. relates the dipole to the electric field
inducing it, through the properties of the molecule.

The polarizability of a molecule is affected by molecular vibrations, which
are usually considered to be composed of normal modes, i.e. synchronous
motions of atoms or groups of atoms that may be excited independently,
without leading to the excitation of other normal modes. A vibration implies
a periodic displacement of the (nuclei of the) atoms of the molecule from
their equilibrium configuration. In general, a molecule with N atoms has
3N — 6 normal modes of vibration. This number increases to 3N — 5 for a
linear molecule, i.e. a molecule whose atoms are arranged on a straight line,
as is carbon dioxide (CO3), for instance. As an example, Fig. shows the
three normal modes of vibration of water, for which NV = 3. The k—th mode
is represented by the normal coordinate )y, associated with the molecular
vibrational frequency wg. This coordinate refers to the position of the atoms
of the molecule with respect to their equilibrium position.

A single normal mode of vibration Q) is considered. Assuming harmonic
motion, where a variation of the polarizability in a vibration is proportional
to the first power of Q, the dependence of the polarizability on the molecular
vibrations can be expressed (in component form) as a perturbation of the
equilibrium condition, as follows

(@po )t = (Qpo)o + (A )k @ (2.7)
where 5
o= (522). (28)

and ()0 is the value of o, at the equilibrium configuration. The subscript
0 on the derivatives indicates that these have to be taken at the equilibrium.
Given its validity for all tensor components Eq. can be reformulated
in the following way
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Figure 2.3: Normal modes of vibration of a molecule of water (H20O): from
the top, symmetric and asymmetric stretch and bend. Indicated in red is
the atom of oxygen, while the atoms of hydrogen are shown in white. Black
arrows mark the directions in which the nuclei of the atoms vibrate about their
equilibrium positions.
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a = ap + a,Qy (2.9)
where @y is a scalar quantity which multiplies all components of 5;&.

Assuming now that the restoring force of the vibration is proportional to
the first power of its displacement Qy, (mechanical harmonicity), the normal
coordinate Qi can be expressed as

Qr = Qro cos(wgt + ) (2.10)

where Qg is the coordinate amplitude and dy its phase vector. The value
of @, obtained by combining Eq. with Eq. can now be inserted
into Eq. , together with the electric field vector given by Eq. .
Thus, the linear induced dipole can be written as

cos((w1 + wg)t + 6) + cos((w1 — wi)t — )
2

p(l) = EOEO COS(Wlt)‘i‘EkEOQkO
(2.11)

Eq. shows that the linear induced dipole has three distinct frequency
components, wy; and w; + wg, whose amplitude is linearly dependent on
Eg:

P(l) = P(l)(wl) + p(l)(wl +wg) + p(l)(wl — W) (2.12)

where p(l)(wl) is proportional to the classical scattering Rayleigh tensor,

& = @, whereas pM(wy % wy) is proportional to the classical Raman

) =R =
scattering tensor oy B %akag.

Unlike Egay, which is an equilibrium polarizability tensor, Egam is a polariz-
ability tensor associated with wy. The induced dipole p(*) (w;) has the same
phase as the incident field and is responsible for radiation at w; (Rayleigh
scattering). The induced dipoles p(!) (w; £ wy,) give instead rise to radiation
at w1 +wy, (anti-Stokes Raman scattering) and wy — wy, (Stokes Raman scat-
tering), and are shifted in phase relative to the incident field by a quantity
0. Op defines the phase of the normal vibration ) relative to the field,
and is in general different for different molecules. It is worth noting that
p(l)(wl) is proportional to @, the inherent polarizability of the molecule,
while p®) (w1 + wg) are proportional to E;i,, whose components are usually
smaller in value than those of @y. Thus, Raman scattering is generally much
weaker than Rayleigh scattering.
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From Eq. (2.11) it is also possible to deduce the primary selection rule
for Raman activity: in order for Raman scattering associated to a molec-
ular frequency wy to arise, at least one of the components (Oé;,g)k of the

derived polarizability tensor E;C (thus of Ei‘am) must be non-zero. That is,
only vibrations that change the polarizability of the molecule yield Raman
scattering. In other words, Raman scattering arises from the electric dipoles
oscillating at w; +wy, which are produced when the electric dipole oscillating
at wi is modulated by the molecular vibrations at wg. The nuclear motions
are coupled to the electric field by the rearrangement of the electrons, which
imposes a harmonic variation on the polarizability. Rayleigh scattering, on
the other hand, is always present: the condition for its existance is in fact
that @ be non-zero, which is true for all molecules.

By substituting the squares of the appropriate components of the classical
electric dipole amplitudes p™M (w;) or p(M(w; + wy), into Eq. (2.3), it is
possible to calculate the scattering intensity at a particular frequency.

2.3.1 A note on the coherence properties of Raman and
Rayleigh scattering

A treatment based on a single scattering molecule space-fixed in its equilib-
rium configuration is generally deficient, since material systems are normally
composed by a large number of molecules, whose orientation is not necessar-
ily fixed. However, Raman scattering bears an arbitrary phase relation to
the incident radiation, since its phase depends on the phase of the molecular
vibration (d in Eq. ), which to a good approximation varies arbitrar-
ily from molecule to molecule. Thus, all molecules in the material system of
interest act as independent sources of radiation, regardless of the degree of
correlation between their positions. Assuming an incoherent Raman scat-
tering does not represent an unrealistic constraintﬂ The same cannot be
said about Rayleigh scattering, which is instead in phase with the incident
radiation, as can be seen from Eq. . In this case, interference between
the scattering from different molecules may occur, depending on the specific
arrangement of the molecules, and different observation directions may lead
to different degrees of coherence.

In the regime where stimulated Raman scattering occurs, the Stokes photons may be
emitted in phase with the local Stokes wave, and the incoherent assumption breaks down.
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2.3.2 Raman scattering cross-section

The relationship between the intensity I of Raman and Rayleigh scattered
radiation from a single molecule (see Eq. (2.3)) and the irradiance Z of the
incident radiation has the general form

I=0T (2.13)

where ¢, with the unit m? sr—! molecule™ !, is defined as the (first) differen-
tial scattering cross-section of the molecule. A typical value for ¢ is of the
order of 1073'cm? sr~! molecule ™!,

For the purpose of comparing the scattering efficiency of different molecules,
it is useful to introduce scattering cross-sections, due to their dependance on
molecular properties rather than on the irradiance of the incident radiation.
Different definitions of scattering-cross section exist, the most common of
which is the one resulting from Eq. , that is

(2.14)

The magnitude of the cross-section, empirically determined, gives a direct
indication on the strength of the Raman signal from a given molecular sys-
tem. In the following Chapters of this Thesis, the indication of a sample as
a “strong” or “weak” Raman scatterer always relates to the magnitude of
its Raman scattering cross-section. As an example, the values of scattering
cross-sections for the peaks located at 802, 1030, 1273 and 1450cm ™! of lig-
uid cyclohexane (CgHi2), as they appear in [40], are listed in Table (in
units of em? sr~! molecule™?).

2

Raman peak [cmfl] \ Raman scattering cross-section [cm sr—t moleculefl] ‘

802 9.06x1030
1030 5.37x10730
1273 4.61x10730
1450 6.17x10730

Table 2.1: Raman scattering cross-sections of selected Raman lines of cyclo-
hexane (adapted from [40]).
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2.3.3 Limitations of the classical theory

The classical approach reported in this chapter offers some useful qualita-
tive insights but does not represent a complete treatment of all aspects of
Raman spectroscopy. The frequency dependence of the scattered light re-
sulting from the classical theory is correct, as well as the relation between
the Rayleigh scattering tensor and the equilibrium polarizability tensor a.
The dependence of the vibrational Raman scattering tensor on the derived

polarizability tensor E;C is also partially correct. On the other hand, this ap-
proach cannot account for rotational Raman scattering, since the classical
theory does not ascribe specific discrete rotational frequencies to molecules.
In other words, the quantum mechanical expression of the Raman scattering
tensor is different from the classical Raman scattering tensor Egm, owing
to a different formulation of the amplitude Q) of the molecular vibration.
Also, the classical treatment cannot relate the properties of the tensor 5;;
to those of the scattering molecule and the incident radiation. Thus, it
has be remembered that a complete and quantitative analysis of Raman
scattering requires a quantum mechanical approach. Nevertheless, the brief
classical treatment provided in this chapter outlines some of the key-aspects
of Raman spectroscopy, and is enough to understand the work reported and
discussed in the following chapters of this thesis.

2.4 Summary

In this chapter, a general introduction to Raman scattering and Raman
spectroscopy is given. The fundamentals of the classical theory of incoherent
Raman and Rayleigh scattering arising from a single molecule, vibrating
though not rotating are introduced. A few key-aspects of the classical theory
of Raman spectroscopy are highlighted, that is

e The dependence of the intensity of the scattered light on the fourth
power of the scattered frequency, that is on A; 4, where ), is the scat-
tered wavelength;

e For each molecular vibration, the linear induced dipole usually has
three distinct spectral components, one at the same frequency wq of the
incident radiation (Rayleigh scattering) and two more at frequencies
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w1 £ wg, where wy, is the frequency of the molecular vibration (Stokes
and anti-Stokes Raman scattering);

e Raman scattering is considerably weaker than Rayleigh scattering, and
unlike Rayleigh scattering it bears an arbitrary phase relation to the
incident radiation;

e Only vibrations which change the polarizability of the molecule yeld
Raman scattering (primary selection-rule for Raman activity), whereas
Rayleigh scattering is always present;

e Different samples can be identified as “strong” or “weak” Raman scat-
terers, depending on their cross-section.

Finally, the limitations of the classical approach are also briefly dis-
cussed.
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Chapter 3

Optical fiber Raman
probes

If T have seen further it is by standing
on ye sholders of Giants.

Isaac Newton

The combination of Raman spectroscopy and optical fiber technology allows
for real-time in situ analysis of samples located in remote and hardly accessi-
ble or hazardous environments, in a minimally invasive and non-destructive
way. For this reason, fiber Raman probes have found application in several
fields, from medicine to process control.

This chapter begins with an overview of the main functionalities required
from a probe for its use in Raman spectroscopy, given in Section A brief
discussion follows on the development of fiber probes, in Section with
a short description of the advantages and disadvantages of the single- and
multi-fiber geometries. A final comment on the integration of lenses and fil-
ters in the probe head closes the chapter (Subsections and.
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3.1 Introduction

Raman spectroscopy relies on the illumination of a sample under study with
monochromatic light, usually from a laser, and on the collection and analysis
of the scattered light. Since Raman scattering is always accompanied by the
much more intense Rayleigh scattering, the collected radiation is usually
filtered prior to its delivery to the detector in order to remove, or at least
attenuate, the intense Rayleigh line. In other words, a Raman spectroscopic
experiment usually consists of the following, consecutive steps:

1. Generation of the excitation light;
2. Delivery of the excitation light to the sample / Excitation of scattering;

3. Collection of the scattered light;

W

. Filtering of the collected light;
and
5. Detection of the filtered light,

where the detection includes the spectroscopic analysis of the collected sig-
nal. Fig. schematically illustrates this procedure, in the form of build-
ing blocks needed to perform a Raman experiment. Two main paths can be
identified by looking at the previous list: an excitation path, along which the
laser radiation is delivered to the sample (item no. 2 of the list), and a col-
lection path, along which the scattering is collected, filtered and conveyed to
the detector (items no. 3 and 4). The light generation and detection (items
no. 1 and 5) fall outside this path structure (see Fig. (3.1))). Simply put,
a Raman probe is an interface between the light excitation and detection
stages and the sample under study. The design of such a probe is driven by
maximal light collection, and it is usually complicated by several constraints
resulting from the specific application. If for instance a probe is meant to be
integrated in an endoscope, then it has to be compact and flexible, and to
operate in a backscattering configuration (180° between the excitation and
collection) [41]. Moreover, in case of clinical applications biocompatibility
issues (optical radiation and thermal hazards, material toxicity hazards, etc)
limit the range of possible materials to use [11I]. Contamination issues may
require the probe design to account for the presence of a container (especially
in case of liquids) or a window of a given thickness. Hazardous environments
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Figure 3.1: LEFT. Schematic illustration of the consecutive steps required
for a Raman experiment. Monochromatic light, usually generated by a laser, is
delivered to a sample. The scattering is then collected and filtered, so that only
the Raman-scattered light can be delivered to a detector and analysed. RIGHT.
Re-arrangement of the previous steps into two main paths: an excitation path,
from the laser to the sample, and a collection path, inclusive of the signal
filtering step, from the sample to the detector.
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GENERATION

may impose a given minimum distance between the actual probe head and
the operator, and so on. The definition of a specific application, that is of
a specific sample, also results in constraints as for the choice of the detector
and of the wavelength and power of the excitation source, which in turn
translate into additional constraints on the spectrometexﬂ When dealing
with living cells, for instance, long exposure times and high intensities may
result in a permanent damage to the cells, thus limiting the maximum in-
tensity of the excitation light and irradiation time [42-45]. Additionally,
fluorescent samples may require an excitation wavelength long enough to
ensure that no fluorescence is generated [46], though this translates into
a reduced intensity of the Raman scattered light, which is proportional to
A~%. Long excitation wavelengths on the other hand may require the use
of array detectors based on germanium (Ge) or indium gallium arsenide
(InGaAs), since the cut off of silicon-based charge-coupled device (CCDI) de-
tectors is very close to 1064nm, i.e. the wavelength produced by a Nd:YAG
laser. Tunable lasers can also be employed to distinguish the Raman signal
from fluorescence, since the former follows the excitation wavelength as the

!The necessity to separate the collected Raman signal into its spectral components
requires the presence of a dispersive element, usually a grating, together with the detector.
Thus, spectrometers are normally used.
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pump is tuned, while the fluorescent emission remains at the same absolute
wavenumbers [47, 48]. Alternatively, a time-gated detector can be used to
counteract fluorescence, given that its emission takes place over a nanosec-
ond scale, while Raman scattering usually occurs on a femtosecond scale
[49]. Moreover, anti-Stokes scattering might be preferred to Stokes scatter-
ing, since the former is not affected by fluorescence, which always occurs at
longer wavelengths than the exciting radiation.

3.2 Fiber optic Raman probes

The development of fiber optic Raman probes has been driven mainly by
biomedical applications, in particular by the need for minimally invasive
and highly accurate diagnostic techniques. Fiber technology allows for the
realization of compact and flexible devices, which can easily be integrated
into narrow-diameter medical instruments such as catheters, endoscopes and
needles [I1H14]. Nevertheless, the desire for non-destructive real-time in situ
interrogation of remote, hardly accessible and potentially hazardous samples
is not a prerogative of clinical applications. Fiber-based Raman spectroscopy
offers the possibility to probe samples without compromising the safety of
the operators. This, in addition to the fact that Raman spectroscopy re-
quires minimal or no sample preparation and can be applied to all optically
accessible samples, encouraged the application of fiber Raman probes to the
fields of (among others) defense and security (for example for the detec-
tion of explosive materials [50)], [51]), forensics [52] and in the monitoring of
hazardous industrial reactions (for instance in the presence of highly toxic
solvents [53]).

In-fiber Raman spectroscopy is rather mature, and a variety of probe ge-
ometries have been demonstrated over the last three decades. Some of these
probes have actually made it to the field, usually those based on both fiber
and bulk components, while many others have never left the lab in which
they were fabricated. Several manifactureres nowadays sell compact fiber
Raman probes, whose design normally represents a variation of that first
suggested by Carrabba and Rauh [54] and schematically shown in Fig.
These probes, often termed externally filtered, incorporate additional opti-
cal filtering in between the fibers and the sample, in order to discriminate
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Figure 3.2: Schematic illustration of the fiber Raman probe designed by
Carrabba and Rauh [54]. Laser radiation is coupled to the excitation fiber and
then collimated by a lens at the fiber end. Next in line is a dichroic compo-
nent which transmits the excitation light and reflects all other wavelengths,
including those generated by the Raman and fluorescence emission of the fiber.
The beam is then focused on the sample by a lens which is also used to colli-
mate the collected backscattered radiation. The dichroic component reflects all
wavelengths which are different than the excitation one, thus providing a first
filtering of the Rayleigh scattering. An additional Rayleigh-rejection is per-
formed by a long-pass filter. The residual Raman signal is then coupled to the
collection fiber through a prism and a lens, and conveyed to the spectrometer.

against the Rayleigh-scattered light and the silica background, i.e. the Ra-
man and fuorescence spectrum of silica excited throughout the fiber.

