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Abstract

Photothermal interferometry (PTT) is a powerful spectroscopic technique for trace
gas analysis with characteristics of ultra-sensitivity, unique selectivity and non-
intrusiveness. It usually adapts a pump-probe configuration: the absorption of
periodically modulated pump beam in gas molecules causes localized heating, re-
sulting in changes in temperature, pressure and density, and hence modulating the
refractive index of the probe beam, that propagates in the same gas sample and
accumulates phase modulation. The photothermal phase modulation of the probe
beam is detected via an optical interferometer with high precision.

PTT has been well developed in free-space optics arrangements but its perfor-
mance is limited by the beam divergence, beam spot size, bulky system size and
complexity in optical alignment. It usually requires high pump power to achieve
ultra-sensitivity. The hollow-core photonic bandgap fibres (HC-PBFs) can confine
both the light and gas molecules within the central hollow core over a long length
with low loss and provide a higher light intensity with a given optical power. Since
the PTI signal is directly proportional to gas absorption length and pump light
intensity, PTI in HC-PBFs can achieve much better photothermal (PT) efficiency
while makes it possible for the development of all-fibre optical gas sensors with
ultra-sensitivity, high selectivity and compact size. It is also capable of developing
remote, multiplex points and distributed sensing. Our group has demonstrated a first
PTI in HC-PBFs and obtained a limit of detection (LOD) as good as 2.3 x 10 2em™!

, which is comparable with that in free-space optics arrangements but uses only
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tens of mW pump power. It enhances the detection sensitivity by nearly 3 orders
of magnitude and achieves unprecedented dynamic range of nearly six orders of
magnitude, compared with the previously reported gas sensors using HC-PBFs.

However, the mechanism and dynamics of PT phase modulation in HC-PBFs are
still not well understood, even though they are essential for the further development
of PTI gas sensors. On the other hand, the system used in the preliminary work on
PTI with HC-PBFs is still far behind the requirement for practical in-situ gas sensing
applications. The objectives of this dissertation are to investigate the fundamental
mechanism and dynamics of PT phase modulation, to optimize the performance of
PTI sensors and to exploit the possibility of distributed gas sensing application with
HC-PBFs.

To investigate the mechanism and dynamics of PT phase modulation in HC-PBFs,
we developed a theoretical model and designed a PTI sensor using a pulsed pump
source. We proposed a numerical model solved by finite element method to analyze
the thermal conduction process in HC-PBFs. Several parameters that affect the
efficiency of PT phase modulation in HC-PBFs, i.e. the thermal conduction time,
pulse durations of pump beam and the size of hollow-core, are studied. It has been
found that the PT efficiency will increase as increasing the pump pulse duration
until it reaches ~ 1.2 us. For pump pulse duration > 1.2 us, further increasing the
pump pulse duration would not enhance the PT efficiency any further. Meanwhile,
for pulsed pump source with pulse duration > 1.2 s, the normalized photothermal

~1 normalized

phase modulation coefficient is found to be ~ 1.5rad -cm-mW~!-m
to 1cm™! gas absorption coefficient, | mW peak pump power and 1 m effective
absorption length. The characteristic time constants of leading/trailing parts of PTI
output pulse signals are determined by the thermal conduction time of buffered gas
in HC-PBFs and non-radiative relaxation time of absorptive gas molecules. The

numerical simulation provides an effective way to comprehend and explain the PT

phase modulation in HC-PBFs and forms a fundamental reference to optimize the
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design of PTI sensors. The results of our numerical model agree well with the
experimental results. The LOD down to ppb (parts-per-billion in volume ratio) level
of C,H, gas detection using pulsed pump source can be expected.

Towards the real industrial applications of PTI, we studied optimized perfor-
mance of all-fibre PTT HC-PBFs sensors. The frequency dependence of PT phase
modulation in HC-PBFs using a continuous-wave (CW) intensity-modulated pump
beam was investigated by use of a fibre-optic Mach-Zehnder interferometer (MZI).
We found that there is no significant difference of PT phase modulation efficiency
for pump modulation frequency f, < 330kHz. However, for f, from 440kHz to
2MHz, the PT phase modulation efficiency rolls off quickly. The experimental
results agree well with that of our numerical simulation and the normalized PT phase
modulation coefficient for a CW sinusoidally intensity-modulated pump source is
~0.76rad -cm-mW~'-m~!. Such a frequency-dependent PT response can benefit
to further optimize the performance of photothermal gas spectroscopy system. The
PTI sensors with Mach-Zehnder interferometer (MZI) requires active stabilization
with an electric servo-loop control and also requires a nearly perfect length match
between the sensing and reference arms to reduce the laser phase noise, which is
complex and inconvenient for the applications in harsh environment, remote and
multiplexed sensing. We developed a modified all-fibre Sagnac interferometer with
passively stabilization based on a 3 x 3 loop coupler. The minimum detectable
phase of Sagnac interferometer is measured as 4 x 10~ rad /r/Hz. With PT Sagnac
interferometer, we achieved LOD of 7.8 x 1073 cm™! (or 67 ppb for CoH; detection,
1-s integration time) with a 1.1-m-long HC-PBFs and 45.6 mW peak pump power
working at optimized pump modulation frequency. The PT Sagnac interferometry
demonstrated a satisfactory long-term stability with maximum signal fluctuations of
1% for over 4.5 hrs under laboratory environment. The PTI with a modified Sagnac

interferometer is capable of developing remote and multiplex points sensors.
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We studied distributed gas sensing with fibre-optic PTI. With CW intensity-
modulated pump source, we derived a general formula to estimate the magnitude
of PT phase modulation distributed over a long length HC-PBFs in the presence
of absorptive as molecules. We demonstrated a quasi-distributed photothermal
gas spectroscopy with 2 sections of sensing HC-PBFs (each with 28 m length)
using a dual-pulse heterodyne multiplexed phase demodulation system. The quasi-
distributed gas sensor provides a LOD down to 10 ppb (1.2 x 10~ 8cm™!) for C;H,
detection with 55 mW peak pump power. Theoretically, it is possible to multi-
plex ~ 20 HC-PBF sensors. By incorporating phase-sensitive optical time domain
reflectometry (¢ — OT DR) with dual-pulse heterodyne phase detection, we demon-
strated a distributed photothermal gas sensor with a 200-m-long HC-PBFs by use
of backscattering signals from the surface scattering of HC-PBFs, which results
from random fluctuations of the hollow-core dimensions along fibre. Without signal
averaging, we achieved LOD down to 5 ppm (5.8 x 10~ cm™") for C,H, detection
with 62.5 mW peak pump power. The distributed sensing length as long as a few
kilometers of HC-PBFs could be expected with high sensitivity. This work is the
first demonstration of distributed gas sensor using PTI in HC-PBFs and is of full
potential for developing an all-fibre and non-destructive distributed gas sensor using

a single long-length HC-PBFs with high sensitivity.
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Chapter 1

Introduction

1.1 Literature review

1.1.1 Gas sensors

Detection of trace gas with high sensitivity, unique selectivity and fast analysis is
of significant importance in diverse aspects, including environmental assessment
and monitoring, medical diagnosis, industrial process supervision, as well as the
national defense security application [1—7]. In the medical diagnosis, the monitoring
of characteristic exhale gas components resulting from some featured disease can
benefit the early diagnosis and help the treatment of patients [8, 9]. In industrial
applications, such as on oil wells or pipe lines, the detection of gas leakage in the
first timing can avoid the occurrence of disaster and reduce the loss [10].

There are a variety of techniques applied to trace gas detection. Mass spectro-
metry has proved to be a highly sensitive methods to detect the gas molecules. In
mass spectrometry, the molecules are firstly ionized and charged by external app-
lied electric field when pass through the designed path. Different molecules with
different mass reach the electron multipliers at different time and thus the molecules

could be selectively detected. However, the mass spectrometry have been limited
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by the possible overlap of certain molecules. For detection of large molecules, the
mass spectrometry could be a better choice over laser spectroscopy due to the broad
absorption band of molecules.

Another popular method is gas chromatography where the gas molecules pass
through a pre-defined column (a type of small tube) and reach the detectors at
different time, depending on the molecular properties and their interaction with the
specific column filling. Due to its principle, only sequential measurement could
be performed and also the detection time could be as long as several minutes.
Chemiluminescence is a process of photon emissions (luminescence) when the
excited gas molecules relax to the ground state, although accompanying with heat
generation. The chemiluminescence depends on the chemical reaction between the
gas of interest and the surface of polymeric dyes. Even though it offers fast detection,
the chemiluminescence is only limited to a few gas molecules detection (ozone and
nitrogen dioxide) and the calibration is required (thus it is not an absolute quantity
measuring). In most cases, the chemical reaction processes are irreversible and the
regular replacements of polymeric dyes are required. Fluorescence spectroscopy
is one of the most applied gas detection approaches, which detects the emitted
fluorescence signal (photons) when the excited gas molecules relax to ground state.
The fluorescence spectroscopy offers the similar advantages as laser spectroscopy
but limited by the very weak fluorescence generation. It is feasible to apply the
fluorescence spectroscopy in infrared spectra since in UV spectra the absorption
band are very broad that may deteriorate the selectivity. However, the fluorescence
in infrared region is very inefficient due to the existence of competitive non-radiative
relaxation. Also, the fluorescence photons could be only collected in some specific

and small angles, even though they are emitted in all directions.
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laser diode gas cell l

electric signals

Fig. 1.1 Schematic drawing fibre-optic sensors based on direct gas absorption. PD:
photo-detector; SMF: single-mode fibre; Iy: input laser intensity; /;: transmitted laser
intensity.

1.1.2 Fibre-optic gas sensors

Compared with all the measurements above, laser absorption spectroscopy (LAS)
offers overwhelming advantages in trace gas detection by use of high performance
laser source. Since its advent in as early as 1960s, lasers, which has the prominent
characteristics of capability of emitting highly coherent radiation with highly stable
optical power and frequency operation, has been developed to its fullest advantages
in trace gas analysis [11, 12]. By probing the 'finger-print' transition between the
molecular or atomic energy levels, LAS offers a non-intrusive and capable of remote
sensing for quantitatively detection of trace gases while satisfying the stringent
requirement of high sensitivity and distinct selectivity [13, 14]. On the other hand, in
virtue of the rapid development of laser and optical fibre technology, the fibre-optic
sensors evolve from its earliest demonstration around mid-1970s at an unparalleled
speed [ 15-20]. Fibre-optic sensors, by the use of optical fibre as sensing element
as well as light transmission cables, have distinctive and overwhelming advantages
in the aspects of compactness, flexibility, high reliability, low cost, immunity to
electromagnetic interference (EMI) and capability of remote and distributed sensing
[20]. There are plentiful of techniques have been proposed to fully explore the fibre-
optic gas sensors, including absorption, surface plasmon resonance, fluorescence,
spontaneous or stimulated scattering [13, 17, 18]. Even though they demonstrate
their own sensing strength and advantages, we mainly focus on the laser-absorption

based fibre-optic gas sensors.
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In fact, the optical method has been widely used to analyzing the chemical
species before the advent of optical fibres [21]. The most of techniques are based on
the measurement of light spectral attenuation due to the involvement of ’finger-print’
transition between the energy levels of trace gas. Many of the vibration or rotation-
vibration transition occur at the traditional transmission window of silica fibre, in a

range of 0.8 — 1.8um. The principles of LAS follows Beer-Lambert law as [17]:

L (v) = Iy(v)exp(—on(v)CL) (1.1)

where Ij is the input light intensity, I, is the transmitted light intensity, otg(v)(cm™")
is the spectral absorption coefficient of target gas molecular for a relative 100%
gas concentration at a specific wavelength, v(cm 1) is the wavenumber of light
beam, C is a dimensionless gas concentration in a volume ratio and L(incm) is the
light-gas interaction length. A typical open-path gas cell laser spectroscopy can be
illustrated in Fig. 1.1. Usually it adapts a pair of fibre pigtailed graded-index (GRIN)
lenses, with one end to collimate the light out of the single mode fibre (SMF) and
the other one to collect the transmitted light into the SMFE. The light-gas interaction
occurs at the intermediate space between the paired GRIN lenses within the gas cell.
The minimum detectable gas concentration of 75 ppm acetylene (C2H;) has been
achieved with effective gas absorption length of ~ 25 mm [22]. The etalon effect
resulting from the reflections of fibre/lens joints and the surface of GRIN lens have
been identified as the main interference noise [23, 24]. By the use of wavelength
modulation method, the etalon induced undesired interfered noise can be greatly
reduced [23].

Eq. 1.1 indicates that longer absorption length and/or stronger gas absorption
strength can result in a better absorption signal. However, the typical working
distance of commercial available GRIN lens has been limited to < 50mm which

mainly constrained by the divergences of light beam propagating in free space. Even
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though by the use of cascaded GRIN lenses could increase the effective absorption
length [25, 26], it may add the complexity and cumbersomeness in the construction
of sensors. The other effective choice to increase the effective gas absorption length
is using multi-pass optical cavity as gas cell, such as Herriott cell or White cells. But
the cavity-approaches are usually bulky, expensive and difficult in optical alignment
and stabilization, making them unsuitable for in-situ applications [27].

One of the most attractive characteristics for fibre-optic sensors is that optical
fibres could not only serve as light transmission cables but also sensing elements, ma-
king it extraordinary in constructing an all-fibre gas sensing system [20]. Evanescent-
wave spectroscopy, by measuring the spectral attenuation induced by gas absorption
of evanescent field of optical fibre, has been widely explored by the use of side-
polished fibres [28], tapered micro/nano fibres [29, 30], D-shaped fibres [31] and
also index-guide photonic crystal fibres (PCFs) [32, 33]. The efforts mainly focuses
on increasing the fractional power of guided optical modes located in the evanescent
field, which can interact with the surrounding gas molecules. Side-polished fibres
and D-shaped fibre have small fractions of electromagnetic (EM) field interactive
with the external environment and thus difficult to achieve high sensitivity. For D-
shaped fibre with up to 0.2% fractional power in evanescent field, the gas detection

sensitivity is usually as better as 1 x 10™*¢m™!

compared with the same absorp-
tion length open-path optical gas sensors [31]. Sub-micron diameter tapered fibre
could locate larger than 20% power percentage in evanescent field (in theoretical
calculation for standard SMF, there are 26.6%, 48% and 93.5% for fibre diameters
of 1 um,0.8 um and 0.5 um, respectively) and even though smaller diameter could
achieve much larger evanescent-wave power, they suffers from difficult fabrications
[34, 35].