The work described in this Thesis deals with both single- and multiple-fiber
configurations. In this Chapter only probes operating in a backscattering
geometry, i.e. with an angle of 180° between the excitation and collection di-
rections, are considered. Backscattering is intuitive with single-fiber probes,
where the same waveguide simultaneously delivers the excitation light to the
sample and collects the scattering. Multi-fiber probes are usually realized
by assembling a single excitation fiber with one or more collection fibers,
arranged so that the backscattering Raman signal is collected.

The delivery of the excitation through a fiber bundle was demonstrated in a
Raman experiment by Trott and Furtak [9] in 1980. However, it proved to be
rather inefficient, owing to the radiation lost to both the fiber cladding and
the binding material sorrounding each fiber. For this reason, in follow-up
experiments a single excitation fiber has been often preferred [55]. Further-
more, in this work only multi-mode fibers have been employed (or single-



26 Optical fiber Raman probes

mode fibers used at shorter wavelengths than the cut-off value). These are
known to scramble the polarization of the laser emission except over short
fiber lengths [32],55]. Therefore the depolarization ratio of the Raman bands,
i.e. the ratio between the Raman intensity observed from a direction per-
pendicular to the polarization of the excitation light and that observed from
a parallel direction, is not considered in this Thesis.

In the rest of this chapter the attention is focused on the spectroscopic
analysis of liquid samples. Reports of applications of fiber Raman probes
to solid or gaseous samples can be found in the literature, for example in
Cooney et al. [56, 57] and Berg et al. [58].

3.2.1 Multi-fiber probes

The simplest multi-fiber Raman probe operating in a backscattering con-
figuration is assembled by putting together two optical fibers, one fiber in
charge of delivering the laser radiation to the sample, and the second one,
parallel to the first, responsible for the collection of the scattered light and
its delivery to the spectrometer. Such a configuration was demonstrated
for the first time in 1983 by McCreery et al. [I0]. In the same work, the
authors suggested that the probe efficiency could be improved by employ-
ing several collection fibers, concentrically arranged around the excitation
fiber, as schematically shown in Fig. [3.3]in the case of equal-sized fibers. A
single collection fiber placed parallel to the illumination fiber is in fact a rel-
atively poor collector, due to the small geometrical overlap between the the
excitation and collection fibers light cones, i.e. the volume from which the
scattered light is actually sampled. Provided that the cladding layer of the
fibers is thin enough, the bundled arrangement suggested in [10] represents
an improvement with respect to the single-collection-fiber geometry (not to
be confused with the single-fiber geometry), owing to its ability to sample a
larger volume [55] 59].

Fig. schematically illustrates the overlap of illumination and collection
light cones resulting from different fiber arrangements in the case of waveg-
uides with the same diameter. In particular, in this picture the two afore-
mentioned schemes are labelled with the letters (b) (single-collection-fiber)
and (h) (fiber bundle).

Multiple rings of collection fibers are often arranged hexagonally around the
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Figure 3.3: Schematic representation of n-around-1 fiber bundles with equal-
sized fibers. (a) 6-around-1 bundle; (b) 18-around-1. The excitation fiber is
coloured in yellow, while the fibers belonging to the first and second outer
rings are marked in orange and red, respectively. The hexagonal packing of
the waveguides ensures the smallest possible round cross section.

illumination fiber (as depicted in Fig. (b)). For this reason, the bundled
geometry is sometimes referred to as n-around-1, where n represents the total
number of collection fibers [55]. The hexagonal paking of the n + 1 equal-
sized optical fibers allows for the smallest possible (round) cross section of
the bundle, as explained by Utzinger and Richards-Kortum [11].

Raman probes based on bundles of fibers with different dimensions have also
been demonstrated in the literature [60], though in this case the waveguides
cannot be packed as efficiently as in the previous case, thus resulting in a
smaller overlap of illumination and collection cones and therefore limiting
the inherent advantage of having multiple collection fibers.

Probes with beveled exit surfaces, i.e. polished at an angle with respect
to the fiber axis, can also be employed to achieve a larger overlap of the
excitation and collection volumes, by deflecting them the one towards the
other. A probe based on two parallel beveled fibers is at least 1.5 times more
efficient than its analogous based on flat fibers of the same kind [I1].



28

Optical fiber Raman probes

Figure 3.4: Schematic illustration of the overlap of excitation and collection
light cones in case of different fiber probe configurations: (a) single-fiber probe;
(b) two-fiber probe with parallel fibers and flat tips; (c) two-fiber probe with
excitation and collection fibers angled the one towards the other; (d) two-
fiber probe with parallel fibers and beveled tips; (e) three-fiber probe with
parallel fibers and flat tips; (f) three-fiber probe with collection fibers angled
inwards, towards the excitation fiber; (g) three-fiber probe with parallel fibers
and collection fibers with beveled tips; (h) 6-around-1 fiber bundle with parallel
fibers and flat tips; (i) 6-around-1 fiber bundle with parallel fibers and collection
fibers with beveled tips. In all probe geometries, the excitation fiber is marked
with a yellow colour, while the dead volume, whenever present, is coloured in

grey.
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3.2.2 Single-fiber probes

An alternative to multiple-fiber probes are single-fiber probes, which have
the inherent advantage of a complete overlap of excitation and collection
light cones at all distances from the fiber end facet, as shown in Fig.
(a). A probe consisting of a single fiber is 1.4 to 1.8 times (depending on the
fiber diameter) more efficient than one based on two parallel fibers with a flat
tip [11]. Moreover, single-fiber probes have no dead volume, i.e. the region
of no light-cone overlap which exists in between the fiber end facets and
the minimum distance at which the scattered signal can be collected. Only
when the sample-to-probe distance is greater than this minimum distance,
in fact, there is any collection of the scattering by the collection fiber(s)
[55]. The dead volume is instead present with all multi-fiber designs, as
shown in Fig. Additionally, single-fiber probes are more compact than
multi-fiber ones, and at least for long fiber lengths usually much cheaper
than those based on fiber bundles [61].

One drawback of the single-fiber geometry is related to the demultiplexing of
the excitation and scattered radiation at one end of the fiber. The recovery
of the collected light is usually performed by a bulk component such as a
dichroic mirror or a beam splitter, whose losses counterbalance the gain in
efficiency due to the total superimposition of the light cones [55].

The second and main drawback lies in the fact that such a configuration
yields a larger silica background, i.e. the Raman and fluorescence spectrum
of silica excited throughout the fiber, than multiple-fiber geometries. This
signal, often referred to as fiber spectral background ([FSBH)), is transmitted
through the fiber to the spectrometer. The [FSBl can at best degrade the
signal from the sample and at worst completely obscure it. As an example,
Fig. shows the spectrum of dimethyl sulfoxide (DMSO]) acquired with
a single-fiber probe: while the Raman peaks at higher wavenumbers are
clearly visible, those located at lower wavenumbers are completely masked
by the background emission from silica. Multi-fiber geometries, especially
when used in conjunction with transparent liquids, are less affected by this
background signal. The excitation radiation is in fact transmitted through
the sample, and the only signal from silica that effectively couples back
to the detector is that generated by the Rayleigh-scattered light along the
collection fibers. This signal is less intense than the [FSBl generated by the
primary laser radiation in the excitation fiber, since the latter is several
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Figure 3.5: Raman spectrum of dimethyl sulfoxide (DMSO) acquired with a
single-fiber probe over a 15s-acquisition time, repeated twice to avoid artifacts
in the spectrum. While the peaks at higher wavenumbers are visible,
those located at lower wavenumbers are partly or completely masked by the
fiber background (for a complete list of Raman bands of DMSG], see Table |6.1)).

orders of magnitude more intense than the elastically-scattered light [55] 62].
The same does not hold in case of a highly scattering sample. In fact, in
this case the background emission from the excitation fiber is scattered and
collected by the collection fiber(s) [61].

Myrick et al. [61] investigated the origins of background emission in silica
fibers, and found that [FSBlarises in both core and cladding, though the signal
from the core is more intense than that from the cladding for a proper in-
coupling of the laser light to the fiber, due to the presence of the dopant.
Ma and Li [63] extended the previous work by varying the distribution of
light in the cladding and cooating of the fiber, even coiling the waveguide
around a pencil of small diameter, and found that the background signal
originating from these regions represents a very small contribution to the
overall background behaviour. This is mainly due to the fact that the [FSH]
generated in the cladding and coating cannot be guided along the fiber,
while that generated in the core and scattered at an angle which satisfies
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the total internal reflection ([TIR]) condition at the core/cladding interface
propagates through the waveguide. In the same paper, the authors measured
the [FSH] for different fibers, and demonstrated that the background signal
does not depend on the core size but instead increases with an increasing
numerical aperture (NAJ), confirming Myrick’s result. Silica fibers with small
[NAk are therefore the best candidate for the delivery of the excitation light
whenever one of the probe design goals is minimizing the fiber background
signal.

One simple solution to the silica background issue is the subtraction of the
background spectrum from the spectrum of the sample. However, this leads
to a considerable reduction of the signal to noise ratio (SNRI) of the resulting
spectrum. The level of shot noise due to the intense silica background is
much greater than that due to the weak signal from the sample, to the point
where it can be as intense as the signal from the sample for weak Raman
scatterers. When the [FSB] is subtracted from the useful spectrum, then the
resulting Raman spectrum is affected by the residual shot noise from both
the silica and the sample [55]. The use of a hollow-core fiber, be it a simple
glass capillary tube coated on its inner wall or a photonic crystal fiber (PCE)
(see Chapter 3), solves the problem of the generation of silica background
in a more elegant way: the excitation radiation is transmitted through the
air core of the waveguide, and thus gives rise to little or no [FSBl (except for
the weak Raman bands of oxygen and nitrogen) [12] [64].

3.2.3 Lensed probes

All probe geometries discussed so far are unfocused, meaning that as soon as
the excitation beam leaves the fiber it begins to spread owing to diffraction,
resulting in a lower and lower power density as the distance from the fiber
tip increases. As thouroughly discussed by Lewis and Griffiths [55], it is
often convenient to incorporate a lens in the probe head. Appropriate lens
material and anti-reflection coating for the wavelengths of interest have to
be chosen in order to minimize the losses due to absorption and reflection,
and it is worth-noting that fluorescence from the lens itself may represent an
issue in some applications, especially if the given sample is a poor Raman
scatterer. However, there are several advantages related to the integration of
a lens in the probe design. From an illumination point of view, a lensed probe
provides a focused excitation beam, which improves the probe performances
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given that the intensity of the generated Raman scattering depends on the
intensity of the excitation light (see equation on page . On the
other hand, it has to be remembered that a higher intensity increases the
risk of photodegradation of the sample, an issue which might rule out the
lensed design for some applications. At the same time, a focused beam
decreases the sampling volume. However, since optical fibers only collect the
portion of scattered signal within their [NAL most often this last drawback
does not represent a problem. A lensed tip also allows for a better control
of the focusing distance, which in turns means that the probe-to-sample
distance can be configured by tailoring the lens parameters. A relatively
long focal length also allows for the integration in the system of a window
or sheath meant for protection of the device. As for the signal collection,
instead, the incorporation of a lens on a multi-fiber probe head minimizes the
effect of the poor overlap between illumination and collection light cones and
therefore of the dead volume, allowing for the employment of such a probe
in direct contact applications, especially when dealing with solid samples. In
particular, in a geometry like the one first introduced by Carrabba and Rauh
[54], the combination of a focusing lens with a (bulk) dichroic component
allows for the complete geometrical overlap of the light cones, in spite of the
double-fiber probe structure.

Despite the unquestionable advantages related to the use of a lensed probe
head, the work presented in the next chapters of this thesis deals with un-
focused probes. This is mostly due to the fact that the main results of this
Ph.D. project have been achieved with a single-fiber probe, characterized
by the overlap of excitation and collection light cones, and already affected
by an intense background emission from the fiber. The introduction of an
additional spectral background due to the lens (especially any reflection of
the laser light and emitted [FSBl back into the waveguide) would have com-
plicated the detection of the Raman signal from the samples. Even more
important, as explained in Chapter [} the probe designs resulting from the
work here presented are meant for real-time monitoring of living cells, thus
an unfocused probe represents a safer option, avoiding any photodamage of
the sample.
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Figure 3.6: Schematic of the lensed and externally filtered probe designed by
Motz et al. (adapted from [I4]). Longitudinal view on the left, and transverse
cross-section at the fiber-filter interface on the right. The diameter of the ball
lens, in contact with the filter module, is 2mm. The metal sleeve sorrounding
the rod isolates it from the tube, thus preventing crosstalk.

3.2.4 Externally filtered probes

As previously mentioned, externally filtered is the denomination given to
those probes whose head incorporates additional filtering optics, often di-
rectly mounted on the fiber tip. Generally, lensed probe are also externally
filtered. One possibility is the integration in the design of a dielectric band-
pass (BP)) or long-pass (LP)) interference filter [12]. In particular, Motz et al.
[14] used a 15-around-1 bundled geometry with filters realized by 1mm-long
coated rods and tubes. One rod carrying a dielectric short-pass (SP]) coating
on one of its flat surfaces is fitted inside a tube coated with [CP coating, and
the assembly is then mounted at the distal end of the fiber, so that the first
filter takes care of removing the generated along the central excitation
fiber, while the sorrounding filter acts as a Rayleigh-rejection filter for the
collection fibers (see Fig. [3.6). The design presented in [14] also includes a
ball lens, which transforms the large angular distribution of scattered light
emerging from the sample into a beam that falls within the of the col-
lection fibers.

It is worth noting that all these externally filtered probe are meant for a
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single excitation wavelength, since a change in the laser wavelength requires
a different filter. It is therefore not possible to use them together with
tunable lasers. Moreover, the performances of such filters may become quite
poor in case a high{NAl fiber is used.

An alternative to the incorporation in the device of the external filtering
optics is the realization of the filters in-fiber. An example of an in-fiber
Rayleigh-rejection filter is given in Chapter [4]

3.3 Summary

This chapter provides a general introduction to Raman probes, highlighting
the main functions required to perform Raman spectroscopy and therefore
providing a practical definition of a Raman probe as a device which interfaces
the light source with the sample and the sample with the detector. A brief
overview of fiber probe geometries operating in a 180° degree configuration
is given, and the main advantages and drawbacks of single- and multi-fiber
devices are discussed. A comment on the convenience of incorporating a
lens in the probe head and of the reason why this solution has not been
implemented in the work presented in this Thesis closes the chapter, together
with a note on the integration of dielectric filters in the probe design.



Chapter 4

Tunable all-in-fiber
Rayleigh-rejection filter for
Raman spectroscopy

Above all, don’t fear difficult moments.
The best comes from them.

Rita Levi-Montalcini

The previous chapter presents an overview of various fiber Raman probe im-
plementations, highlighting the advantages and disadvantages of the differ-
ent options. A dual-fiber probe, the simplest example of multi-fiber solution,
is considered in this chapter. In order to remove the elastically-scattered
light, a low-loss, tunable Rayleigh-rejection filter based on a photonic crys-
tal fiber (PCE) infiltrated by a high-index material is realized.

A brief introduction to [PCFk is given in Section [4.2] followed by a description
of the filter realization. The spectral characteristic of the filter is compared
to that obtained with some finite element method (FEM]) simulations. Fi-
nally, the results of the application of such a device to a Raman spectroscopy
experiment are presented and discussed. The work on the filter is presented
in Section 4.3
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4.1 Introduction

Multi-fiber Raman probes are characterized by separated excitation and
collection paths. This ensures that the fiber spectral background ([FSB]) gen-
erated along the excitation fiber does not cover the Raman signal collected
by the other fiber(s), at least as long as the sample is optically transparent
(as explained in Section of Chapter |3). This is illustrated in Fig.
showing the results of an experiment carried out as part of this thesis.