Index-guiding PCFs, schematic drawing of cross-section shown in Fig. 1.2, are

waveguides with a pattern of air holes distributing periodically over the cross-section

and running along the entire length of fibre. The index-guiding PCFs provide the
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Fig. 1.2 Schematic drawing air-silica cross-section of a index-guiding PCF and com-
puted fundamental mode field by use of finite-element method (FEM). Magnitude of
electric field has been normalized to the central maximum. To guarantee that only
fundamental mode is guided in triangular PCFs (so-called 'endless single mode fibre',
i.e. single mode guiding at any wavelength [38]), the air filling fraction should meet
the criteriad/ X < 0.4.

possibility of control and guide light by a modified total internal reflection (TIA),
which are similar to the guidance mechanism of SMFs. By optimizing the fibre
parameters, such as lattice pitches X and air-hole diameters d, a large overlap
(few tens of percent fractional power in evanescent field) between the evanescent
field and gas sample located in the air holes could be achieved [36]. The other
attractive characteristics of PCFs are their potential for achieving fibres with higher
nonlinearity, tunable dispersion, high birefringence and/or endless-single mode
transmission [37, 38].

The first experimental demonstration of gas sensing with index-guiding PCF
has been conducted by Hoo et al [39] with expected sensitivity down to parts-per-
million (ppm in volume ratio) for the detection of C; H;. However, one of the most
challenging work is the response time of index-guiding PCF gas cell. Both the
theoretical and experimental results show that for ~ 1-m-long PCF with two ends

open to the air, it would take about 1 min to entirely fill the PCF by gas self-diffusion
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process. Using longer PCF would enable a longer effective gas absorption length,

but the response time of PCFs would also increase significantly.

1.1.3 Hollow-core photonic bandgap fibre sensors

Due to the possible morphological management of air-holes pattern, the PCFs
(may also called as micro-structured fibres or holey fibres) offer a great flexibility
in controlling the refractive index (RI) contrast between the core and cladding,
and thus managing the optical properties of waveguides, which is unaccessible
with conventional silica fibres [38, 40, 41]. However, even though it has been
demonstrated a long light-gas interaction length, the index-guiding PCFs can only
provide limited overlap between the transmitted light and target gas molecules, which
is far from an ideal gas with 100% light-gas overlap over a long distance with low
loss.

The idea of using a photonic crystal bandgap by introducing a central air defect
came into sight. To form a photonic bandgap (PBG), the photonic structure should
have a lattice constant on the order of wavelength with a large index contrast in a
proper geometry configuration of constituting materials [42]. With a large core size
(> 0.47 lattice constant) of air-holes in cladding, it has been demonstrated the possi-
bility of guiding light in air core [43]. It is until 1999 that the first photonic bandgap
guiding fibres, i.e. hollow-core photonic bandgap fibres (HC-PBFs), were produced
by Philip Russell when the large air-filling fraction in cladding was achievable [44].
HC-PBFs, as shown in Fig. 1.3, trap light within the central air-core surrounded by a
periodic wavelength-scale lattice (formed by air-holes micro-channels, typically a
few hundred nm of thickness) running along its length. The light guiding mechanism
in HC-PBFs is based on the photonic bandgap, rather than the TIA in index-guiding
PCFs [44].
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Fig. 1.3 Schematic drawing of HC-PBF. The inset shows the optical microscopy
image of cross-section of commercial available HC-PBF, i.e. HC-1550-02, [45, 46]

One of the most appealing features of HC-PBFs is their promising application in
ultra-low loss fibres. The ultimate loss of ~ 0.15dB/km of conventional silica fibres
results from the Rayleigh backscattering and material absorption and it has little
prospect of improvement. However, the loss of HC-PBF could be reduced down
to a level significantly lower than that of conventional fiber since the most of light
propagates in the air where the Rayleigh scattering and material absorption are very
low. The fibre loss of 13 dB/km in 1550 nm [47] has been reported respectively.
The attenuations resulting from the modal coupling and roughness scattering at the
air-glass interface have been confirmed both theoretically [48] and experimentally
[49]. By the use of a larger core design which may reduce the overlap between the
guided core mode and silica, a minimum loss of 1.72 dB/km at 1565 nm has been
achieved with a 19-cell core design (removing 19-capillaries in the center of fibre
cross-section)[49]. The surface roughness may ultimately limits the attenuation of
HC-PBF and it is plausible to expect a loss of 0.2 dB/km in 1620 nm or 0.13 dB/km
in 1900 nm [50]. On the other hand, due to the large contrast (~ 10~2) between the
effective RI of core and cladding which enables very tightly confinement of light

within the hollow-core, the bending loss of HC-PBF could be very low even with a
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bending diameter of 1 cm [51]. The low bending loss of HC-PBF makes it suitable
for construction of much compact system.

The possibility of using a HC-PBF as a efficient gas cell was proposed by Cregan
in 1999, as early as the advent of HC-PBF [44]. The use of HC-PBF as a gas cell has
been reported as early as in 2005[52] and its advantages are quite straightforward.
The HC-PBF could offer a excellent light-matter interaction efficiency since it
confines both light and gas-material within the central hollow-core in a nearly single-
transverse mode over a long distance with only reliable loss [43]. Furthermore, it is
fully potential for an all-fibre practical, compact and easy-to-use device and system
design. Furthermore, the transmission window (extending over ~ 200nm) of a typical
HC-PBF could be design to operate in the vicinity of 1550 nm telecom-band, where
strong absorption of a variety of gas molecules CoH,,CO,,NH4,CO,H,S,CHj lies
[53-55], which makes the HC-PBF gas cell possible to be integrated into a system
with conventional single-mode fibre components.

The investigation of gas diffusion process within the HC-PBF was first demon-
strated by Hoo in 2004 [56]. Afterwards, the feasibility of HC-PBF gas sensors with
high sensitivity was achieved by Ritari [57]. After a while, plentiful works have been
reported to make the full exploration of HC-PBF gas sensors and the Table 1 presents
the current works done for fibre-optic gas sensor. Nwaboh et.al demonstrated a
HC-PBF gas sensor by the use of 5.27-m-long HC-PBF fibre and a noise equivalent
concentration (NEC) of 311 ppm or absorption (NEA) of 2.6 x 10 3em! of CO,
sensing was achieved at 2 um wavelength region [58]. A. Cubillas et al presented
a NEC of ~ 10 ppm or NEA of 3.7 x 10~%cm~! of methane (CHy) sensing with
5.1-m-long HC-PBF at 1.6 um absorption line [59-61].

However, the coherent mode mixings or interferences between the supported
modes within HC-PBF have been found to be detrimental to the ultimate sensitivity of
HC-PBF-based gas sensors when using direct laser absorption spectroscopy [69, 74].

The use of longer HC-PBF still cannot achieve desirable sensitivity (the use of 27-
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Table 1.1 Detection limits of absorption-based optical fibre gas sensors

a b
Gas species Wavelength Gas cell Technique NEC NEfl References
(um) (ppm)  (cm™)
Methane 1650 ~ Socmfibre DAS* 7600 33x1073  [62]
pigtail cell
Acetylene 1.53 10em DAS 3 35x10°° [63]
open-path
Methane 1.666 0.5 m Evanescent 1500 375104 [64]
D-fibre wave
7 cm 4
Methane 1.65 HC-PBE DAS 647 2.8x10 [65]
Methane 1.666 1112713?11: wMms? 158 1.8x107°  [66]
51m -6 -
Methane 1.645 HC-PBE DAS 10 1.6 x10 [59]
N 527 m -3 -
Carbon dioxide 2.005 HC-PBF DAS 311 2.6 x 10 [58]
27 m -5
Acetylene 1.530 HC-PBE DAS 50 5.8x10 [67]
Ethane 3.35 1{5(':6-%; DAS 09 46x107°  [68]
13m -6
Acetylene 1.53 HC-PBE WMS 1 1.2x 10 [69]
10m PTI L
Acetylene 1.53 HC-PBE (MZI) 0.002 2.3x10 [70]
0.3m PTI 6
Acetylene 1.53 HC-PBF (in-fibre MZI) 1 1.2x10 [71]
2 cm PTI _7
Acetylene 1.53 HC-PBF (FPI) 0.44 5x 10 [70]
0.62m PTI _6 Author®
Acetylene 153 HC-PBF  (pulsed Sagnac) 410 [72]
1.1-m PTI _g Author
Acetylene 1.53 HC-PBF (CW Sagnac) 0.067 7.7x10 (73]

“NEC: noise equivalent concentration.
PNEA: noise equivalent absorption.

“DAS: direct absorption spectroscopy.
dWMS: wavelength modulation spectroscopy.
¢ Author:work done by the author and will be presented in this thesis.
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m-long HC-PBF could only achieve a NEC of 50 ppm or NEA of 5.9 x 10 ¢cm ™!
of acetylene CoH; at 1530.37 nm in [67]) and longer fibre would dramatically
compromise the response time of HC-PBF gas cell [53]. By modifying the splicing
between HC-PBF and SMF, F. Yang contributed a lot of works on the analyzing and
reducing mode interference and achieved a sensitivity of 1 ppm or 1.2 x 10 %¢m™!
of C;H, with 13-m-long HC-PBF. The mode interference (MI) noises cannot be
completely eliminated since the current commercial available HC-PBFs support
a number of modes and the interferences between the modes could result in the
intensity fluctuation of transmitted light beam [69]. Even though the efforts have
been made to search for a single-mode guided HC-PBF [75, 76], the truly single-
mode HC-PBF is still not available.

The photothermal (PT) gas spectroscopy by the use of HC-PBF breaks the MI-
noise-limited sensitivity of previous HC-PBF gas sensors, which mainly rely on the
direct absorption spectroscopy [70—73]. Instead of measuring the spectral attenua-
tions, the PTgas spectroscopy analyzes the trace gas by detecting the accumulated
phase changes. The PTgas spectroscopy adapts a pump-probe detection scheme.
The periodic gas absorption of intensity-modulated pump beam would induce lo-
calized temperature, density and pressure distribution changes, and thus modulate
the refractive index of gas molecules within the HC-PBF. A probe beam with its
nominal wavelength tuned away from the gas absorption line would experience and
accumulate the PT phase modulation when propagating along the same HC-PBF. A
fibre-optic interferometry with highly precise phase sensitivity is utilized to detect the
phase changes of probe beam. The photothermal interferometer (PTI) with HC-PBFs
has achieved an ultra-sensitivity of 2 ppb or 2.3 x 10~ ¢cm™! of C2H, in 1530.37 nm
by the use of 10-m-long HC-PBFs, preceding any of previously reported HC-PBF
gas sensors [70]. Meanwhile, it also achieve an unprecedent dynamic range of nearly

six orders of magnitude. Both the sensitivity and dynamic range have been enhanced
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by nearly three orders of magnitude than previously reported results on HC-PBF gas

SENSsors.

1.2 Research motivations

1.2.1 Principles of PT phase modulation and optimized perfor-

mance of PTI with HC-PBFs

Even though, the experimental and theoretical demonstration of PTgas spectroscopy
have been fully exploited in free-space optics [77-79]. It is supposed to be quite
different for PT phase modulation in HC-PBF since the much more confined light
beam and different boundary condition, especially when the beam radius is com-
parable with the confined boundary. For further design and improvement of PT
gas spectroscopy in HC-PBEF, the theoretical analysis is necessary to comprehend
the mechanism of PT phase modulation in HC-PBF. Therefore, the first part of my
motivation is quite straightforward:

Mechanism and dynamics of PT phase modulation in HC-PBFs. The use of
pulsed pump beam helps us make an observation and understanding of dynamics
and mechanism of PT phase modulation in HC-PBF. It would do a favor in the
future exploration and optimization of PT gas spectroscopy. A numerical model
has been proposed in the thesis to model and explain the PT phase modulation and
meanwhile give a theoretical expectation of PT phase modulation efficiency, which
is critical for the further optimized works of PT gas spectroscopy. The corresponding
experimental works were also carried out to verify the theoretical model. The great
agreement between the experimental results and simulation works suggests that the
heat transfer or conduction process is dominant for PT spectroscopy. The optimized

pulse duration of pump beam is given for the practical employment.
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Optimized performance of PTI in HC-PBFs. In the previous PT gas spectroscopy
system, a Mach-Zehnder interferometer (MZI) has been proposed to detect the PT
phase modulation[70]. However, the use of MZI requires an electronic feed-back
serve-control to stabilize the interferometry system, which makes the system complex
and uneasy to operate. It has to re-match the fibre lengthes of sensing and reference
arms when the length of sensing HC-PBF has been changed. On the other hand, the
unavoidable mismatch lengthes between the two arms would turn the laser phase
noise into intensity fluctuations of interferometry output [80]. Thus for a practical
application, a passively stabilized system has to be constructed with comparable
sensitivity. Furthermore, the frequency-dependent response of PT gas spectroscopy
has been demonstrated in free-space optics [77]. However, for a HC-PBF gas cell,
the phenomena could be quite different. Thus the works has to be done for finding
best choices of pump modulation frequency which would maximize the performance
of PT gas spectroscopy. The passively stabilized Sagnac interferometer using a
3 x 3 optical coupler has been modified to overcome the limitation of high loss
HC-PBF gas cell and etalon-effect in the fibre loop and high phase sensitivity has
been achieved. The works of this part are a significant step towards the practical

application of PT interferometry.

1.2.2 Distributed PT gas spectroscopy with HC-PBFs

The capability of detecting events in arbitrary locations along an optical fibre is a
unique and overwhelming advantage of fibre-optic sensors. In some applications,
such as surveillances of natural gas pipelines and oil wellbores, distributed detection
of gas concentration over a long haul or an extended area is often needed and
necessary. However, little work has been reported on distributed gas detection with

optical fibres.
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Sumida et al reported a distributed hydrogen sensor by use of a silica-core fibre
coated with Pt/WOj3 thin film as hydrogen sensitive cladding [81]. The complex
fabrication process and propagation loss caused by metal cladding however limit
the sensing length to tens of centimeters. Jin et al studied a distributed gas de-
tection based on the optical time domain reflectometry (OTDR) with a HC-PBF. By
exploiting both backscattering due to imperfection in surface membranes and gas
absorption-induced spectral attenuation, they demonstrated the detection of acety-
lene gas over ~ 75-m-long HC-PBF. However, even with a very large number of
averages (up to 64,000 times), the detectable gas concentration is only a few percent
of acetylene with a spatial resolution of several meters [53]. The coherent mixing
or interference of HC-PBF supported modes was identified as a major factor that
affects the stability and noise performance of the sensor and the minimum detection
limit was not addressed. The possibility of distributed gas sensing with photothermal
gas spectroscopy has been proposed in [70]. However, no experiment was conducted
yet. Garcia-Ruiz et al demonstrated a distributed gas sensor based on the PT effect
in a small solid-core photonic crystal fibre (PCF) [82]. Evanescent-wave absorption
of gas molecules raises the local temperature of the index-guiding PCF, which was
detected with a chirped-pulse phase-sensitive OTDR system. However, only a quali-
tative demonstration of gas presence was reported with no claims on the detection
limit and spatial resolution. The length of sensing PCF is ~ 10 m.

Distributed photothermal gas spectroscopy with HC-PBFs. HC-PBFs appear
to be an ideal gas cell which make them an ideal long-haul distributed platform
for trace gas detection with low optical loss. It is possible to build a distribute
photothermal gas sensing with high sensitivity. The presence of gas at arbitrary
locations can absorb the intensity-modulated pump beam. A phase-sensitive OTDR
system can be applied to probe the PT phase modulation along the fibre where the gas
presents. By considerate designing the HC-PBF gas cell, the primary demonstration

of distributed photothermal gas sensing with a long HC-PBF has been achieved. The
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theoretical expectation and limited factors have been addressed, which may help a
lot in the future works. The experimental results present a good sensitivity, which

are a good movement towards a practical all-fibre distributed gas sensing.