Light from a 532nm diode-pump solid state laser (Lasever LSR532U) is deliv-
ered to a sample of cyclohexane (CgHi2, Merck) through a step-index optical
fiber (Thorlabs HI1060). The scattered signal is collected at a 90° angle by
means of a commercial fiber Raman probe (InPhotonics RPB Laboratory
probe). This device takes care of filtering out the Rayleigh scattering and
conveys the inelastically-scattered light to the spectrometer (Andor SR303i,
cooled down to —65°C) through a 200pum-wide fiber. The spectrum, ac-
quired over a 3s-long integration time, is minimally affected by the Raman
emission from glass (appearing at wavenumbers shorter than 500cm™1!, see
Fig. (b)). This background signal has contributions from the excitation
fiber, the collimating and coupling lenses and the glass cuvette in which the
sample is contained. Thus, the presence of a filter discriminating against
the silica background is not imperative. A Rayleigh-rejection filter, on the
other hand, is needed. This is demonstrated by a variation of the previous
experiment, schematically illustrated in Fig. This experiment shows
that the intensity of the elastically-scattered light is at least one order of
magnitude higher than that of the inelastically-scattered light. The setup,
schematically illustrated in Fig. (a), involves the delivery of the laser
light to the sample through the commercial probe (105um-wide input fiber)
and the collection of the scattering by means of a 105pm-core step-index fiber
(Thorlabs AFS105/125Y), directly coupled to the spectrometer. The spec-
trum acquired over a 3s-long integration time is dominated by the Rayleigh
line, which saturates the detector as can be seen in Fig. |4.2] (b).

An all-in-fiber implementation of a Rayleigh-rejection filter was first sug-
gested by Pelletier [65] in 1999. It is based on a Bragg grating inscribed
in the collection fiber, with a period calculated such that the Bragg peak
matches the laser wavelength. The Rayleigh-scattered light is reflected by
the grating and does not reach the spectrometer, while the signal undergoes
low loss. This solution is limited to single-mode fibers, since Bragg grat-
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Figure 4.1: (a) Schematic illustration of the experimental setup used to
demonstrate the small contribution to the detected Raman spectrum due to
in case of multi-fiber probe. The CCD-based spectrometer is equipped
with a 600 lines/mm grating. (b) Raman spectrum of cyclohexane, acquired
over an integration time of 3s, averaged twice to avoid artifacts. The Raman
emission from silica, due to the fiber, the lenses and the glass container, is
located at wavenumbers shorter than 500cm~!. The peak at about 2440cm ™!
is due to room illumination.
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Figure 4.2: (a) Schematic illustration of the experimental setup used to
demonstrate the difference in intensity between Rayleigh and Raman scatter-
ing. The CCD-based spectrometer is equipped with a 600 lines/mm grating.
(b) Raman spectrum of cyclohexane, acquired over an integration time of 3s,
averaged twice to avoid artifacts. Inset: detail of the Raman peaks of cyclo-
hexane.
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ings in multi-mode fibers require a range of grating spacings which, in turn,
translates into a broader reflection bandwidth. fiber Bragg grating (FBQ)
technology allows for some limited tunability, required whenever multiple
excitation wavelengths are used. Such filters are usually tuned either ther-
mally or mechanically [66] [67], or by applying an external electric field [68].
Though mechanical tuning is more efficient, it is also rather cumbersome to
implement and therefore not always applicable to a compact Raman probe
(see also [69]).

[PCES, i.e. waveguides characterized by a periodic distribution of air holes in
the cladding region which runs all along the fiber axis, are good candidates
for the in-fiber implementation of a Rayleigh-rejection filter. With respect
to standard optical fibers, [PCFk exhibit unique transmission properties, and
when operating by the so-called photonic bandgap (PBQ) effect they allow
for the realization of spectral filters. Additionally, the spectral behaviour of
these fibers can be tuned by infiltrating their holes with a material whose
optical properties can be controlled by, for instance, a change in the tem-
perature or the application of an external electric field.

4.2 Photonic crystal fibers

The confining properties of PCEk are to some degree derived from those of
photonic crystals (Yablonovitch [70] and John [71], 1987), i.e. structures
characterized by a periodic modulation of the refractive index on the scale
of the optical wavelength. This allows the propagation of light for certain
spectral bands, while the propagation of others is not allowed. The frequency
intervals where no field solution exists are termed photonic bandgaps, from
which the name of photonic bandgap (PBQI) effect originates. In particular,
the intuition behind the invention of [PCEk is that a defect introduced in the
otherwise perfectly regular pattern of a 2D photonic crystal acts like a “trap”
for all those wavelengths which cannot propagate through the surrounding
plane structure. Thus, by extending this structure along the third dimen-
sion, it is possible to obtain a fiber-like behaviour, where the “trapped”
wavelengths are guided along the central defect which therefore acts as a
core, while all the others “escape” through the encircling microstructure
(cladding). In the case of [PCEFk the two-dimensional periodic structure is
provided by an array of air holes in the cladding region, and the structural
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defect is generally realized by either omitting a number of them or by adding
some extra ones. Thus, these waveguides are realized by means of a single
material, without the need for any dopant.

Core defect

Air-hole

2Ad

Figure 4.3: Schematic illustration of the cross-section of a typical solid-core
[PCE] where the core is realized by omitting a single air hole. The core diameter
is often defined as 2A — d.

The properties of [PCEk are normally described through geometrical parame-
ters such as the hole size d, the inter-hole distance (pitch) A and their ratio
d/ X (relative hole size), as well as by the distribution of air holes and cladding
diameter D. Fig. shows the schematic illustration of the cross-section
of a solid-core [PCH with triangular lattice, for which the core is formed by
omitting a central air hole.

Not all [PCEs guide light by the effect. As a matter of fact, the first
fiber with a photonic crystal cladding ever demonstrated (Knight et al. [72],
1996), operates by a principle similar to that responsible for light guid-
ance in standard optical fibers, and therefore named modified total internal
reflection (M=TIR]). For this reason, this class of [PCF is referred to as index-
guiding fibers. The first real fiber was demonstrated two years later,
always by Knight et al. [73]. Fig. shows an example of an index-guiding
fiber and of a fiber.
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(b)

Figure 4.4: Examples of (a) index-guiding and (b) PBQIPCEs. In particular,
(a) optical micrograph of the end facet of a Large Mode Area (LMA) fiber
(NKT Photonics LMA-15, d = 5um, A = 10um); (b) BEM picture of the
end facet of a [HJ fiber (NKT Photonics HTF1550, corediameter = 10.9um,
A = 3.8um). Both pictures appear courtesy of NKT Photonics A/S.

4.2.1 Index-guiding fibers

Index-guiding [PCFk guide light in a core that is generally solid. As in stan-
dard fibers, the core has a higher refractive index than the average refractive
index of the cladding, defined by the air holes and the fiber material. The
effective index of the guided modes lies between the refractive index of the
core and the average refractive index of the cladding. However, this class
of [PCFk also exhibits novel properties, such as the endlessly single-mode
behaviour, obtained for a relative hole size d/A smaller than 0.4 [74]. In
particular, this can be intuitively understood by considering the periodic
structure as a modal “sieve”, where the holes represent the “wire mesh” and
the glass regions in between them are pathways through which higher order
modes can leak away. The fundamental mode is instead “trapped” in the
core, owing to its larger lobe. If the ratio d/A is increased over 0.4, however,
the glass gaps between the holes become narrower and more higher order
modes end up being trapped in the sieve [75].
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4.2.2 Photonic bandgap fibers

[PBd fibers guide light in a low-index core by the PBQ] effect. Only modes
within certain spectral windows, determined by the geometry of the periodic
structure, can be guided. This is due to the fact that the cladding of a
fiber supports a discrete set of optical modes, to which the light in the core
can couple. Owing to the discrete nature of the cladding modes, this can
only happen at certain wavelengths.

Intuitively, the formation of these bands of cladding modes can be explained
by observing that the microstructured cladding region of a fiber, for
instance the one from Fig. (b), is formed by a large number of silica
strands. Each strand supports many distinct optical modes, each with a
different value of propagation constant 3. Due to the close proximity of the
strands, modes with a similar S couple together forming bands of cladding
modes (each covering a range of 3 values) separated by bandgaps. Whenever
the propagation constant of the core mode matches the 8 values of the
cladding modes, light “escapes” through the microstructure.

4.2.3 Liquid-filled photonic bandgap fibers

Whenever the holes of an index-guiding [PCH are infiltrated by a liquid with
a higher refractive index than silica, the core becomes a low-index region
within a lattice of high-index rods separated by silica strands. The guidance
mechanism changes from [M=TIR] to [PBQ] and for this reason these structures
are named liquid-filled [PBdl fibers [76]. [PBGl guiding is based on a discretiza-
tion of cladding modes, which in this case is caused by the high-index rods.
Surroundend by silica, these rods behave as individual index-guiding waveg-
uides, whose modes couple to form bands of nearly degenerate LPy;, LPiy
and L P>, modes, i.e. modes with approximatively the same refractive index.
These bands are separated by bandgaps, as shown in Fig. 4.5 The core of
the [PCH supports a mode falling in between these bands and having an ef-
fective index lower than silica [77]. In particular, this last condition ensures
that the core mode is oscillatory and that cladding modes are exponentially
decaying on the plane transversal to the axis of the waveguide. This is the
analogous of n¢, > neffco > ne in standard step-index fibers, where ngy s co
is the effective index of the mode guided along the core, and n., and n are
the indices of core and cladding, respectively. The core mode cannot couple



4.2 Photonic crystal fibers 43

1.5 T T
LP,, - - -Si0,
L = = = PBG mode
1.49 Modal cutoff )\m

147

146

Mode index

1.45

144}

1.43F

1.42

| | |
1 1.1 1.2 1.3 14 1.5 1.6 1.7 1.8 1.9 2
Wavelength [um]

Figure 4.5: Simulated effective mode indices of the cladding modes (blue)
and core mode (black) of a liquid-filled fiber. Cut-off wavelengths (green)
are calculated by means of Eq. [f1} Also shown, the refractive index of silica
(red). Picture appears courtesy of Lara Scolari [78].

to the cladding modes owing to the the difference in the effective indices. At
wavelengths where the effective index of the cladding modes approaches the
effective index of the core mode the structure becomes transparent, thus no
guidance is possible in the core anymore and minima appear in the trans-
mission spectrum of the fiber.

Fig. shows the bands of coupled LPy;, LP;1 and LP>; modes, separated
by bandgaps, together with the index of silica and that of the PBG mode.
The simulations were performed by means of a freely available tool based
on plane wave expansion method (MIT Photonic Bands), and refer to a
structure characterized by a hole size d = 3.45um and a pitch A = 7.15um.
The filling material is isotropic with a refractive index of 1.5 [7§].

The spectral characteristics of a liquid-filled fiber have been extensively
studied by (among others) Litchinitser et al. [T9-82]. They derived a model
which relates the transmission properties of the fiber to those of the high-
index inclusions, namely the refractive index of the filling material and the



Tunable all-in-fiber Rayleigh-rejection filter for Raman
44 spectroscopy

hole size d. In particular, the wavelengths at which transmission minima
appear can be estimated from the cut-off condition

2_ 2
2d+\/n5 —ng

m+1/2
where A, is the cut-off wavelength of the m—th mode and ny and nsy are the

isotropic indices of the background material (silica) and the liquid infiltrated
in the fiber respectively.

Am = (4.1)

Eq. also shows that by changing the refractive index no of the filling
material the position of transmission minima can be tuned. Tunable devices
based on infiltrated fibers have been demonstrated by means of both
isotropic (for example, [83]) and anisotropic materials ([78), [84H86], among
others).

4.3 Tunable Rayleigh-rejection filter based on
high-index liquid-filled photonic bandgap
fiber

A liquid-filled PBd fiber exhibits transmission bandgaps, i.e. the “forbidden”
bandgaps of the surrounding periodic structure, thus behaving as a spectral
filter. The shape and width of the bandgaps depend on the particular com-
bination of fiber and filling material. By infiltrating a [PCF with a proper
tunable material it is possible to obtain a bandgap which is wide enough to
be employed as a pass-band filter for the Raman lines of a given sample. At
the same time, the spectral position of the bandgap can be adjusted so that
a transmission minimum corresponds to the Rayleigh line. In this way the
Raman lines reach the spectrometer with low loss, whereas the Rayleigh line
is strongly attenuated. A schematic illustration of this procedure is shown

in Fig.

Being a strong Raman scatterer, cyclohexane is chosen as a test-sample. As
shown for example in Fig. its bands span a 3000cm™!-wide spectral
window, which corresponds to approximatively 100nm when using an exci-
tation at 532nm. In particular, the first band is positioned at 801.3cm™!,
23nm away from the Rayleigh line. This requires a rather wide bandgap
with a rather steep edge on the short-wavelength side. Since [PBGl bandgaps
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Figure 4.6: Schematic ilustration of the realization of a Rayleigh-rejection
filter by means of a solid-core [PCH infiltrated by a material with a tunable re-
fractive index: the (here simplified) original bandgaps of the filled fiber (green)
can be moved (red) such that the position of a transmission minimum matches
the Rayleigh line. The Raman spectrum from cyclohexane is shown here as an
example.
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are usually larger at longer wavelengths, a tunability of at least few tens of
nm is needed to guarantee that the transmission minimum located on the
short-wavelength side of a relatively wide bandgap corresponds to 532nm.
Additionally, Raman scattering being a weak process, it is important that
the filter be low-loss.

The [PCH chosen (NKT Photonics LMA-5), shown in Fig. belongs to the
class of large mode area (LMA)) fibers, i.e. fibers with relatively large dimen-
sions and small effective index contrast in order to spread out the transverse
field [78]. The core and outer diameter are 5 and 125um respectively, while
the hole size d is 1.36um and the pitch A is 3.16pum. The numerical aper-
ture (NA) at 532nm is 0.1.

4.3.1 Filter realization

At first a transmission spectrum of the wnfilled fiber is measured. White
light from a supercontinuum source (NKT SuperK Compact) is coupled to
one end of the [PCF], through a single-mode (SM)) fiber. The other end of the
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Figure 4.7: Optical micrograph of the [LMA}5 used in this work.

[CMAL5 is coupled to an Optical Spectrum Analyzer (OSA, Ando AQ-6315A)
set to a resolution of 2nm. The setup is shown in Figld.8] The total length
of the fiber is approximately 1m.

The fiber is then infiltrated for 5.5mm of its length with a high-index liquid
(Cargille Immersion Liquid 40BN) by capillarity. In order to do so, the tip
of the [PCH is dipped vertically into a drop of the filling material, poured on
a clean glass slide, for d5min. The infiltration length was previously deter-
mined as a trade-off between the “depth” of the transmission minima and
the losses, both of which increase with the filled length. The liquid is char-
acterized by a refractive index nposoc = 1.63 and by a thermal gradient
of —0.000454dnp/dT (in the range 15 — 35°C). Thus, an increase in the
temperature of the filled section of the fiber leads to a decrease of the term
n3 appearing in Eq. and therefore to a blueshift of the transmission
spectrum.

Once filled, the fiber is butt-coupled to the fiber which is coupled to the
white light source. The infiltrated section is placed between two aluminum
blocks, the bottom one in contact with a hotplate connected to a thermal
controller (Linkam MC60), the top one acting as a thermal lid. On the sides
of the [PCF] two uncoated pieces of the same [LMA}FS ensure that the lid is
placed horizontally without damaging the fiber.

A transmission spectrum is recorded at room temperature (22°C), then the
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Figure 4.8: (a) Schematic illustration of the setup used to characterize the
filter; (b) Detail of the butt-coupling between the and [CMA}S fibers: the
hotplate connected to the thermal controller is also shown.

temperature of the infiltrated section is increased to 30°C and up to 70°C
in steps of 10°C. At each step, a new spectrum is acquired. The spectra of
the filled [PCH at 22°C and 70°C, normalized to the spectrum of the unfilled
fiber, are shown in Fig. At room temperature, the filter exhibits a full
width at half maximum (EWHM]) bandwidth of 143nm, corresponding to a
wavenumber range of ~ 3549cm~!. The relatively flat bandgap and steep
edges are convenient for the realization of a Rayleigh-rejection filter. The
device is characterized by an insertion loss of 0.3 dB, measured at the center
of the above-mentioned transmission bandgap. However, additional losses
due to the ripples at the left-end side of the bandgap are to be expected in
the Raman measurements.

A shift of 32nm of the central wavelength of the bandgap is measured when
increasing the temperature from 22°C to 70°C. At 70°C, the extinction ra-
tio at 532nm, relative to the centre of the bandgap, is 20.5dB. However, the
spectra recorded show that the temperature at which the transmission mini-
mum corresponds to 532nm is in between 60°C and 70°C. This is confirmed



Tunable all-in-fiber Rayleigh-rejection filter for Raman
48 spectroscopy

Transmission [dB]

|
l
=30 I 532nm 22°c
r — 70°C
_35 o vnabevrv s berv e bvvn s bevv v be v

500 550 600 650 700 750 800
Wavelength [nm]

Figure 4.9: Transmission spectrum of the [CMA}FS fiber filled with Cargille
Immersion Liquid 40BN at 22°C and 70°C. Both spectra are normalized to
the spectrum of the unfilled fiber.

by the Raman measurements carried out later, which show a maximum at-
tenuation of the Rayleigh line at about 65°C.

Finite element simulations

A numerical study was carried out to investigate the spectral properties and
tunability of the filter. Simulations of the spectra of the infiltrated [PCH at
room temperature (22°C) and at 70°C are performed by using a self-made
vector element-based [FEM [85] based on a scheme presented in [87].

The dispersion of silica was taken into account through the Sellmeier equa-
tion [88], while the dispersion of the high-index liquid was calculated by
means of Cauchy’s equation

nA)=A+ 5+ (4.2)

where the wavelength is expressed in Angstrom (A) and the coefficients A,
B and C are listed in Table (4.1l
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A B C
1.5955913 | 985087 | 7.287217E+12

Table 4.1: Chauchy’s coefficients for Immersion Liquid 40BN at room tem-
perature.
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Figure 4.10: Comparison between the simulated and experimental spectra at
22°C and 70°C.

The [FEM code is used to solve the generalized eigenvalue equation deriving
from Maxwell’s equations, and the simulated transmission spectra are cal-
culated as the coupling losses due to mode mismatch between the [PBG and
M-TTR] modes at the interface between the filled and unfilled sections of the
[PCEl This is equivalent to an experimental situation where an infiltrated
[CMAL5 is coupled to an unfilled one. These losses are calculated using over-
lap integrals [89]. The propagation losses were not taken into account. The
simulated spectra of the device are compared to the experimental ones in

Fig. [L.10]

The experimental and simulated spectra are in good agreement. The broader
and deeper transmission minima in the experimental curves are due to vari-
ations in the hole size along the fiber length, which lead to a broader cut-off
since propagation losses are not considered in the model.



Tunable all-in-fiber Rayleigh-rejection filter for Raman
50 spectroscopy

INPUT FIBER SAMPLE

DPSS
LASER

OUTPUT
FIBER
(NOT USED)

THERMAL
PLATE

FILLED '
[ 1} section 4
LMA-5

Figure 4.11: Schematic of the setup used in the Raman experiment.

4.3.2 Filter application

The infiltrated [PCH is then employed to collect the Raman scattering from a
sample of cyclohexane, according to the setup illustrated in Fig. Con-
tinuous wave (CW) light from a 532nm laser (Lasever LSR532U) is guided
to the sample through a commercial Raman probe (InPhotonics RPB Labo-
ratory Probe) in order to filter out the spectral background from the delivery
fiber. The free-space power at the sample, measured with a powermeter, is
115mW. The scattering is collected orthogonally to the excitation, to avoid
direct illumination of the filled [PCH, by a collimating lens and then focused
into the core of the liquid-filled fiber by means of a second 10X micro-
scope objective. The infiltrated section of the waveguide is “sandwiched”
between two aluminum plates as previously explained, with the bottom one
in direct contact with the hotplate connected to the thermal controller. A
~ lmm-long section of the [PCH protrudes from the aluminum blocks. This
does not represent a problem, since the meniscus between the bottom surface
of the high-index liquid and the inner wall of the fiber capillaries is concave,
that is the contact angle is smaller than 90° (see Fig. . Capillary forces
push the liquid inwards, thus emptying the final ~ 1mm. The other end of
the fiber is coupled to a CCD-based spectrometer (Andor Shamrock 303i),
cooled down to —65°C to reduce dark current noise and equipped with a
600lines/mm grating. All measurements are carried out over an integration
time of 5s averaged 25 times in order to avoid artifacts in the spectra.

The intensity of the Rayleigh line is monitored as the temperature of the
filter is increased from 22°C to 30°C, and then up to 70°C in steps of 10°C.
The trend measured is plotted in Fig. [{.13] Based on the indication that
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Figure 4.12: Schematic illustration of the concave meniscus between the
bottom surface of the high-index liquid used in this work and the inner wall of
one of the [LMA}5 capillaries. The contact angle, © < 90°, is also shown.
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Figure 4.13: Four-fold attenuation of the Rayleigh line as the temperature
of the filled section of the fiber is increased from 22°C to 70°C, in steps of
10°C. One additional measurement at 65°C is carried out in order to find the
maximum attenuation (shown in the close-up).

the maximum attenuation of the Rayleigh line corresponds to a temperature
between 60°C and 70°C, an additional measurement at 65°C is carried out.
This indeed results in the lowest intensity of the 532nm line, 4.22 times lower
than at the starting value of 22°C. The filled section of the [PCH is therefore
held at 65°C and a Raman spectrum is acquired.

Fig. shows the measured peaks, which are in accordance with the
values reported in the literature [90], listed in Table assuming a small
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miscalibration of the spectrometer (=~ 20cm~'). The bands corresponding
to the symmetric CH stretching modes of cyclohexane (2852.9, 2923.8 and
2938.3cm~!) appear here at 2830, 2902 and 2912cm~!. However, it is worth
noting that the difference between, for example, 2830cm ™! (measured) and
2852.9cm ™! (reference) amounts to less than Inm, when an excitation of
532nm is considered in Eq. As expected, a higher attenuation affects
the Raman lines closer to the Rayleigh peak. In fact, the intense peak at
801.3cm ™! is not visible in the recorded spectrum. The strong line appearing
at about 2420cm ™" is due to room illumination, and corresponds to the peak
at about 2440cm ™! in Fig.

Table 4.2: Band parameters of cyclohexane (adapted from [90]). The relative
intensity is calcolated with respect to the most intense peak (2852.9cm™~!)

] Band parameter ‘ Cyclohexane ‘
Centre [cm™!] 384.1
Relative intensity [%] | 2
Centre [cm™!] 426.3
Relative intensity [%] | 3
Centre [cm™!] 801.3
Relative intensity [%] | 95
Centre [cm™!] 1028.3
Relative intensity [%] | 15
Centre [cm™!] 1157.6
Relative intensity [%] | 6
Centre [cm™!] 1266.4
Relative intensity [%] | 14
Centre [cm™!] 1444.4
Relative intensity [%] | 12
Centre [cm™!] 2664.4
Relative intensity [%] | 8
Centre [cm™!] 2852.9
Relative intensity [%] | 100
Centre [cm™!] 2923.8
Relative intensity [%] | 58
Centre [cm™!] 2938.3
Relative intensity [%] | 67
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Figure 4.14: Raman spectrum of cyclohexane acquired with the high-index
liquid-filled fiber held at 65°C. The acquisition time is set to 5s, repeated
25 times to avoid the appearance of spectral artifacts. Indicated on top of the
peaks are the measured Raman shifts (black), compared to those used as a
reference (between parentheses), taken from from the literature [00]. The line
appearing at about 2420cm ™! is due to room illumination.

The discrepancy between the measured insertion loss at 70°C (20.5dB) and
the actual four-fold attenuation of the Rayleigh line at 65°C can be explained
by considering that the two measurements refer to different setups and in-
coupling configurations, and that the latter is calculated with respect to the
central wavelength of the transmission bandgap at room temperature rather
than the actual transmission value at 532nm.

The attenuation of the Rayleigh line can be improved by increasing the
infiltration length of the [PCEH, at the expense of a higher insertion loss of the
device.

A [PCH with a higher [NA] will improve the collection of the Raman signal.
However, once infiltrated this fiber has to exhibit a spectrum suitable for the
realization of a Rayleigh-rejection filter, with wide and rather flat bandgaps
characterized by steep edges.

It is reasonable to expect that a lensed tip would adequately replace the
(bulk) objective lenses used in this work to focus the collected Raman scat-
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tering into the core of the waveguide. This can be done by, for instance,
applying a micro-lens on the tip of the fiber.

4.4 Summary

In this chapter a low-loss tunable Rayleigh-rejection filter is presented. The
device is based on a[[MA}5 [PCH infiltrated by a high-index liquid. In order to
understand the working principle of such a filter, a brief introduction to[PCFk
is given. The filter fabrication is described, and the spectral characteristic of
the device at 22°C and 70°C are presented and compared to those simulated
by means of a [FEMI code.



Chapter 5

Raman probe based on a
double-clad fiber

Now I just work as hard as I can and let the rest fall
where it may. It still doesn’t feel great most of the
time, but I push through it, for the sake of so much
good.

Andre K. Agassi

As explained in Chapter single-fiber Raman probes allow for the geo-
metrical overlap of the excitation and collection light cones at the sample.
This results in a simpler and more efficient signal collection with respect to
multi-fiber probes.

In this chapter, a probe based on a single double-clad fiber is demonstrated.
Though the illumination and collection cones of such a waveguide do not
overlap exactly, the volume within which Raman scattering is excited is en-
tirely contained in the collection light cone. The probe, described in Section
allows for the simultaneous excitation and collection of Raman scatter-
ing.
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5.1 Introduction

“Standard” single-fiber Raman probes (where “standard” means based on
a single standard waveguide) are characterized by the geometrical overlap
of illumination and collection light cones. This is due to the fact that the
counter-propagating excitation and collected light are transmitted simulta-
neously along the core of the waveguide. As previously discussed in Sec-
tion of Chapter [3] this in turn results in a strong fiber spectral back-
ground (FSBl), which hinders the detection of the Raman signal from the
sample, especially those lines located at lower wavenumbers.

However, a physical separation between the light traveling in the two di-
rections within the same waveguide is possible without the need for two
independent fibers. A step-index double-clad ﬁberﬂ like the one schemati-
cally drawn in Fig. provides “independent” paths for the transmission
of the laser light to the sample and for the delivery of the collected scat-
tering to the filtering and detection stages. This structure consists of a
core surrounded by two circular cladding layers, the inner of which has a
higher refractive index than the outer, such that the overall index distri-
bution is Necore > Nelad,in > Neclad,out where Nelad,in and Nelad,out represent
the refractive indices of the inner- and outer-cladding regions respectively.
Light can be guided in both the core and inner cladding. In particular, the
monochromatic laser radiation propagates in the former, while the scatter-
ing is conveyed through the latter. This results in a reduction in the amount
of [FSBl which is delivered to the spectrometer.

It should be noted that part of the Raman emission from the silica core,
however, is scattered at an angle that does not satisfy the total internal
reflection (TIR]) condition at the core-inner cladding interface, and therefore
“escapes” to the inner cladding. A small portion of this background signal

'With respect to some previous work [26], a different terminology is adopted in this
Thesis. The term “double-clad” fiber replaces the denomination “double-core” fiber. Ow-
ing to the fact that both the core and the inner cladding of this structure are used for light
guidance, and to the intuitive association of the concept of light guidance with the core
of an optical fiber, the waveguide was initially referred to as double-core. The regions of
which the structure consists were then termed inner and outer core, and cladding. How-
ever, it was later realized that the name double-core is misleading, since fibers with two
non coaxial cores may be called the same way. Additionally, this type of waveguide always
appears in the literature under the name of double-clad fiber. For these two reasons, the
terminology is here updated to match the conventional one.
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ends up propagating in this region towards the detector. Thus, strictly

speaking it is not correct to assert that
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Figure 5.1: Schematic illustration of a double-clad fiber consisting of two
circular cladding regions surrounding the core. The step-index structure is
characterized by the indicated refractive index profile.

Similarly, it is not correct to say that the excitation and collection cone of a

double-clad waveguide overlap comple

tely, as would instead be the case for

a standard (single-clad) fiber. However, in the present case the illumination
light cone is completely contained within the collection one, as schematically
illustrated in Fig. [5.2] This means that the volume within which Raman
scattering is generated is entirely contained in the volume from which the
inner cladding can collect light, thus allowing for an efficient collection. It

is worth noting though that only the

portion of the Raman signal which is

scattered in a direction contained within the numerical aperture (NA) of the
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Figure 5.2: Schematic illustration of the overlap of excitation and collection
light cones in a double-clad fiber like the one used in this work. Marked in
yellow is the “excitation path”, while the region in which the scattering is
excited is coloured in dark red.

inner cladding is collected, as indicated in Fig,.

Double-clad fibers have the ability to support the simultaneous single-mode
(M) illumination from the core and multi-mode (MMi) collection through the
cladding. This configuration, often termed BEMHMM], is convenient in systems
which do not require coherent signal detection, such as Raman and fluores-
cence detection, owing to the increased collection efficiency (with respect
to a single fiber) and depth of field (if compared to a single [MM fiber)
[91].

5.2 Raman probe based on double-clad fiber

The double-clad fiber used throughout this work is schematically shown in
Fig. It consists of a step-index structure with a central 7.5um di-
ameter germanium-doped core surrounded by a 260pum-wide pure-silica in-
ner cladding and by an additional 20pm-wide layer of fluorine-doped outer
cladding of lower refractive index. The outer fiber diameter is 300um, pro-
tected by a conventional acrylate primary coating, for a total diameter of
440pm. The numerical apertures (NAE) of core and inner cladding are 0.124
and 0.22, respectively.

Assuming for semplicity that the end facet of the fiber is homogeneously
illuminated by the scattered light, then the collection efficiency is approxi-
matively proportional to the area of the collecting region of the fiber. The
inner cladding region of this double-cladding fiber collects ~ 17 times more
light than the 62.5pum-wide core of a single [MM] fiber with and a similar [NAl
For a fiber with a 8um-wide core and a similar [NA] this values increases
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Figure 5.3: Schematic illustration of the excitation and collection of Raman
(and Rayleigh) scattering with a double-clad fiber (for semplicity, only the core
and inner cladding of the waveguide are shown): the excitation light illuminates
the molecules of the sample, one of which is shown as an example, from the
core. Part of this radiation, however, is reflected at the fiber/air interface owing
to Fresnel reflection and propagates back along the core. Light is scattered in
all directions by the sample, and only the fraction which is contained within
the collection cone of the inner cladding is actually propagated towards the
spectrometer, whereas the rest is “lost”.

to ~ 1055 times.
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acrylate

Figure 5.4: Schematic illustration of the double-clad fiber used thoughout
this work. The core-inner cladding refractive index difference is about 0.005,
whereas that between inner and outer cladding is 0.017. The [RAk of core and
inner cladding are 0.124 and 0.22, respectively.

5.2.1 Fiber cleaving and mounting

The fiber ends are cleaved by means of Vytran LDC400 Large Diameter
Fiber Cleaver (Fig. [5.5). The device operates by the tension-and-scribe
method, based on the fact that a crack induced on the side of a tensioned
fiber propagates perpendicularly to the applied stress field [92]. This ma-
chine allows for the control by the user of both the fiber tension and cleaving
angle. The first one is determined for every new type of structure by a trial-
and-error procedure, checking the quality of the cleave after each attempt,
and modifying the value until a good cleave is obtained. The double-clad
fiber used in the work described in this Thesis requires a tension correspond-
ing to a 752g force (=~ 7.37N). The cleaving angle depends on the fiber
rotation angle, and previous measurements have shown a good agreement
of the two angles, with ~ 1° of difference between them. In the experiment
presented in this chapter, the rotation angle is set to 0° (flat cleave) for
both fiber ends. Unlike initially believed, the quality of the cleave is not
deteriorated if the entire ending section of the fiber is uncoated, despite the
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Figure 5.5: Vytran LDC400 Large Diameter Fiber Cleaver. On the walls of
the 400pum V-shaped grooves, small apertures allow for the vacuum pump to
“suck” the fiber down. The right fiber holding block can be set to rotate in
order to angle-cleave the fiber.

fact that the fiber is 140um thinner inside one holding block than in the
other.