1.3 Thesis outline

The thesis mainly focuses on the development of photothermal gas spectroscopy in
HC-PBEF, from its basic theoretical investigation to its applications, and would be
organized as follows:

Chapter 2 introduces the literature review on basic concepts of gas spectroscopy
and related highly sensitive detection methods. The wavelength modulation spectroscopy
will be discussed. The concepts and techniques introduced in this chapter will be a
basis for the works of following chapters.

Chapter 3 reviews the principles and development of photothermal techniques.
The basics of fibre-optic interferometer will be presented. Furthermore, the theore-
tical deduction of photothermal interferometry in free-space optics from a variety
of sources will be summarized and given in a generally unified way, which would
help a lot in optimizing the photothermal interferometry and giving a theoretical
expectation of sensitivity performance in the free-space optics. The advantages of
using HC-PBFs for PTI gas sensors will be presented by comparing with that using
open-path gas cells and direct absorption spectroscopy in HC-PBFs.

Chapter 4 presents the studies on the mechanism and dynamics of PT phase
modulation in HC-PBF. A numerical model will be built to explain the heat con-
duction process in the HC-PBF gas cell using a pulsed pump beam. The PT induced
phase modulation coefficient will be given, which is a theoretical expectation for
the calculation on the sensitivity of PT spectroscopy in HC-PBF. The influence

factors of PT efficiency in HC-PBF will be discussed. The model fits well with the
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experimental measured results. Also, pulsed PT interferometry in HC-PBF as an gas
sensor will be demonstrated.

Chapter S will further discuss the optimized performance of PT interferometry in
HC-PBF. The frequency-dependent PT efficiency will be exploited both theoretically
and experimentally. To make the PT interferometry compatible to the in-situ field
applications, a PT Sagnac interferometry working with passively stabilization will
be demonstrated with high sensitivity.

Chapter 6 gives a primary presentation on the distributed PT gas spectroscopy
with long HC-PBFs. The theoretical expected performance of distributed sensing
using PT spectroscopy will be discussed and a general applicable equation to estimate
the PT phase modulation along the HC-PBF will be provided. The experimental
demonstrations of both quasi-distributed and distributed sensing present high sensiti-
vity and the capability of long-haul gas detection. Other possible improvements of
distributed PT interferometry will be discussed.

Chapter 7 demonstrates a summary on our thesis and further works will be

addressed.



Chapter 2

Background knowledge

The detection of gas molecules with high sensitivity and selectivity indicates that by
using specific techniques, the minimum detectable gas absorption could be as better
as possible while the discrimination of gas species with 'finger-print' selection. The
concepts and origins of gas spectroscopic technique form a basic understanding of
gas detection.

In this chapter, we review some basic concepts of gas spectroscopic techniques

which are the fundamental knowledge for our following works.

2.1 Background of ro-vibration spectra

2.1.1 Light-matter interaction

The light-matter interaction could most likely manifest as one of the changes of three
characteristics: electric dipole moment (absorption/emission), induced polarization
(Raman scattering, inelastic) and elastic scattering (Rayleigh scattering), as shown in
Fig.2.1. The Rayleigh scattering from molecules could only change the propagation
direction of photons but the energy (hvg) of incident photons remains unchanged

while the Raman scattering could induce an energy exchange between the molecules
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Fig. 2.1 Illustration of light-matter interaction process.k = 6.63 x 10734/ - 5 is the
Planck’s constant [83]; vo: input laser frequency; vy: Stokes frequency shift.

and the incident photons, resulting in a possible energy decrease (hvg — hv,, where
vy is the frequency of Stokes shift) or increase (hvg + hvy) [83].

For ro-vibration spectra, it involves the transition between different energy levels
accompanying a process of absorption/emission. The rotational and vibrational state
changes of molecule would induce a state change of electric dipole moment and
thus the possible energy changes with absorbing or emitting photons to back to its
equilibrium as shown in Fig. 2.1(a). Those processes would lead to a change of
internal energy of molecules. In a common way, the internal energy of a gas molecule
could be stored in three of modes: electronic, rotation and vibration. As illustrated
in the Fig. 2.2, the energy levels of atomic or molecular system are discrete and the
absorption/emission spectra are also in a discrete manner. On the other hand, the
orders of magnitudes of transitions between different type of energy state generally
follows: AE;o < AEyijp < AE¢lec. The rotational energy transitions usually occur in
the micro-wave region while the ro-vibrational transitions correspond to infrared
(IR) region. The rovibronic energy transitions involving all of the three kinds of
energy state changes usually take place in UV/Vis region. It is worth to note that the

vibrational energy changes are generally accompanied by rotational energy changes
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Fig. 2.2 Illustration of different energy levels. E” and E’ indicate the lower and
higher electronic energy levels,respectively [83].

while the electronic energy changes are generally accompanied by vibrational and

rotational energy changes [83].

2.1.2 Diatomic molecular spectra

The heteronuclear diatomic molecules could be recognized as being formed by a
pair of permanent net positive/negative charges located in opposite ends of molecule
and as a simplicity, it is reasonable to assume that the atoms are point masses (with
diameter of nuclei d ~ 10~ !3¢m) and separated by an equilibrium distance 7., where
r. remains constant or named as 'rigid rotor' (RR), as illustrated in Fig.2.3.

In quantum mechanics, such a system would have an angular momentum of
YQ,,; where Q,,; is the rotational angular velocity. The allowable magnitudes of

angular momentum are then quantized as:

Yol = T+ D, (= h/2m,0 =0,1,2,3,...) @.1)
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Fig. 2.3 Diatomic molecule with rigid rotor approximation [83].

where the moment of inertia ¥ = Zm,-ri2 = W2, i=1,2and W, = mimy/(my +my)
in a classical mechanics definition. u,, is the reduced mass and r, is the equilibrium
separating distance between nuclei. J is an integer called as a quantum number,
which is used to characterize the total angular momentum. Then it yields a rotational

energy by considering the moment of inertia [83]:

1

Eo = Emfm (2.2)
1

= (1)’ (2.3)
1

- 1)r? 2.4

2YJ(JJF )h (2.4)

¥ 25

— 1 .

= E;(in unit of Joules.) (2.6)

The rotational energy F(J) should be defined in the unit of cm ! as:

F())em™"] = E;Z[CJ] 2.7)

"
812Yc

J(J+1) 2.8)
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By defining a rotational constant By[cm~!] = h/(87*Yc), the final expression of

rotational energy could be in the form of:

F()=BjJ(J+1),J=0,1,2,... (2.9)

The absorption spectra actually are related to some specific allowable transitions
between the energy levels, which known as selection rules. The selection rules are
determined by the transition probability or probability that a molecule could occupy
a space. The probability could be found by solving the time-dependent form of

Schrodinger’s equation:

2
"f;g” —i—i—’;l[E—U(x)]@(x) —0 2.10)

The Eq. 2.10 describes a atom or molecule with mass of m moving in a potential
field of U(x). The complex solution of Eq. 2.10 is the wave function ®(x) and
multiplied by its complex conjugate, forming @®* is the probability that a atom or
molecule would occupy a specified region x — x + dx.