Once the fiber has been cleaved, it is “mounted” in the setup. However,
owing to the thickness of the waveguide, it is not possible to hold it in place
on a metallic fiber mount by means of plasticine only, as would instead be
the case for a thinner fiber. A standard 125pum-diameter fiber can be held
in contact with the V-shaped groove of the fiber mount by applying small
pieces of plasticine on top of the fiber, as schematically drawn in Fig.
Unless the termination of the waveguide is entirely stripped from its coating
(for as long a section as the length of the mount), the modelling clay has
to be applied exclusively on the coated section in order to avoid bendings
that would compromise the in-coupling of the laser radiation. The same
holds for the double-clad fiber. However, the structure is in this case too
rigid for the plastic material to hold it perfectly still, unless the fiber is held
horizontally outside the V-groove. For this reason, an additional “clamping”
stage, shown in Fig. [5.7] is added to the setup. The double-clad waveguide
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Figure 5.6: Schematic drawing of the placement of a fiber in the fiber mount
by means of small pieces of plasticine. The double-clad fiber is too thick to be
held in place by means of the sole plasticine, and over a few hours it lifts up
on the in-coupling side, spoiling the alignment. In all drawings, a portion of
the fiber mount is transparent (contoured by a dashed line) so that the fiber
position can be seen. The fiber coating is not shown.

is “sandwiched” between two metal pieces, with a short coated piece of the
same fiber on each side to keep the spacing. The stage position is kept loose
until the laser light has been coupled into the core, since this in-coupling
requires the position of the fiber to be adjusted, also longitudinally. Once
the coupling is done, the stage is fastened to the setup.

5.2.2 Experimental setup

The fiber is used to perform Raman spectroscopy on a sample of cyclohexane
(Merck), according to the setup presented in Fig. 1064nm light from
a Q-switched mode-locked Nd:YAG laser (Quantronix 116) is frequency-
doubled by means of a KTP (Potassium Titanyl Phosphate) nonlinear crys-
tal and coupled into the inner core of the double-clad fiber by means of a
dichroic mirror and a 10X objective lens (Nikon). Each Q-switched pulse
is composed by about 20 mode-locked pulses of the duration of ~ 150ps,
generated at a 3.2kHz rate. The fiber was previously cleaved and positioned
in the setup as explained in Subsection [5.2.1

The other end of the double-clad fiber is then put in close proximity to the
sample surface (approximatively lmm distance), by means of a self-made
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Figure 5.7: (a) Top view of the in-coupling section: the double-clad fiber is
held on the fiber mount by means of plasticine. The additional “clamping”
stage ensures that the fiber stays horizontal; (b) The double-clad fiber “sand-
wiched” between two metal pieces on the additional “clamping stage”. Two
pieces of the same fiber, unstripped, keep the spacing. NOTE: The fiber labeled
as “F111122 2012-04-10 CHIARA” belongs to a different setup.
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Figure 5.8: Schematic of the experimental setup. The additional “clamping
stages” are not shown.

holder whose height can be manually adjusted, and in which the fiber mount
can be inserted (see Fig. |5.9). The sample is illuminated from the fiber core,
whereas the scattering is collected in the inner cladding.

The same dichroic mirror used to couple the frequency-doubled radiation
into the core is used to recover the collected scattering from the inner
cladding (thus demultiplexing the excitation and Raman signal). A dual
532nm and 1064 nm notch filter (Edmund Optics) eliminates the Rayleigh-
scattered light and attenuates the intense infrared (IRJ) light reflected by the
other optical surfaces. Additional filtering of the 1064 nm light is provided
by a KG5 glass.

The Raman signal is then focused by a second 10X focusing lens (Nikon)
into the inner cladding layer of another piece of the same double-clad fiber.
A second “clamping stage” is inserted in the setup to keep the waveguide
from moving (Fig. [5.10| (a)). This fiber was previously inserted into a heat-
shrink tubing which serves as an extra protective coating. After shrinking
this tube, the operation was repeated with a second, larger heat shrink (Fig.

(b)).
The fiber is coupled to a CCD-based spectrometer (QE65000, Ocean Op-

tics), thermo-electrically cooled down to —20°C to reduce dark current noise.
The device is equipped with a 1200 lines/mm grating and is capable of signal
acquisition in the bandwidth 530—697nm. The aperture slit of the spectrom-
eter is 1 mm-high and 50 pm-wide, therefore limiting the collection efficiency
of the setup. From a geometrical point of view, assuming that the cross-
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Figure 5.9: Self-made holder, mounted on a “pole” so that its vertical position
can be manually adjusted. The fiber mount is inserted in the cilindrical hole,
and the whole structure is lowered towards the glass beaker, so that the fiber
can be dipped in the sample.

section of the fiber is illuminated homogeneously, then a little less than one
fourth of the collected light enters the spectrometer (~ 23.5%). Such a rela-
tively narrow slit width was chosen as a trade-off between the collection area
and the spectral resolution, which degrades as the slit width increases. Ac-
cording to the manifacturer, a 50pum-wide slit results in a spectral resolution
of ~ 0.6nm. However, a better spectral resolution (~ 0.48nm) is measured
during this experimental activity, as explained in Subsection

5.2.3 Self-propelled catastrophic breakdowns

During previous experiments carried out with the tip of the double-clad
fiber dipped into the sample of cyclohexane, it was found that the radiation
exiting the core is capable of causing the nucleation of what are believed
to be cavitation bubbles, i.e. vapor cavities within the liquid which first
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expand and then collapse owing to the higher pressure of the surrounding
medium (sample). The collapse results in both the emission of a shock

eat shrink
(b)

[t
R e

Figure 5.10: (a) Top view of the in-coupling section of the double-clad fiber
coupled to the spectrometer: the waveguide is held on the fiber mount by means
of plasticine, while an additional “clamping” stage ensures that the fiber stays
horizontal. The fiber is “sandwiched” between two metal blocks in between two
pieces of the same fiber, unstripped, which keep the spacing; (b) A third stage
mounted in the setup to avoid any damage to the fiber, at the section where
the latter exits the two heat shrink tubes which provide additional protection;
(¢) The other end of the double-clad fiber, connectorized, prior to its coupling
to the spectrometer.
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wave and the generation of a high-speed liquid jet directed towards the
sample/waveguide interface, with potentially damaging consequences for a
solid surface placed at a distance shorter than twice the maximum radius of
the bubble [93].

As a consequence of the optical cavitation, a fiber fuse is induced in the
fiber, that is the self-destruction of the waveguide manifest as a “flash” of
visible light which propagates from the original damage site towards the
optical source at a speed that can reach several meters per second. Fiber
fuses occur at high optical densities (starting from ~ 2MW cm~2) in the
presence of a “triggering event”, that is an external stimulus or an inherent
flaw in the structure. In this case, the damage caused by the collapse of
the cavitation bubble at the sample/waveguide interface may represent the
trigger. Another possibility is that the reflection from the bubble (before its
collapse) is instead the event triggering the destructive phenomenon. The
reflection from the original damaging site increases the temperature in the
fiber to ~ 5400K (5127°C), enough to locally “vaporize” the glass. This
results in a new damaging site, which is in turn reflective, leading to the
back propagation of the damage [94].

The fiber fuse, observed every time the fiber is immersed into a sample
of cyclohexane, is a destructive event which requires the replacement of the
waveguide. For this reason, the results presented in this chapter are acquired
with the tip of the double-clad fiber held outside the sample, at a distance
of approximatively Imm from its surface.

5.2.4 Raman spectra

The Raman spectrum of a sample of cyclohexane, acquired over a 15s-long
time (repeated twice), is shown in Fig. [5.11} The solvent is contained
in a glass beaker. The Raman lines of cyclohexane from the webpage of
McCreery’s group [90], listed in Table (Chapter , are assumed as ref-
erence values and indicated in the figure between parentheses. With respect
to the spectrum of cyclohexane acquired with the commercial probe from
InPhotonics (Fig. in Chapter , the spectrum recorded with the double-
clad fiber is affected by a strong [FSBl, which covers all the peaks from the
sample with the exception of those located at 1444.9, 2858.4, 2928.2 and
2940.3cm~!. This is due to single-fiber nature of the probe: part of the
background signal which is generated in the core by the excitation light is
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Figure 5.11: Raman spectrum of cyclohexane acquired with the double-clad
fiber over an integration time of 15s, repeated twice to avoid the appearance of
spectral artifacts. Only the Raman lines located at 1444.9, 2858.4, 2928.2 and
2940.3cm~! are easily identifiable, whereas the others are masked by the fiber
background emission. Indicated on top of the peaks are the measured Raman
shifts (black), compared to those used as a reference (between parentheses)
[90].

scattered at an angle which does not satisfy the [TIR]l condition, as explained
in Section The largest contribution to the [FSBl however, comes from
the fiber emission in the core which is reflected at the fiber/air interface and
which propagates back towards the dichroic component along the core itself.
Moreover, the 532nm radiation which is reflected at the fiber/air interface
(~ 4%, Fresnel reflection), also contributes to the generation of this inter-
fering signal. The bulk dichroic component used to demultiplex the Raman
and laser signals transmits all wavelengths other than 532nm, regardless of
their origin (core or inner cladding).

It is worth noting that a strong Rayleigh line still appears in the spectrum,
despite the presence of the notch filter. Also, the ability of the spectrometer
to discriminate between the peaks at 2928.2 and 2940.3cm ™! proves that the
resolution of the device is at least 0.48nm: by means of Equation from
Chapter [2] it is possible to convert the Raman shifts into the corresponding
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Figure 5.12: Raman spectrum of cyclohexane obtained from the subtraction
of the spectrum of the double-core fiber (FSH]) from the spectrum of the sam-
ple, acquired with the same fiber. Both spectra are recorded over a 15s-long
interval, and the acquisition is repeated twice to avoid the appearance of spec-
tral artifacts. Indicated on the peaks are the measured Raman shifts (black),
compared to those used as a reference (between parentheses) [90]. Owing to
the saturation of the detector for wavenumbers lower than 750cm ™! in both the
measurements with and without the sample, only the 750 — 3500cm " range is
shown here.

wavelengths, which in this case turn out to be 630.17nm (2928.2cm~!) and
630.65nm (2940.3cm™1).

In the attempt to obtain a clearer signal, a Raman spectrum of the fiber
is also acquired (over the same integration time) and subtracted from the
one previoulsy recorded. In particular, the second spectrum is acquired af-
ter the removal of the sample from the glass beaker by means of a syringe,
with the fiber still in place. The spectrum resulting from the subtraction,
shown in Fig. is characterized by the presence of all the major cyclo-
hexane peaks. It is therefore sufficiently detailed and background-free to be
considered useful.

It is worth remembering that this positive result is obtained by means of
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bulk components, namely the KTP crystal used to frequency-double the
laser radiation and the dichroic mirror which recovers the collected Raman
scattering. These have to be replaced by equivalent in-fiber components, in
order for a truly all-in-fiber Raman probe to be realized.

The spectral subtraction is only shown in the spectral range 750 —3500cm ™.
This is due to the fact that for wavenumbers lower than 750cm ™! the back-
ground fiber emission saturates the detector in both spectra, thus leading to
a diffence equal to zero.

5.3 Summary

In this chapter, a Raman probe based on a double-clad fiber is presented.
The structure is described, and some experimental issues such as the forma-
tion of what are believed to be cavitational bubbles and the occurrence of
fiber fuses are briefly discussed. The tool and techniques used to cleave the
fiber and properly mount it in the setup are also mentioned. The Raman
spectrum of Cyclohexane obtained with this device, together with a short
discussion of the experimental results, closes the chapter.



Chapter 6

Raman probes based on

optically-poled double-clad
fibers

There is no use trying, said Alice; one can’t believe
impossible things. I dare say you haven’t had much
practice, said the Queen. When I was your age, I
always did it for half an hour a day. Why, sometimes
I’ve believed as many as six impossible things before
breakfast.

Lewis Carroll

The work presented in Chapter [5| relates to the demonstration of a Raman
probe based on double-clad fiber. The excitation light in the visible range is
generated by a nonlinear crystal and injected in the core of the fiber, through
which it is delivered to the sample. The scattering (both elastic and inelastic)
is collected in the coaxial inner-cladding region of the same waveguide, from
which it is recovered by means of a bulk dichroic mirror.

In order to realize an all-in-fiber Raman probe, additional steps are required,
with the replacement of all remaining bulk components by equivalent fiber
components. In this chapter, the in-fiber generation of the excitation light
in the visible range by means of a technique known as optical poling is
addressed, together with the possibility to recover the collected scattering
using an integrated fiber coupler in the setup.
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An introduction to optical poling is given in Section [6.2] This is followed
by a description in Section of the fabrication of a Raman probe based
on an optically-poled double-clad fiber and the discussion of the results ob-
tained with it. The fabrication and characterization of a double-clad fiber
coupler is presented in Section together with the results of a proof-of-
principle Raman spectroscopy experiment carried out with a probe based on
an optically-poled double-clad fiber coupler.

6.1 Introduction

Ever since their first demonstration in 1983 [10], substantial improvements
in the design of fiber-based Raman probes have been reported, in the at-
tempt to further miniaturize the devices, enhance their collection efficiency
and to integrate as many of the required functionalities as possible into fiber
components [IT, 55H57]. As described in Chapter |3 these functionalities
include the generation of the excitation light and its delivery to the sam-
ple, as well as the efficient collection and filtering of the Raman-scattered
light and its delivery to a suitable detector. In case the excitation and col-
lected signals travel along the same waveguide, then also some signal /pump
demultiplexing is needed.

As seen in Chapter 4l an in-fiber Rayleigh-rejection can be realized with
the use of photonic crystal fibers (PCFs). The collected elastically-scattered
light can be filtered out by means of a PCF infiltrated by a high-index
material. By carefully choosing the filling material, a tunable low-loss device
can be obtained.

The development of a Raman probe based on a double-clad fiber is discussed
in Chapter [5| The device takes care of delivering the excitation light to the
sample through its core, and propagating the collected scattering towards
the spectrometer in its inner cladding. The demultiplexing between the laser
and collected radiation is performed by a bulk dichroic component.

As for the in-fiber generation of the excitation light, a fiber laser represents
the obvious choice. The problem lies in the fact that excitation wavelengths
in the visible range are usually preferred for Raman spectroscopy, owing to
the inverse proportionality between the intensity of the Raman signal and
the wavelength used to excite it, while monolithic fiber lasers are generally
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available in the near infrared (IR]). Nonlinear crystals such as KTP (Potas-
sium Titanyl Phosphate) are often used for frequency doubling, at the price
of the loss of some of the advantages of the monolithic design, such as re-
duced coupling losses, alignment-free operation and increased robustness.
However, by poling the fiber used to deliver the excitation light to the sam-
ple, it is possible to achieve in-fiber second harmonic generation (SHQ), thus
preserving the all-fiber design. In this way, a fiber laser emitting a funda-
mental 1064nm radiation can be complemented with a poled fiber, able to
generate the 532nm light of interest.

Of the various poling techniques [95], optical poling is the easiest to im-
plement, requiring neither electrodes internal to the fiber nor a periodic
ultraviolet ([UV]) exposure. This technique relies on the creation of a self-
organized grating by means of the coherent interaction between the funda-
mental [Rl and the second harmonic (SH) waves along the fiber core. Demon-
strated for the first time almost three decades ago and gaining a lot of
attention in the first few years, it was soon eclipsed by thermal poling [96],
characterized by a higher conversion efficiency. As much as 236 mW of green
light have recently been generated in a fiber by thermal poling [97], whereas
no more than a few mWs of generated visible light has ever been reported
with optical poling [95].

The employment of optical poling in a Raman experiment represents one the
first pratical applications of this technique. When used in conjunction with
a double-clad fiber, this technique has the additional advantage of avoiding
any background fiber emission from the inner cladding due to an impre-
cise coupling of the laser light to the waveguide (that is, the unavoidable
large fraction of the externally generated BHl radiation coupled to the inner
cladding instead of to the core).

The last bulk optics component that should be replaced in the all-fiber
implementation is the dichroic mirror used to recover the scattering from
the inner cladding of the fiber. A good candidate is a double-clad fiber
coupler, that is a component able to couple the collected scattering between
the inner-cladding layers of two pieces of the same double-clad fiber.

During the last decade, double-clad fiber couplers have mainly been used
by Lee and coworkers for fluorescence spectroscopy [98, [99], often combined
with optical coherence tomography [100]. Lemire-Renaud et al. [I01] demon-
strated a spectrally encoded endoscopy setup based on a double-clad fiber
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coupler. These devices were realized by fused biconical taper (EBT]) method
[99, [101], side-polishing method [98], or by simple contact between the inner-
cladding regions of the fibers, after the removal of the low-index polymer
layer that serves as an outer cladding [100].

By optically poling one of the waveguides of a double-clad fiber coupler it is
possible to obtain an all-in-fiber component which is able to generate the ex-
citation light in the visible range required to perform Raman spectroscopy,
deliver the generated radiation to the sample through the fiber core and
simultaneously collect the scattering in the inner cladding. Once the back-
propagating signal reaches the coupling region, a part couples out to the
inner cladding of the other waveguide of the device, which conveys it to a
proper filtering stage first, and then to the spectrometer.

Such an optically-poled double-clad fiber coupler-based Raman probe rep-
resents a considerable step forward in the realization of an all-fiber Raman
system, to be complemented by a fiber laser at 1064nm and an in-fiber
Rayleigh-rejection filter.

6.2 Optical poling

Optical poling is a technique which allows for in optical fibers by record-
ing a permanent periodic grating along the waveguide.

Until the first reportE| of efficient in a conventional glass fiber in 1986
[104], the occurrence of second-order nonlinear processes in silicate fibers
was deemed to be impossible owing to the nature of glass. Fused silica is an
amorphous material which exhibits a macroscopic space inversion symme-
try, thus the lowest expected nonlinearity is the third order. However, by
recording an electric field in the glass it is possible to “break” the inherent
symmetry and allow for the appearance of second-order nonlinear effects,
otherwise prohibited. Optical poling, as the process is now called, induces
a permanent modification in silica, which starts behaving like a x? material
despite the intrinsic absence of a x? [95], 105].

"Weak in-fiber BHQl was reported before 1985 by Fujii et al. [I02] and Sasaki and
Ohmori [1I03] as a consequence of the combination of four-photon mixing and stimulated
Raman scattering (at least in the second case; Fujii and coworkers were not able to fully
explain their results.)
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Though the basic microscopic mechanisms behind optically-induced BHG
have never been completely understood, it is known that this process relies
on the coherent interaction between the fundamental IRl and the SHI light.
For this reason, a “seed” is needed for the phenomenon to start. In the
absence of an external seed, it is believed that a weak [SHl signal is produced
anyway by the fiber due to the (normally neglected) electric quadrupole and
magnetic dipole interactions, and this weak signal acts as a seed [105]. The
combination of two photons of the fundamental beam with one photon of
the radiation is believed to result in the photoionization of glass defects,
giving rise to a spatially periodic charge ejection. The electrons released in
the process drift in the gradient of the optical field until they are trapped at
the core-cladding interface, where they accumulate. Altogether, this charge
accumulation results in a spatially periodic but temporally invariant (DC)
internal electric field, permanently recorded in the fiber [95] [106].

The DC field forms a grating in the fiber, whose period depends on the
relative phase of the beating fundamental and SH waves. This grating satis-
fies a quasi-phase matching (QPM]) condition, which guarantees contructive
interference and therefore an efficient frequency doubling. As suggested
by Armstrong et al. [I07], the periodic modulation of the refractive index
of the waveguide due to the grating compensates for any difference in the
phase velocities of the two waves. Written during the optical poling process,
this self-organized grating contributes to its own creation. Thus, the
amount of frequency-doubled light at a given time depends on the amount
of Bl that, together with the fundamental, previously exposed the fiber. Ac-
cordingly, the unseeded growthﬂ of the generated light is exponential with
time [95] [10§].

The period of such a grating, which in silicate fibers with a fundamental
beam at 1064nm is ~ 40pum, can be measured by exposing the optically-
poled fiber to chemical attack by hydrofluoric acid and by inspecting it
under a phase-contrast microscope, as shown in Fig. This is due to
the fact that the rate of etching is sensitive to the intensity of the internal
electric field recorded in the fiber [109].

After a given amount of time, the poling process saturates. It is now believed
that the dark conductivity of the glass, which limits the amount of charge

2The term “unseeded” here refers to the growth of the [SH] light after the removal of
the seeding.
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Figure 6.1: Germanosilicate fiber prepared for SHG by optical poling, etched
with hydrofluoric acid (HF). The image is obtained with a phase-contrast mi-
croscope. Picture appears courtesy of Walter Margulis.

that can be accumulated, contributes to the saturation [106]. Also, it is
known that frequency doubling occurs further and further into the fiber
as the preparation evolves, but close to saturation the generating region
reverses its movement and retreats towards the input of the fiber. This
suggests that after a length of about 10cm, that is the typical final length of
the grating, the coherent interaction of the two fundamental and [SH waves
is lost. It is reasonable to think that dispersion plays a role in disturbing the
regime, as well as other nonlinear phenomena such as self- and cross-
phase modulation, which alter the relative phase of the waves [105] [110].
The strength of the recorded field is usually in the order of 105Vm™"!, about
four orders of magnitude weaker than the inter-atomic field.

Optical poling is a stable process: once poled, the fiber can be removed from
the setup and when exposed to light again it is still able to frequency-double
efficiently the same [[R] wavelength used during the preparation (where “the
same” here means a wavelength within a bandwidth in the order of a few A
from that originally employed in the preparation). Such an experiment is not
straightforward, though: not only the wavelength has to match the one used
in the preparation process to satisfy the constructed interfrence condition,
but also the polarization of the illuminating radiation has to match the one
used to pole the waveguide. This is not easy to accomplish if the fiber is not
polarization mantaining (PM). In such a case, the fiber should not be bent
and the temperature in the room should be fairly constant, since even a few
°C temperature variation affects the polarization of the light propagating in
the waveguide. In case an orthogonal polarization is used, the DC field will
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be three times weaker, and the generated B nine times less intense. This
issue can be overcome by using a [PMl fiber.

6.3 Raman probe based on an optically-poled
double-clad fiber

The probe is fabricated by means of a double-clad fiber like the one illus-
trated in Figs. and Prior to its preparation for BHGL the fiber is
hydrogen-loaded for about 1 week at a pressure of 145bar and at room tem-
perature, and then stored in a freezer at —78°C to prevent any outdiffusion
of the hydrogen. The hydrogen loading of Ge-doped silicate fibers at high
pressure and low temperature is known to enhance the photosensitivity of
the waveguides in the @Vlrange, and for this reason is a technique commonly
used in grating formation [I11]. However, Hs loading also enhances the effi-
ciency of the optical poling process at 1064nm, accelerating the preparation
of a fiber for [112] 113].

The Hs-loaded double-clad fiber is cleaved with Vytran LDC400 (see Sub-
section of Chapter . In particular, one end is flat-cleaved, while the
other is cleaved at an angle of about 11° (corresponding to a rotation angle
set to 10°), in order to reduce the Fresnel reflection at the glass/sample in-
terface. Fig. shows an optical micrograph of the cleaved sections.

6.3.1 Optical poling of the double-clad fiber

The preparation of the double-clad fiber for BHQl follows the three steps
illustrated in Fig. [6.3] At first, 1064 nm light from a Q-switched mode-locked
Nd:YAG laser (Quantronix 116) is frequency-doubled by means of a KTP
crystal in order to generate the seed for the process. Each Q-switched pulse
is composed by about 20 mode-locked pulses of the duration of ~ 150ps,
generated at a 3.2kHz rate. Both the fundamental ORI light and the
are coupled into the core of the fiber by means of a dichroic mirror and
a 10x focusing lens (Nikon). Although the mirror is highly reflective at
1064nm, a small amount of green light is also reflected. Since this is the
same component that will later be used to demultiplex the core and inner-
cladding radiation in the actual Raman experiment (see Subsection , it
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(a) (b)

Figure 6.2: (a) Cross-section of the cleaved double-clad fiber; (b) Angle-
cleaved tip (about 11°) on the sample side of the probe. The circular region of
a lighter colour surrounding the core does not represent an interface between
two different materials, but is instead due to the “caning” procedure during
the fiber drawing process.

is important that the amount of reflected visible light is small. An additional
mechanical “clamping” stage like the one described in Section 5.2 of Chapter
is placed in the setup to ensure the correct positioning of the fiber.

The in-coupling of the light to the core mode is done by near-field imaging
the shape of the mode exiting the fiber on a white surface placed at a distance
of about 1m from the tip of the waveguide, by means of a 20X collimating
lens (Nikon) (Fig. (a)). The 1064nm beam is coupled to the fundamental
mode in order to guarantee efficient This is a bit unpractical since it
requires an [[R] viewer. However, it is found that if the visible light from the
seed is coupled to the core mode first, then finding the optimized coupling
condition for the [Rl radiation is rather straightforward. Thus, for the sake
of convenience, the coupling of the is optimized first.

After a few seconds of illumination with both green and [RI radiation, the
fiber core starts generating [FHl light. By inserting in the setup a filter which
blocks the injection of the 532nm radiation into the waveguide, it is possible
to check whether or not there is any green light in the exit beam (Fig.
(b)). Once the optical poling process has started, then the nonlinear
crystal is removed and the growth of the continues as a self-sustained
process. Two power meters measure the average power of the generating
and generated radiation, as shown in Fig. (c).
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Figure 6.3: Steps needed for the optical poling of the double-core fiber: (a)
seeding of the BH light by means of a KTP crystal; (b) reading of the 532nm
generated by the fiber; (c¢) self-sustained preparation, monitored by two power
meters at 532nm and 1064nm respectively.
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Figure 6.4: Growth of the SOl with time, measured after the focusing lens and
an additional filter to attenuate the [[Rl radiation.

Saturation occurs in about 4 hours, with approx 0.83 mW average power
of generated green light (measured after the collimating lens and a filter
attenuating the [R] transmission), out of the average 450 mW of [R] light
initially injected into it. The generated power at the output of the fiber is
estimated to be about 1mW. As expected, after an initial adjustment of the
relative phase of the fundamental and SH waves which follows the removal of
the seed, the unseeded growth of the is exponential with time, as shown
on a semi-logaritmic scale in Fig. [6.4

Optical poling takes place along the first ~ 10 = 20cm from the fiber input.
Thus, in case the distal end is damaged, it can be cleaved again without
consequence for the generated

6.3.2 Experimental setup

In an effort to solve the issue of bubbles and fiber fuses, described in Section
of Chapter [5 other samples are tested. It is found that measurements
carried out on samples of dimethyl sulfoxide (DMSO) are not affected by
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Figure 6.5: Schematic of the experimental setup. Additional “clamping”
stages (not shown here) are placed in the setup to ensure the correct positioning
of the fibers.

bubbles, unlike those performed on cyclohexane, ethanol and methanol. It
is therefore possible to dip the tip of the double-clad fiber into without
risking to damage the waveguide. This might be due to the different vapor
pressure of the solvents, rather than on their polarity as initially thought.
According to Shah et al. [114], induction of cavitation is more difficult in sol-
vents with low vapor pressure. has the lowest vapor pressure among
all the above-mentioned materials (0.61hPa versus 104hPa for cyclohexane,
59hPa for ethanol and 128hPa for methanol, all of which refer to a temper-
ature of 20°C with the exception of [DMSQOl whose vapor pressure is given at
25°C [115]), which might explain the different behaviour. Being also a strong
Raman scatterer, is therefore used as a sample for the experimental
activity described here.

The 532nm light generated by the optical poling of the double-clad fiber is
used to perform Raman spectroscopy on a sample of (Merck), accord-
ing to the setup shown in Fig. [6.5] In particular, the solvent is illuminated
by the light exiting the core of the waveguide and the Raman-scattered light
is collected in the inner cladding. The waveguide is inserted vertically into
the sample by means of a holder like the one shown in Fig. [5.9

The same dichroic mirror used to couple the laser radiation into the core
is used to demultiplex the excitation light from the scattering, in order to
recover the latter from the inner cladding. A dual 532 and 1064 nm notch
filter (Edmund Optics) takes care of eliminating the Rayleigh-scattered light
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and attenuating the intense [R] light reflected by the other optical surfaces.
Additional filtering of the 1064 nm light is provided by a KGb5 glass.

The collected Raman signal is then focused by a second 10X focusing lens
(Nikon) into the inner cladding layer of another piece of the same double-clad
fiber. This waveguide was previously inserted into two heat-shrink tubings
which serve as an extra protective coating, as explained in Chapter

The fiber is coupled to a CCD-based spectrometer (QE65000, Ocean Op-
tics), thermo-electrically cooled down to —20°C to reduce dark current noise.
The device is equipped with a 1200 lines/mm grating and is capable of sig-
nal acquisition in the bandwidth 530 — 697nm. The aperture slit of the
spectrometer is 1 mm-high and 50 um-wide, therefore limiting the collection
efficiency of the setup, as discussed in Chapter

6.3.3 Raman Spectra

At first, a spectrum of is acquired over a 15s interval, repeated twice
to avoid the appearance of artifacts. This spectrum is shown in Fig.
The peaks of DMSO] located at 671.2, 1424.4, 2919.9 and 3001.2cm™! are
visible, despite the presence of an intense fiber spectral background ([ESB)).
For comparison, the Raman lines of as they appear in the work by
Martens et al. [116] are listed in Table The few detectable peaks are in
good agreement with the reference ones, indicated between parentheses in

Fig[6.6]

As explained in Chapter [5| the intense background is mainly due to the
amount of fiber emission in the core which is reflected at the fiber/sample
interface and which propagates back towards the dichroic component. Addi-
tionally, the fraction of the excitation light which is reflected at the fiber end
facet also generates [FSB] on its way back. Unlike the experiment discussed
in the previous chapter, however, drastically reduces the amount of
reflected light at the ending cross-section of the waveguide. In case of flat
cleave, for example, the Fresnel reflection at the fiber end is approximately
4% for a fiber/air interface and approximately 4 orders of magnitude lower
for a fiber /[DMSOl interface. This explains why, with respect to the spectrum
shown in Fig. in Chapter [0 the [FSBlappearing in Fig. is less intense
and more structured, with a glass peak at 601.6cm~! which is too weak to
saturate the detector.
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Figure 6.6: Raman spectrum of acquired with the poled double-clad
fiber over an integration time of 15s, repeated twice to avoid the appearance of
spectral artifacts. Only the Raman lines located at 671.2, 1424.4, 2919.9 and
3001.2cm ™! are visible, whereas the others are masked by the fiber background

emission.

In order to reduce the background due to the fiber emission, a second spec-
trum is acquired with the tip of the fiber held outside the liquid, at about
10cm from its surface. The measurement is carried out over 15s, repeated
twice. This second spectrum is then subtracted from the first one, and the
resulting spectral difference is shown in Fig.

Table 6.1: Band parameters of (adapted from [116]).

| Band parameter | DMSO (298K) |

Assignment

Centre [cm™!] 3010 CH/CD antisymmetric stretching
FWHM [cm™!] 6.9

Relative intensity [%] | 0.60

Centre [cm™!] 3000 CH/CD antisymmetric stretching
FWHM [cm™!] 6.9

Relative intensity (%] | 2.72

Continued on next page
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Table 6.1 — continued from previous page

| Band parameter | DMSO (2938K) |

Assignment

Centre [cm™!] 2994 CH/CD antisymmetric stretching
FWHM [cm™!] 9.4

Relative intensity [%] | 4.72

Centre [cm™!] 2913 CH/CD symmetric stretching
FWHM [cm™!] 5.4

Relative intensity [%] | 19.20

Centre [cm™!] 2876 CH/CD symmetric stretching
FWHM [cm™!] 21.3

Relative intensity [%] | 0.96

Centre [cm™!] 2830 CH/CD symmetric stretching
FWHM [cm™!] 14.0

Relative intensity [%] | 0.29

Centre [cm™!] 2809 CH/CD symmetric stretching
FWHM [cm™!] 12.3

Relative intensity [%)] | 0.41

Centre [cm™!] 1426 HCH/DCD deformation
FWHM [cm™!] 21.6

Relative intensity [%] | 1.09

Centre [cm™!] 1417 HCH/DCD deformation
FWHM [cm ] 18.7

Relative intensity [%] | 3.66

Centre [cm™!] 1307 HCH/DCD deformation
FWHM [cm™ ] 15.3

Relative intensity [%] | 0.47

Centre [cm™!] 1058 SO symmetric stretch of monomer
FWHM [ecm™}] 19.8

Relative intensity [%] | 1.54

Centre [cm™!] 1042 SO antisymmetric stretch of dimer
FWHM [cm™!] 23.8

Relative intensity [%] | 4.87

Centre [cm™!] 1026 SO symmetric stretch of dimer
FWHM [cm™!] 22.1

Relative intensity [%] | 0.88

Centre [cm™!] 953 HCH/DCD rocking

FWHM [cm™!] 19.8

Continued on next page
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Table 6.1 — continued from previous page

] Band parameter ‘ DMSO (298K) ‘ Assignment
Relative intensity [%] | 1.54
Centre [cm™!] 698 CS antisymmetric stretch
FWHM [cm™ ] 13.6
Relative intensity [%] | 11.63
Centre [cm™!] 667 CS symmetric stretch
FWHM [cm™!] 12.6
Relative intensity [%)] | 34.64
Centre [cm™!] 382 CSO in-plane rock
FWHM [cm™!] 11.33
Relative intensity [%] | 2.97
Centre [cm™!] 333 CSO out-of-plane bend
FWHM [cm™!] 13.1
Relative intensity [%] | 6.12
Centre [cm™!] 309 CSC out-of-plane bend
FWHM [cm™!] 13.56
Relative intensity [%] | 1.12

The spectral subtraction reveals the presence of the peaks located at 699.7,
958.9 and 1046.7cm ™!, in addition to those appearing in the original spec-
trum. The lines located at wavenumbers lower than 500cm™! cannot be
recovered, since in this spectral range the fiber background saturates the
detector in both the spectra acquired with the tip of the fiber inside and
outside the sample.