The transition probability from a initial state n to a final quantum state m could

be found by the integral over the whole space of interest:
Transition probability o< / O,u®dt — AJ = +1 (2.11)

where U is the dipole moment. Thus it indicates that the change in rotational quantum
number could only be £1. For pure rotational transition we may restrict it to only
+1:

A=) —J"=+1 (2.12)
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Fig. 2.4 Simple harmonic oscillator model of a linear diatomic molecule. 7,
indicates the minimum compression distance between the two charges [83].

This is the selection rule of rotational transition. Thus the rotational transition

frequencies could be obtained by following the selection rule:

by = By(J'+1)J"+2)-B;(J")(J"+1) (2.13)

= 2B;(J"+1) (2.14)

The rotation energy spacing would increase as the involved energy level incre-
ased. On the other hand, the line spacing between any two of the adjacent pure
rotational transition would be constant as 2B. The line spacing parameter is useful in
spectroscopy since it could be a basics to find the T and r, in rigid rotor model. By
this way, the quantum mechanism model could be related and verified by a classic
mechanism model. From the notation of Eq. 2.9, there should be a maximum energy
of every group of rotational transition.

In a similar manner, the vibration spectra could also be interpreted as a simple
harmonic oscillator (SHO), as shown in Fig. 2.4.

In SHO, the characteristics of classical mechanics could be expressed in the form

of [83]:
Force : ks(r—r.)(ks: Hookie'sconstant) (2.15)
1 nmiymy
Fund tal F : b= —\k = 2.16
undamental rreq Wvib oy s/.uma L mi+my ( )
Angular Frequency : Qi [cm_l] =Vyp/C (2.17)

1
Potential Energy : U = Eks(r—re)z. (2.18)
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In quantum mechanics, it may has the following expression [83]:

Vibration Quantum Number : v=0,1,2,... (2.19)
Vibration Energy : G(v)[em™!] = Quip(v+1/2) (2.20)

Selection Rules : Av=1V —V" = +1. (2.21)

Thus it is obviously that the adjacent vibration quantum states have the same
energy difference G(v+ 1) — G(v) = Q,jp or line spacing,has nothing to do with the
quantum number v.

However, due to the vibration-rotation coupling and centrifugal distortion, the
real diatomic oscillator could not strictly follow a SHO model. Instead, the practical
anharmonic oscillator (AHO), which includes the nonlinear oscillating influence,

would be much more appropriate for the practical model as:

G(v) = Quip(v+1/2) 4+ Quipxyin(v+1/2)> +-- -+ H.O.T; (2.22)

where xyi, is the coefficient dependent on the influence strength of second order
oscillating while H.O.T is the abbreviation of higher order terms. From the Eq.
2.22, it indicates that the spacing (i.e. energy difference) between the two adjacent
vibration lines (i.e. energy levels) would be decreased and some weak transition
which may not strictly follow the selection rules of Eq. 2.21 could possibly occur.
However, the energy barrier of those weak transition would increase dramatically as
the Av increases.Therefore, there are relatively weaker overtone vibration transitions
(first overtone Av = +2, second overtone Av = +3) accompanying the fundamental
vibration transition (Av = +1). The vibration potential then could be a Morse
function as:

U = Deg[1 —exp(=§ (r—re))? (2.23)
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Morse potential

Fig. 2.5 Potential energy for SHO and AHO model with vibration states; U: potential
energy for vibrational states [83].

where D, is the bond-dissociation energy (in em~ 1) and {=1.2177x% 107 Qyip, m
is the modified factor. The potential energy between those two kinds of model could
be illustrated as Fig. 2.5.

On the other hand, the RR model of pure rotational spectra also require a further
modification with a centrifugal distortion constant D, and the rotation constant
should be dependent on the vibrational state as B,,. The sub-script of v indicates the

vibrational quantum number dependence. The rotation energy should be revised as:
F(J)=BJ(J+1)=D,J*(J+1)% (2.24)

As a simple illustration of ro-vibration spectra, we only consider a Born-Oppenheimer
approximation with the regard that the vibration and rotation transition are indepen-

dent. The total energy of ro-vibration could be [83]:

T(v,JJ) = RR+SHO (2.25)
= F()+G(v) (2.26)

= BiJ(J+1)+@(v+1/2) 2.27)
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Fig. 2.6 Tllustration of ro-vibration transitions and its corresponding spectra [83].

with selection rules of:

Av = +1 (2.28)

Al = =+1 (2.29)

Thus the line position of ro-vibration transition could be determined by v =7 (v, J") —
T(v',J"). Thus there could be two groups of rotational transition for each vibration

transition:

Pbranch = AJ=-1 (2.30)

R branch = AJ=+1 (2.31)

The ro-vibration spectra could be illustrated as Fig. 2.6 with regards to the ro-
vibration transition. It can be concluded from the figure and discussions above,
there are two branches, namely P and R branch in each absorption band. The line
spacings between any of two adjacent absorption lines are equal and there are local

maxima of each P or R branch. Even though there could be some modifications by
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considering the other complex factors, the absorption lines of a gas molecule could
be well approximately understood by the description here.

For the transition v =0 — v = 1 is the fundamental transition, v=0— v =i (i >
1) is the overtone transition and the transition from an already excited vibrational
state to another higher state (further excited) is called a hot transition. Typically
there are five types of bands (vibrational transitions): fundamental bands (v;, Av =
v —v" =1 for ith mode), first overtone (2v;, Av =V —1" = 2), second overtone
(Bv;,Av =V —V" = 3), combination bands (e.g. v{ + v, with Avy = Avy = 1; 2v + v,
with Av; = +2 and Av, = +1) and difference bands (vi{ — v, with Av; = &1 and
Avy, = F1). The combination transition could be observed when two or more
fundamental transitions occur simultaneously.

In ro-vibration spectroscopic technique, the degrees of freedom (DOF) usually
refers to the vibration modes [84]. For a linear polyatomic molecule, the DOF is
3Nuum — 5 while it is 3N,,,,, — 6 for nonlinear one, where N, is the number of
nuclei in molecule. Fig. 2.7 presents the fundamental vibration modes of CoH;. The
types of the transition bands are usually classified as the vibration modes (v;, the
ith vibrational mode). The C;H, is a linear structure molecules with 4 nuclei and
therefore there should be 3 x 4 — 5 = 7 vibrational DOF. However, there are two
types of doubly degenerated modes: v4 and vs.

Mode Description Symmetry Normal Mode

V, symmetricC-Hstrech > H-C=C-H

—_—

V, symmetricC=Cstretch >, H “C=C_-H
V; asymmetricC-Hstretch > H_C=C_H
V4 symmetric bend (degenerate) 1, |t| _Cl; = é _ |I|
V; asymmetric bend I |t| _CJ; = cl; - |-|T

Fig. 2.7 Illustration of fundamental vibration modes of acetylene [85].
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On the other hand, in polyatomic molecules, the vibrational transitions are
represented in the form of DOF. For example, the transition (0,0,0) — (0,0,2)
indicates the vibrational state v3 is excited from v3 = 0 to v3 = 2 and this is the
molecule’s first overtone transition while such a molecule has three discrete mode
of vibrations (DOF). The transition (0,1,1,1) — (0,1,2,2) indicates a combina-
tion band with frequency of v3 +v4 and with 4 vibrational DOF. The transition
(0,0,0,0) — (0,1,1,2) indicates a combination band with frequency v, 4 v3 4 2v4.
It is also possible to deduce the energy of overtone or combinational transition from
the fundamental transition [86]. For example, H,O has three fundamental vibratio-
nal frequencies: v (3652cm™1), v2 (1595cm™1) and v3 (3756 cm™1). The observed
transition 3151.4c¢m ! could be the overtone transition 2v, = 3190cm ™. The diffe-
rence of 48.6cm ™! may result from the anharmonic oscillation. Another observed

transition 6874 cm ™! could be a combination transition 2v, + v3 = 6945.8cm ™.