The notch appearing at about 2450 cm ™! is an artifact due to the spectral
subtraction.

6.4 Double-clad fiber coupler

An all-in-fiber Raman probe requires the replacement by a fiber component
of the dichroic mirror which separates the laser radiation and the Raman
signal. As a proof-of-principle experiment, a double-clad fiber coupler is
demonstrated. The device is able to couple the collected Raman scattered
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Figure 6.7: Raman spectrum of obtained from the subtraction of the
spectrum of the poled double-core fiber (ESB]) from the spectrum of the sample,
acquired with the same waveguide. Both spectra are recorded over a 15s time
(repeated twice to avoid artifacts). Indicated on the peaks are the measured
(black) and reference (grey, from [116]) Raman shifts. Owing to the saturation
of the detector for wavenumbers lower than 550cm ™! in both the measurements
with and without the sample, only the 550 — 3500cm ! spectral range is shown
here.

light between the inner claddings of two pieces of the same double-clad fiber.
The design of such a component follows that suggested by Ryu et al. [100]
in their combined fluorescence and optical coherence tomography probe. In
particular, the fluorescence signal is excited through the core and collected in
the inner cladding, similarly to the operating principle of the Raman probe
described in Chapter |5 (though it is worth noting that the Raman signal is
normally siz orders of magnitude weaker than typical fluorescence signals

[1)).

Fig. schematically shows the working principle of this coupler. By simply
allowing a direct contact between the two inner cladding regions, part of the
signal travelling along the inner cladding of the first fiber is coupled out to
the second fiber, without perturbing the propagation of the excitation light
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Figure 6.8: Schematic illustration of the working principle of the double-clad
fiber coupler, adapted from [100]. For semplicity, the outer cladding region of
the two fibers is not shown, and neither is the Rayleigh-scattered light, which is
partly coupled between the two waveguides together witht the collected Raman
scattering.

in the core of the first waveguide.

6.4.1 Coupler fabrication

The coupler is fabricated by locally etching the outer cladding layer of the
two pieces of the same double-clad fiber and by crossing the fibers the one
over the other for four times. The fabrication process and the determination
of the number of crossovers is described in the next paragraphs. For compar-
ison, the coupler presented by Ryu et al. [100] is formed by 28 crossovers over
a coupling length of 16cm, for a coupling efficiency of ~ 30% (wavelength
range 680 < 900nm).

Figure[6.9|illustrates the etching procedure. A 8 cm-long section of each fiber
is stripped from its acrylate coating by means of a razorblade, and cleaned
with ethanol. The outermost 1.5 cm on each side of each stripped section are
then covered with a thick layer of nail varnish. This leaves a central 5cm-
wide section of exposed, clean fiber for etching. The nail varnish acts as a
mask, protecting the covered sections from the hydrofluoric acid (HF) used
to etch the fibers and allowing for the etching of the sole 5 cm-long exposed
sections. The stripped sections are immersed in HF for 30min. This results
in a ~ 30 pm-reduction of the fiber radius, enough to ensure the complete
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Figure 6.9: The etching process: (a) An 8cm-long section is stripped from the
acrylate coating by means of a razorblade and carefully cleaned with ethanol;
(b) The outermost 1.5 cm on each side of the stripped section are covered with
nail varnish; (c) The stripped section is immersed in HF, with the varnish
acting as a mask; (d) The etched section is left to dry and then cleaned with
ethanol; (e) The fiber is cleaned with acetone to remove the nail varnish, and
then again with ethanol prior to its use.

removal of the entire 20 um-wide fluorine-doped outer cladding layer. Given
its hazardous nature, HF has to be handled with the uttermost care and
under a proper fume hood. Once etched, the waveguides are held under a
stream of de-ionized water for a few minutes and left to dry. The fibers are
then cleaned with acetone in order to remove the nail varnish. Finally, the
entire stripped sections are cleaned with ethanol.

The two etched double-clad fibers are then held parallel and their relative
position adjusted so that the etched sections are perfectly aligned. Then
the waveguides are gently pressed the one against the other, and taped to
two translation stages mounted ~ 17 cm apart the one from the other. The
etched sections remain in between the stages, sorrounded by air.

At this point, the two fibers are fixed to one of the stages with UV-curable
glue. A drop of UV-curable glue is also poured on the two parallel waveguides
immediately before the beginning of their etched section, in order to keep
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Figure 6.10: (a) Double-clad fibers crossed over each other four times in the
coupler. Three crossovers are visible; (b, ¢) Details of the fibers fixed to the
translation stages with [DVlcurable glue.

them together. Attention is paid to avoid any contact between the UV-
curable glue and the etched section, not to introduce additional losses in the
system. Once the glue has solidified, the fibers are crossed the one over the
other four times in correspondence of their etched sections, and then fixed
to the other translation stage by means of UV-curable glue. Attention is
paid not to twist the fibers, in order to avoid unnecessary losses. Three out
of four crossovers are indicated in Fig. [6.10| (a). Fig. [6.10| (b) and (c¢) show
the double-clad fibers fixed to the two stages by means of the UV-curable
glue.

Once the fibers have been secured to the stages, axial tension is applied in
order to ensure a close contact between them, and a drop of index-matching
oil (Cargille, np = 1.456) is poured over the coupling region to facilitate
the optical coupling. This represents a rather critical step in the procedure,
since an excessive tension results in the breaking of the fibers (after which
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Figure 6.11: Intensity of the signals at the through and cross ports of the
coupler with the fibers crossed the one over the other four times, when 632.8 nm
light from a HeNe laser is loosely coupled at an angle to the input port. Both
signals are recorded over 15s.

the entire fabrication process has to be repeated).

Determination of the number of crossovers

The required number of crossovers is determined by trial-and-error, starting
with one crossover and increasing the number until a ~ 3dB coupling is
achieved. A 3dB coupling is the maximum that can be expected from the
incoherent coupling of a large number of modes in a symmetric arrangement
[T0T]. In particular, the fibers (flat-cleaved with Vytran LDC400) are secured
to the stages and tensioned as described in the previous paragraphs, with a
drop of index-matching oil poured on the crossovers to facilitate the coupling.
Then 632.8 nm light from a HeNe laser (Melles Griot) is loosely coupled at
an angle to one of them. The laser radiation is strongly attenuated not to
saturate the detector. In the meantime, the output power at the “through”
and “cross” ports of the coupler is monitored by means of a CCD-based
spectrometer (Ocean Optics QE65000), cooled down to —20 °C to avoid dark
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Figure 6.12: Schematic of the experimental setup. Additional “clamping”
stages (not shown here) are placed in the setup to ensure the correct positioning
of the fibers.

current noise and equipped with a 1200lines/mm grating. The remaining
spare fiber tip is index-matched to avoid reflections.

In case the coupling ratio is measured to be less than the desired 50%, the
entire procedure is repeated: the glue which holds the fibers in place on one
of the stages is removed by means of a blade, the fibers are “uncrossed” and
cleaned from the oil with ethanol, then crossed again (adding one crossover
with respect to the previous measurement) and fixed to the stage with UV-
curable glue. The structure is then tensioned and index-matching oil is
poured on the coupler.

A final number of four crossovers is found to be enough to ensure a ~ 3dB
coupling (at 632.8nm). Fig. shows the intensity at the through and
cross ports of the coupler, integrated over 15s.

6.4.2 Experimental setup

Once the coupler is fabricated, one of its two cores is optically poled follow-
ing the procedure described in Section An average of ~ 0.49mW of
green light is generated (measured after the focusing lens and an additional
IR filter) along in the process, out of the average 450mW of fundamental
radiation injected in the fiber.

Prior to the fabrication of the coupler, both Waveguidesﬂ had been hydrogen-

30nly the fiber which is to be poled has to be hydrogen-loaded. However, for practical
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loaded for about a week at a pressure of 145bar and at room temperature,
and then stored at —78°C to prevent any outdiffusion of the hydrogen. This
was done to speed up the poling process. Due to some instabilities in the
laser power, however, the preparation for required a longer time than in
the case described in Subsection [6.3.11

The component is then mounted in the setup schematically illustrated in
Fig. Light from a Q-switched mode-locked Nd:YAG laser at 1064nm
wavelength is coupled into the core of one of the double-clad fibers forming
the coupler. Being this fiber optically poled, it generates along its core the
532nm radiation needed to excite Raman scattering in a sample of [DMSO]
into which the distal end of the same waveguide is dipped. The scattering is
collected in the inner cladding of the same fiber. Along the coupler region,
approximatively 50% of the collected light is transferred to the inner cladding
of the other fiber (see Fig. , at the end of which the signal is filtered and
then coupled to another piece of the same double-clad fiber. This waveguide
delivers the filtered signal to the spectrometer (Ocean Optics QE65000), set
as in the experiment described in Subsection [6.3.21 The remaining spare
fiber tip is index-matched to avoid reflections.

Prior to the optical poling, the fiber end which is to be immersed in the
sample and the one which is to be index-matched were re-cleaved at an
angle of ~ 8°, in order to reduce the reflections.

6.4.3 Raman Spectra

A Raman spectrum of is acquired over an integration time of 15s,
repeated three times to avoid the appearance of artifacts in the spectrum.
The spectrum is shown in Fig. [6.14]

The Raman lines at 671.2, 1424.4, 2919.9 and 3001.2cm~! are visible in
the spectrum, whereas the others are covered by the fiber background. It
is worth noting that these are the same peaks appearing in the spectrum
acquired without the coupler (Fig. , despite the fact that only part of
the collected signal (~ 50%) is transmitted to the spectrometer, and that
moreover the excitation light is in this case weaker.

As expected, the [FSH is significantly less intense than in the absence of

reasons both waveguides were subjected to the process.
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Figure 6.13: Schematic illustration of the double-clad fiber coupler. The
fibers are crossed the one over the other four times and tensioned to ensure
a close contact. A drop of index-matching oil (not shown) is poured over the
coupler to facilitate the coupling. IRl light (red arrow) is injected into the core
of the poled fiber of the coupler, at the end of which both the fundamental (not
shown) and the [SHI (green arrow) illuminate the sample. The excited scattering
is collected in the inner cladding (elastic, green arrown, and inelastic scattering,
orange arrow). ~ 50% of it couples out to the second fiber along the coupling
region.

the coupler (see for example Fig. . This is due to the fact that the
biggest contribution to the background emission propagates in the core of
the waveguide which delivers the excitation light to the sample, as previously
explained in Section [6.3] Thus, in this case it does not couple out to the
second fiber. Whenever a bulk dichroic mirror is used for the demultiplexing
of laser and collected radiation, as for instance in the previous experiment, all
the [ESBl propagating in the core is transferred to the spectrometer, resulting
in a huge spectral background.

The ratio of the intensities of the peak at 2919.9cm~! and the [FSBI
peak at 802.3cm ™! (arbitrarily chosen as reference peaks for the two signals)
in the coupler-based probe (Fig. [6.14]) compares favourably with the case
of the poled double-clad fiber without the coupler (Fig. . The former,
0.26, is twice as high as the latter, 0.13.

A second spectrum is then acquired with the tip of the fiber outside the
sample, to be subtracted from the first one. This spectral subtraction, shown
in Fig. results in the appearance of the lines at 699.7 and 1046.7cm™!.
The attribution of the line located at 953.2cm ™! is uncertain, given the level
of noise in the spectrum.

The entire 0+-3500cm ! range is shown in the spectral subtraction, since this
time the interfering emission from the fiber does not saturate the detector.
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Figure 6.14: Raman spectrum of acquired with the poled double-clad
fiber coupler probe over an integration time of 15s, repeated three times. Only
the Raman lines located at 671.2, 1424.4, 2919.9 and 3001.2cm~! are visible,
whereas the others are masked by the fiber background emission. Between
parentheses, the reference values from [116].

The “hunchbacked” profile of the spectrum, less noticeable but yet present
even in the spectrum from Fig. is due to the slightly different intensities
of the recorded [FSH] in the measurements with and without the sample,
and to the fact that this background signal is mainly affecting the short-
wavelength side of the spectrum.

As mentioned at the beginning of this chapter, this experiment was meant
as a proof of principle, aiming at demonstrating that an optically-poled
double-clad fiber coupler can efficiently be integrated into an all-in-fiber Ra-
man probe. The positive results obtained in the field of fluorescence spec-
troscopy with a similar structure [I00], though not optically-poled, were
indeed encouraging, and yet given the difference in intensity between the
typical Raman and fluorescence signals (~ six orders of magnitude) even
the detection of the few most intense peaks of (those located at 671.2,
2919.9 and 3001.2cm~!) was deemed to represent a good result. The out-
come of this experiment exceeds any expectations, since not only the most
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Figure 6.15: Raman spectrum of resulting from the subtraction of
spectrum of the poled double-clad fiber coupler (ESB) from the spectrum of
the sample, acquired with the same probe. Both spectra are recorded over a
15s interval, repeated three times. Indicated on the lines are the Raman shifts,
compared to the reference values from [116].

intense Raman lines, but also the majority of the weaker ones appears in
the collected Raman spectrum (Fig. [6.15]).

With the instrumentation available at the end of this experiment, the losses
of such a probe (compared to the case without the coupler) could not be
evaluated. It is however reasonable to expect that an optimized version
of such a coupler, for example an analogous structure fabricated by fusing
the two fibers together (EBTI technique), will give better results in terms of
the overall loss. Additionally, fabrication by [FBT] method will improve the
mechanical stability of the device, allowing for its on-field application.

The integration of a proper in-fiber Rayleigh-rejection filter in the setup
would further reduce the overall system losses, by allowing for the elimina-
tion of the notch filter and of the objective lenses in between which it is
placed, and also of the additional piece of double-clad fiber used to convey
the filtered light to the spectrometer.
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6.5 Summary

In this chapter, two single-fiber Raman probe configurations are presented.
The first device is a single optically-poled double-clad fiber, and requires
a bulk dichroic component to retrieve the collected Raman scattering from
its inner cladding. It is however able to generate the desired 532nm exci-
tation light along its core while illuminated with 1064nm laser radiation,
due to optical poling. The second probe is formed by two double-clad fibers
(one of which optically poled), crossed over each other four times to form
a fiber coupler. In addition to its ability to generate the excitation light in
the visible range along the core of one of its waveguides (owing to optical
poling), the component is also able to couple ~ 50% of the collected scat-
tering between the inner-cladding regions of the two fibers, thus replacing
the dichroic mirror used in the previous experiment to demultiplex the laser
and collected radiation.



Chapter 7

Conclusion and future
developments

No matter where you are in life,
there is always more journey ahead.

Nelson Mandela

The development of fiber Raman probes has opened up for new and, at least
until two decades ago, unthinkable applications of Raman spectroscopy. The
combination of Raman spectroscopy and fiber optics technology has allowed
for minimally invasive in-vivo investigations of hardly accessible samples,
such as the inside of stomach and intestine and other human organs. Analy-
sis in hazardous environments, for instance at high temperature or pressure
conditions or in the presence of highly toxic materials, were also made pos-
sible by fiber probes.

Fiber Raman probes are compact and flexible devices. Compared to conven-
tional bulk-optics-based probes, they are not subject to alignment issues and
are overall more rugged and reliable. Ever since the first demonstration of a
fiber-based Raman probe in the early eighties, a number of them have been
reported. Single- and multi-fiber geometries have been proposed in the at-
tempt to optimize aspects like the delivery of the excitation light and sample
illumination, and (especially) the collection efficiency of the devices.
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In-fiber Raman spectroscopy being such a mature technique, in this Ph.D.
project efforts were made to demonstrate novel solutions meant to complete
the work done so far by others, taking one step further towards the realiza-
tion of an all-in-fiber Raman system.

Assuming the possibility to use a fiber laser emitting a fundamental 1064nm
radiation, the in-fiber wavelength conversion required to obtain an excitation
light in the green range was achieved by optically poling the core of the
waveguide delivering the excitation signal to the sample. Optical poling
allows for efficient in-fiber second harmonic generation (SHG]) by recording
a permanent periodic grating along the waveguide.

A double-clad fiber, i.e. a step-index structure characterized by two con-
centrical cladding layers surrounding the core, was used to simultaneously
deliver the excitation light to the sample and to collect the scattered ra-
diation. In particular, the former signal was guided in the core whereas
the latter was guided in the inner cladding. This was possible owing to
the overall index distribution of the waveguide, ncore > Nciad,in > Nelad,out
where n¢qd,in and Needoue Tepresent the refractive indices of the inner- and
outer-cladding regions, respectively.

In this Thesis, two Raman probes based on this double-clad fiber were pre-
sented. The first was realized by injecting light at 532nm into the core of the
waveguide by means of a bulk dichroic component, also used to recover the
collected Raman signal from the inner cladding. In this case, the excitation
light originated from the frequency doubling of light at 1064nm performed
by a nonlinear crystal. The device allowed for accurate Raman spectro-
scopic measurements of a sample of cyclohexane, provided that the strong
fiber spectral background (FSB|) was removed. This was done by recording
a spectrum of the fiber and subtracting it from the spectrum of the sample.
The Raman lines at 1444.9 and 2858.4cm ™!, together with the double peak at
2928.2 and 2940.3cm ™! were already visible in the spectrum affected by the
fiber backgound emission, whereas additional ones at 802.3, 1030.3, 1160.6,
1267.3 and 2669.8cm~! appeared after the spectral subtraction.

The second device was realized by optically poling the double-clad fiber
prior to its employment. An average of ~ 0.83mW of light at 532nm was
generated in ~ 4h by exposing the core of the fiber to an average of ~ 450mW
of 1064nm light. The frequency-doubled light was used to perform Raman
spectroscopic analyses of a sample of dimethyl sulfoxide (DMSO]). Unlike
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cyclohexane, this solvent allowed for the immersion of the fiber end into the
liquid, without giving rise to cavitation bubbles somehow responsible for
destructive fiber fuses. A rather accurate spectrum of was obtained by
subtracting the spectrum of the fiber from the spectrum of the sample. With
respect to the double-clad fiber which was not poled, a weaker contribution
from the [FSB] was measured. This was very likely due to the index-matching
action of the sample and to the fact that the generation of the excitation
light along the core prevents any [FSHl arising in the inner-cladding from a
bad in-coupling of the laser radiation.

As a proof-of-principle experiment, a double-clad fiber coupler was realized
in order to recover the collected Raman signal from the inner cladding of
a double-clad fiber, without perturbing the propagation of the excitation
light along the core. The device was realized by etching away the outer-
cladding layer of two pieces of the same double-clad fiber and crossing the
two waveguides four times the one over the other along their etched section.
This scheme was adapted from a design previously introduced by Ryu et al.
[100] for a fluorescence spectroscopy probe. However, it is worth noting that
the typical fluorescence signal is normally about siz orders of magnitude
more intense than Raman signals, therefore the successful demonstration of
an analogous coupler for a Raman spectroscopic experiment was not taken
for granted. The number of crossovers was determined with a trial-and-error
procedure until a coupling of ~ 3dB between the inner-cladding regions
of the two fibers was reached. A 3dB coupling is the maximum that can
be expected from the incoherent coupling of a large number of modes in
a symmetric arrangement. The coupling was measured at 632.8nm, the
wavelength of a HeNe laser, a few nm away from two among the most intense
peaks of DMSQl (located at 2919.9cm ™!, that is 629.84nm, and 3001.2cm ™!,
that is 633.24nm).

Once the coupler was realized, one of its fibers was optically poled. The gen-
erated green light was used to perform a Raman spectroscopic measurement
of a sample of The ending tip of the fiber was once again immersed
in the liquid. The three most intense peaks from the solvent (671.2cm~!,
2919.9cm ™! and 3001.2cm™!) were clearly visible, together with one weaker
line (1424.4cm™1!). The other lines were masked by the [FSBL In order to
obtain a clearer result, the spectrum of the fiber was subtracted from that
of the sample, resulting in the appearance of the Raman bands peaks at
699.7cm ™! and 1046.7cm™~!. The intensity of the [FSHl affecting the measure-
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ment was considerably lower, with respect to the case of the single poled
fiber without coupler. This is due to the fact that a (bulk) dichroic compo-
nent used to recover the signal from the inner cladding of the waveguide also
transmits all wavelengths other than the excitation one which are guided in
the core of the fiber, thus collecting the highest contribution to the [FSBL
The double-clad fiber coupler, instead, retrieves the sole signal propagating
in the inner-cladding region. An intuitive estimation of this improvement
was given by comparing the ratio between one Raman peak from and
one peak from the background signal, arbitrarily chosen, in the cases of the
probe with and without the coupler. The former was measured to be twice
as high as the latter.

A tunable and low-loss all-in-fiber Rayleigh-rejection filter was also de-
mostrated in this work. The device was based on a photonic crystal fiber
(PCH), i.e. a waveguide presenting a periodic distribution of air holes in
the cladding region which is invariant along the longitudinal direction. The
structure was infiltrated with a material with a higher refractive index than
silica, so that guidance by the photonic bandgap (PBQ)) effect was made pos-
sible. fibers exhibit spectral bandgaps, that is guidance of light is only
allowed within certain wavelength ranges, while the transmission of light
at other wavelengths is inhibited by the surrounding microstructure. Thus
these structure behave like spectral filters. By chosing a filling material with
thermo-optical properties, the spectral characteristic of the infiltrated-fiber
can be tuned by changing the temperature of the filled section. The filter
described in this Thesis was characterized by an insertion loss of 0.3dB and
a full width at half maximum (FWHM) bandwidth of 143nm. A 32nm shift
of the central wavelength was measured while tuning the temperature of the
device from 22°C to 70°C. The spectrum of the component at these two tem-
perature values was simulated by means of a finite element method (FEM)
code. Considering that the mathematical model does not account for propa-
gation losses, the simulated and experimental results are in good agreement.
The device was employed in a Raman spectroscopic measurement of a sam-
ple of cyclohexane. In particular, the temperature of the filter was varied
until the maximum attenuation of the Rayleigh line was found (65°C), then
a Raman spectrum of the solvent was acquired. Raman lines at 1010, 1432,
2830, 2902 and 2912cm ™! were visible in the spectrum, whereas the intense
peak at 801.3cm~! was strongly attenuated by a small notch appearing in
the spectrum of the filter.



7.1 Future developments 101

The integration of the fiber components here described allows for the real-
ization of an all-in-fiber Raman probe. The optimization of the double-clad
fiber coupler by means of the fused biconical taper (FBT]) technique or even
the incorporation of a suitable micro-lens on the ending facet of the fiber are
possible developments which will improve the results achieved so far. When
complemented with a fiber laser emitting at 1064nm and a fiber-based spec-
trometer, whose demonstration seems nowadays much less unlikely than it
did three years ago (see for example the work recently reported by Redding
and Cao [I17]), this probe will be part of a complete all-in-fiber Raman
system. No similar system has ever been demonstrated.

Thus, the results obtained during this Ph.D. project represent a further
step in the field of in-fiber Raman spectroscopy, showing significant progress
towards the realization of a truly all-in-fiber Raman system.

7.1 Future developments

At this point in time, the “building blocks” required to assemble the above-
mentioned all-in fiber Raman probe (ideally, the all-in-fiber Raman system)
are all available. The immediate future developments of this project are
obviously the optimization of the single components and their integration
into a complete device.

Investigations on the microscopic mechanisms behind optical poling stopped
soon after thermal poling was invented, and so did all attempts to improve
its conversion efficiency. Even though it is possible that a way to improve
the efficiency of the optical poling process exists, thermally poling the fiber
used to deliver the excitation light to the sample is the most straightforward
way to optimize the devices realized in this work. In the case of a weaker
scatterer than cyclohexane and (like for example the samples from
the FgSu project), a higher conversion efficiency will make the difference
between the detection of a Raman signal and no signal at all.

A more intense excitation light propagating along the core of the double-clad
fiber translates into a more intense[FSBl This in turn means that the use of a
fiber coupler to recover the collected Raman signal from the inner cladding is
necessary, in order to avoid a bulk dichroic mirror which would propagate the
background emission from the waveguide towards the spectrometer.
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The optimization of the coupler described in this Thesis implies its realiza-
tion by means of the [FBT] technique. By fusing the two fibers together the
insertion loss of the component will likely decrease, whereas its mechanical
stability will be improved. The cumbersome structure which, as of now,
holds the coupler in place won’t be needed anymore, and the device will be
ready for in-field measurements. However, while fusing the fibers to make
the coupler it is important not to taper them down to such a small size that
the propagation of the excitation light along one of the cores is perturbated
by the component.

The in-situ application of the Rayleigh-rejection filter based on the [PCHinfil-
trated with a high-index liquid requires the development of portable thermal
plate and controller. On-chip integration of devices based on liquid crystal-
filled fibers and electrodes was recently demonstrated by Wei et al.
[118], thus it is reasonable to think that a similar solution can be applied to
the component here presented. However, in order to be used in conjunction
with the double-clad fiber devices a different [PCE will be needed, thus a
different filter will have to be designed.

Once assembled together, these components need to be tested to better
define their working conditions. For example, the conversion efficiency of an
optically-poled fiber which is not polarization mantaining ([PM]) is sensitive to
the temperature in the room. Thus, as of now the devices presented in this
Thesis are not suitable for applications in thermally-unstable environments.
Nevertheless, the fermentation processes studied within the FgSu project are
run in thermally-controlled environments (30°C), thus the thermal stability
of the poled components can be ensured.

7.1.1 Novel applications

Aside from the incorporation of a micro-lens on the fiber ending facet (if
allowed by the specific application), other additions can be made to the
devices presented in this Thesis, in order to “tailor” them for other applica-
tions.
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SERS probe

More than one decade ago Stokes and Vo-Dinh [119] demonstrated a single-
fiber surface-enhanced Raman spectroscopy (SERS) sensor. technology
relies on the enhancement in the Raman signal of a sample resulting from
the interaction of the excitation light with a metallic nanostructured sub-
strate onto which the given sample is adsorbed. This enhancement, which
under optimized conditions can be of several orders of magnitude, is due to
both electromagnetic and chemical factors. However, the electromagnetic
contribution is known to be the most relevant.

The electromagnetic enhancement factor is related to the generation of in-
tense localized electric fields at protrusions from the the metallic nanos-
tructure of the subtrate; these fields interact with the adsorbed molecules to
yield increased Raman scattering. In particular, the excitation light incident
on the metallic surface induces an oscillation in the conductance electrons
of the metal (surface plasmons), thus generating a secondary electric field
which can be much more intense than the incident one, depending on the
shape and size of the nanostructure.

In their work, Stokes and Vo-Dinh realized a single-fiber probe by
coating the ending ~ lecm of a 600um-wide waveguide (outer diameter) with
a nanoparticle-based BERSFactive substrate, after the removal of the original
coating and cladding. A first layer of alumina particles provided the surface
roughness necessary to produce intense localized fields. A 1A-wide layer
of silver later deposited on top of the alumina one provided the surface
plasmons.

Both the end facet and the side walls of the fiber along the final ~ lcm were
coated. However, the authors were not able to estimate the contribution to
the enhancement related to the coated side of the fiber, if any.

It is reasonable to expect that a double-clad fiber probe like the ones pre-
sented in this Thesis can be employed in a similar experiment. By
coating its end facet with a proper SERSFactive material, an enhancement of
the collected field is to be expected. The choice of the substrate, in terms
of the metal and size/shape of the nanostructure, depends on the specific
application. In particular, the wavelength used to excite the plasmons and
the sample to be studied are important design parameters.
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Figure 7.1: Schematic illustration of the microfluidic Raman component. The
device is realized by splicing a 2-hole fiber (left) and a double-clad fiber (right)
on the sides of a glass capillary tube (center). The double-clad fiber shown
here is a smaller version of the waveguide used in this Ph.D. project.

Microfluidic Raman probe

A microfluidic component can be realized by splicing the end facet of the
optically-poled double-clad fiber to the side of a glass capillary tube, which
acts as a sample “chamber”. The other side of the capillary tube is spliced
to a 2-hole (2H) fiber, characterized by two holes on the sides of the core
running along the entire length of the waveguide. The device is schematically
illustrated in Fig. The holes of the 2H fiber act as the inlet and outlet
of the (liquid) sample, which flows inside the chamber and in front of the
core of the double-clad fiber. The liquid is illuminated from the core of the
waveguide, and the excited scattering is collected into the inner-cladding
region, and coupled out to another fiber of the same kind by means of a
double-clad fiber coupler.

Components based on a similar design were previously demonstrated, see
for example the work by Lopez-Cortes et al. [120].

For semplicity, the dimensions appearing in Fig. refer to real fibers fab-
ricated by Acreo Fiberlab. In particular, the double-clad fiber is a smaller
version of the waveguide used in this work. The core and claddings di-
ameters are 8um, 62.5um (inner cladding) and 125pm (outer cladding),
respectively.

The contribution to the Raman signal from glass due to the inner wall of
the capillary might be significant. However, it is worth considering the
possibility to coat the inner wall of the capillary with aSERSFactive substrate,
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in order to enhance the Raman signal from the sample.

In the case of a Raman spectroscopic measurement, the alignment between
the cores of the 2H and double-clad fibers is not critical.
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On the quotes appearing in
this Thesis

Dante Alighieri (~ 1265 - 1321) was a major Italian poet of the Middle
Ages. His La divina commedia (Divine Comedy) is considered the greatest
literary work ever composed in the Italian language.

Ray D. Bradbury (1920 - 2012) was an American fantasy, science fiction,
horror and mystery fiction writer.

Russell A. Kirsch (1929 - ) is one of the inventors of the first internally-
programmable computer, the so-called Standards Eastern Automatic Com-
puter (SEAC). The device was capable of scanning digital images and in
1957 produced the first ever digital picture.

Stephen W. Hawking (1942 - ) is a British theoretical physicist and au-
thor.

Isaac Newton (1642 - 1727) was an English physicist, mathematician, as-
tronomer, natural philosopher, alchemist and theologian.

Rita Levi-Montalcini (1909 - ) is an Italian neurologist who, together with
her colleague Stanley Cohen, received the 1986 Nobel Prize in Physiology or
Medicine for their discovery of the nerve growth factor (NGF).

Andre K. Agassi (1970 - ) is a retired American professional tennis
player.

Charles L. Dodgson (1832 - 1898), better known by the pseudonym Lewis
Carroll, was an English author, mathematician, logician, Anglican deacon
and photographer.
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Nelson R. Mandela (1918 - ) is a South African politician who also served
as President of South Africa from 1994 to 1999, the first ever to be elected
in a fully representative democratic election.

The text in this page was adapted from www.wikipedia.org



Acronyms

BP band-pass

CARS coherent anti-stokes Raman spectroscopy
CCD charge-coupled device

DMSO dimethyl sulfoxide

FBG fiber Bragg grating

FBT fused biconical taper

FEM finite element method

FSB fiber spectral background

FWHM full width at half maximum

HC hollow-core

IR infrared

LMA large mode area

LP long-pass

MM multi-mode

M-TIR modified total internal reflection
NA numerical aperture

PBG photonic bandgap

PCF photonic crystal fiber
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PM polarization mantaining

QPM quasi-phase matching

SEM scanning electron microscope

SERS surface-enhanced Raman spectroscopy
SH second harmonic

SHG second harmonic generation

SM single-mode

SP short-pass

SNR signal to noise ratio

TERS tip-enhanced Raman spectroscopy
TIR total internal reflection

UV ultraviolet
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