2.1.3 Parameters of gas spectroscopy

As mentioned in Eq. 1.1 in Chapter 1, the gas absorption of light beam follows
the well-known Beer-Lambert law with gas absorption coefficient a(v), which is
related to gas concentration, light wavelength and type of gas species. The absorption

coefficient could be expressed in the form of:

a(v) = NG (v) = CN;or - So- (V) (2.32)

where N(molecules/cm™3) is the number of absorption gas molecules in unit vo-
lume, o (v)(cm?/molecule) is the absorption cross section per molecule, C is the
relative molar fraction with definition of C = N/N,, Nyor (molecules/cm™3) is the
total molecular number density, So(cm~!/(molecule - cm=?)) is the line strength

or spectral line intensity and g(v) is the lineshape function with normalization of
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[72g(v)dv = 1. The typical definition of lineshape function could be illustrated in
Fig. 2.8.

A

g(V)

9(Vo)
2

Vv

Fig. 2.8 Illustration of lineshape function. 7% is the half-width-half-maximum
(HWHM) of a lineshape, i indicates the different lineshape function in the following
discussion.

The total molecular number density N,,, in temperature 7(K) and pressure

p(atm) could be expressed as:

273.15

Niot = Ni P (2.33)
where N; is the Loschmidt number with value of 2.68676 x 10'° molecule / cm?, at

273.15 K and 1 atm. In ambient condition (T =296 K, p = 1 atm), Ny,; = 2.479 X
10" molecule - cm™3.

The line strength Sy is related to Einstein’s A and B coefficient with So o< N1 B -
(hv/c), for a transition from lower state 1 to upper state 2. Nj is the function of
population located in the lower state 1. The B, indicates the transition probability

from lower state to upper state, which is in the unit of J~'m3s~2 and in a relationship

to Ay (s—1) of:
B _ 1 s

= 2.34
A21 8mh v g1 ( )
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the g; and g, are the statistical weights of level 1 and 2 (or sometimes called
as degeneracy factor), which define the relationship between Bj; and B with
g1B12 = g2B21.

For the practical spectroscopy, the absorption spectrum is not a line with infinite
sharp but with specific lineshape, which is the results of line broadening. The line
broadening is the mixing results of measurement uncertainty and external perturba-
tions on the transition process. The basic broadening is the result of measurement
uncertainty, or natural broadening due to the lifetime of exciting states. This deter-
mine the minimum possible linewidth and shape of an absorption line. According to
the Heisenberg Uncertainty Principle, the measured transition energy should have
the uncertainty as:

h
AE Tirans > 57 (2.35)
T

where Tians 1S the lifetime of a transition, which is related to the lifetime of lower
state 7" and upper state 7’. The natural broadening is homogeneous and characterized
as a Lorentz profile.

There are three main lineshape profile: Gaussian, Lorentz and Voigt profile. The
Gaussian profile is an inhomogeneous broadening resulting from the random thermal
motion of gas molecules (also called as a Doppler broadening or Doppler profile).

The Gaussian lineshape function is typically in the form of:

1 /In2 —
gp(v) = Y_D“ %exp[— In2- (v }’DVO)Z} (2.36)

with half-width of half maximum (HWHM):

2kpTIn2 T
To =vo\| o= =3.51812 x 10 Tvgy/ (2.37)
mc M
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where vo(cm ™) is the center wavenumber and M is the molecular weigth in atomic

mass unit. The peak value of Doppler profile is:

1 n2
gp(vo) = y—D\/ - (2.38)

The Lorentz profile is a homogeneous broadening resulting from the natural
broadening (as discussed above about lifetime-induced broadening) and collision
broadening. It is typically dominant at the elevated pressure < 0.1 arm The collisions
between the molecules can affect the transitions between the energy levels. In general
experimental condition, the natural broadening can be ignored. The Lorentz profile

is in the form of:

Yo

1
V)=——""7"7—5 2.39
with peak value of:
1
Vo) = — (2.40)
g(vo) —

In most practical cases, the Doppler broadening is dominant at low pressure, high
temperature and small wavelength region condition while the collision broadening
is the most significant at high pressure (< 0.1arm), low temperature and large
wavelength region condition. But in many conditions, the real line profile are the
integrated results of both two broadening resulting a Voigt profile. The Voigt profile

is the convolution between the Doppler and Lorentz profile:

gv(v) = /+wgp(u)gL(v— u)du (2.41)

—o00

Or in a easy-to-calculating form:

oo 2
gV(V):gD(VO>E/_+ exp(—y°)

T

N mdy =gp(vo)-V(a,w) (2.42)
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where V (a,w) is the Voigt function, a is the Voigt parameter and w is the dimension-

less line position parameter and y is the integral parameter:

a = Vin2y/w (2.43)
w = Vin2-(v—vo)/ (2.44)
y = Vin2-u/yp (2.45)

The HWHM of Voigt lineshape function can be estimated as:

W = 0.5346y, + 1/ 0.2166Y} + 7} (2.46)

The peak value of Voigt lineshape could be [83]:

gv(vo) = gp(vo)-V(a,0) (2.47)
= gp(vo)-exp(a®)[l —erf(a)] (2.48)

n2 1
= o '}’_D A{exp(a®)[l —erf(a)]} (2.49)

where erf(a) is the error function with parameter of a. As a increase, the Voigt
profile tends to be more 'Lorentzian’ while as a decrease the Voigt tends to be more
’Gaussian’. The peak value of Voigt value tends to decrease with the increased a
monotonously while the linewidth of Voigt profile tends to increase as a increases
monotonously. On the other hand, for the same value of HWHM, the Lorentzian
profile has a slower decrease speed (small gradient) on the both wing sides than that
of Gaussian profile. Under normal conditions (7" =296 K and p = 1 atm), we usually

adapt Lorentzian profile as the line shape for most of gas absorption spectroscopy.
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2.1.4 Ro-vibration spectra of acetylene

In a practical application, the absorption coefficients of gas molecules usually are
explored through the public available HITRAN database [85, 87]. In a typical output
data form, the following parameters are usually adapted to calculate the desired
absorption coefficient: the line position or wavenumber of absorption v(cm™!), line
strength S, the air-broadened HWHM 1v,;- and the self-broadened HWHM ;7. In
weak absorption approximation with very low gas concentration buffered by N, or
air, the HWHM of Lorentzian profile could be assumed to be equal to that of air
broadening Y,

For example, taking the P(9) absorption line as an example. The P(9) absorption
line is the transition in v + v3 combination band from a rotational state J” = 9
in ground vibrational state to another rotational state J' = 8 in excited vibrational
state, resulting AJ = —1 and labelled as P(9) line. For P(9) absorption line of
CoH, with v = 6534.363450cm™ !, S = 1.21 x 1072 cm™! /(molecule - cm™?) and
Yo = Yair = 0.0820cm ™!, we have the peak value of Lorentzian profile as Eq. 2.40:
gr(vo) =1/(m-y.) = 3.8818 cm. Then for a relative C = 1 ppm (parts per million in
molar or volume fraction) gas concentration, the absorption coefficient for P(9) line

of CoH> is:

o(vg) = C-Nyt-So-gr(vo) (2.50)
= (C-2.479 x 10¥[molecules/cm?] - 1.21 (2.51)

x 1072 [em/molecule] - 3.8818[cm] (2.52)

= 1.1654C[cm™!] (2.53)

= 1.1654 x 10~ %[cm™] (2.54)

The absorption cross-section could be:o(vo) = So - g7(vo) = 4.7 x 10~ 24[m?].

The molar extinction coefficient or molar attenuation coefficient should be £(vy) =
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Ny -So-gL(vo) = 6(vo) - Nyos [m? /mol], where Ny = 6.0221 x 10 molecules/mol is

the Avogadro constant. The absorbance of gas absorption should be defined as:

) = o(v)CL (2.55)

which is related to the length of gas absorption.
The typical absorption lines of v; + v3 band of CyH, are shown in Fig. 2.9. Both
the maximum absorption of P and R branches occur at the 9th line (P(9) at 1530.37

nm and R(9) at 1520.086 nm).
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Fig. 2.9 Absorption lines of v| 4+ v3 band of C;H; in the wavelength range of 1510-
1545 nm .

The obtained absorption spectrum in Fig. 2.9 is the plot of absorption lines
without taking the lineshape profile into consideration. In fact, by use of Lorentz
lineshape function with the input of },;;, the absorption spectrum with line-profile
can be obtained. As illustrated in Fig. 2.10, the absorption spectrum with line profile

around P(9) absorption line can be obtained. Also, the Lorentzian line-fit, as shown
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in Fig. 2.10(b), can also be used to compared the difference between the absorption
spectrum and Lorentzian profile. From the line-fit, the HWHM linewidth is about

0.0829 cm ! can be obtained, which is closed to 0.0820c¢m ! of HITRAN data.
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Fig. 2.10 (a) absorption spectrum with line profile in the vicinity of P(9) absorption
line; (b) the Lorentzian line-fit for P(9) absorption line. The lower part is the fit
residuals.

2.2 Wavelength modulation spectroscopy

To increase the detection sensitivity of trace gas, it usually follows the two directi-
ons: one is to increase the absorption signal level while the other is to reduce the
background noise (ideally, down to quantum noise limit) [3]. As shown in Eq. 1.1,
the increase of effective gas absorption length, such as using high finesses cavity
or long HC-PBF, could enhance the signal level. However, the noise performance
varies from the different detection methods.

In a conventional direction absorption spectroscopy using a single-pass gas cell,
following Beer-Lambert law, the transmitted light power experiences an attenuation
directly proportional to the factor of oL, where « is the gas absorption with the
definition the same as a(v) and L is the length of gas cell. Without any amplitude

modulation or other noise background, the minimum detectable absorption signal
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could reach a shot noise limit with a detection bandwidth of B [3]:

1/2
(0L i = % (2.56)

where e is the elementary charge with value of 1.60217662 x 10~1°C, n[A/W] is
the photo-detector responsivity and £ is the incident light power. It could reach a
shot-noise limited detectable absorption as good as 1 x 108 at bandwidth of 1 /2w
Hz (i.e. 1-s averaging time), Py = 1mW, n ~ 0.8A/W at 1.064 um. However, due
to the existence of various noises which dominate over the shot-noise limit, such a
sensitivity is far to be achieved, especially in the low-frequency ranges [3]. In order to
reduce the background noise integrated during the detection, modulation techniques,
either amplitude modulation or frequency modulation, are usually adapted to work
at the high detection frequency and with narrow detection bandwidth [88, 89].
Frequency modulation spectroscopy (FMS) is one of the most sensitive spectrosco-
pic detection methods applied for gas sensing [2, 90]. The FMS usually uses an
external phase modulator, driven at radio-frequency with low modulation depth, to
achieve fast optical frequency modulation. After passing through a gas-absorption
cell, by monitoring the phase and amplitude of heterodyne beat radio-frequency
signals between the sidebands and carrier frequency (aligned with the center of
absorption line), both the features of absorption and dispersion in the vicinity of gas
absorption line can be observed. Since the noises (including the laser 1/f excess
noise) at radio-frequencies is small, the FMS can achieve high detection sensitivity.
Also, if the modulation depth is small and modulation frequency is smaller than the
absorption linewidth, the whole absorption spectrum at the spectral feature of interest
can be recovered by scanning the tunable diode laser source or phase modulation
frequencies [91]. For FMS, the shot noise limited absorption signal could be down

to [3, 4]:
2eB , \/§
Nk Jo(m)Ji(m)

(L) min = ( (2.57)
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where Jy (/1) is the zero (first) order Bessel function with the parameters of modu-
lation index m (unity or less). The maximum value of Jy(m)J; (m) could be 0.34 at
m ~ 1.1. Thus the frequency modulation spectroscopy could deteriorate by a factor
of ~ 4 loss in terms of sensitivity with a identical optical power, compared with the
direction absorption limit in Eq. 2.56. The reasons for such a loss may arise from
that part of the optical power in the carrier frequency have to convert to sidebands,
which results a power reduction.

Besides the method of reducing noises, the utilization of multi-pass high finesses
cavity is attractive to enhance the absorption length and amplify the absorption signal
[27, 92]. By carefully designing a cavity with finesses of 3, the shot noise limit

could be enhanced as [3]:

T ,2eB., \/§

(L) min = 7%3 (npo Jo(m)Jy(m)

(2.58)

Thus, for a frequency modulation spectroscopy ,with modulation index of m = 0.5
and n = 0.85A/W, Py = 5mW, 1-s averaging time, the minimum detectable ab-
sorption is (L), = 2.2 x 1078 for a single pass cell while it could be down
to (QL)pmin = 3.5 X 10~13 with a cavity of finesses 3 = 10° [3]. For experimen-
tal achievement, up to now, the most sensitive detection scheme reported is the
works conducted with noise-immune cavity-enhanced optical heterodyne molecular
spectroscopy (NICE-OHMS) method achieving sensitivity of 1 x 10~ “¢m™!, in
terms of gas absorption coefficient, with 1s averaging time (only 1.5 times worse
than that of calculated shot noise limit) [3, 4].

Wavelength modulation spectroscopy (WMS) shares the similar principle with
FMS while has smaller modulation depth m < 1 and lower modulation frequency

which is much smaller than the absorption linewidth. WMS can directly modulate

the wavelength (or optical frequency) of laser source at kHz rates by injection of
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current. In some cases, the availability of instruments may simply determine the

choice of FMS or WMS. In our implementations, we focus on WMS.

2.2.1 Principles of WMS

The modulation methods are attractive for a sensitive detection. For a electrical
field E = Epexpli(2mvot + mcos(mt))t] with modulation depth of m at modulation
frequency of @, if a large modulation index m > 1 and lower modulation frequency
o < v (1 is the Lorentzian HWHM) are used, the modulation spectroscopy is
called as a wavelength modulation spectroscopy. If m < 1 and @ > ¥, then it is

frequency modulation spectroscopy (FMS) [91, 93-95].
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Fig. 2.11 Illustration of WMS methods. PD: photo-detector; DAQ: data-acquisition
card; PC: personal computer.

WMS has been widely applied in the trace gas analysis due to its intrinsic
advantages. For a practical WMS in near IR wavelength region, a distributed-
feedback (DFB) laser is often used. The wavelength of DFB laser is scanned across
the gas absorption line at a slow frequency in a saw-tooth (or triangular) waveform
through a thermoelectric controller, while its wavelength (intensity) is simultaneously

modulated sinusoidally at a fast speed through an electric current tuning, as shown
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in Fig. 2.11. The modulated laser field then interacts with gas molecules and the
output signals could be detected by the use of a lock-in amplifier working at high
harmonics. Thus, the WMS can work at high modulation frequency, avoiding the
disturbance from the lower frequency noise source, such as laser excess noise (1/f
noise). Since the signal strength and waveform of WMS are directly related to
the absorption strength and lineshape, the two unique characteristics of trace gas
could be obtained simultaneously. The derivative relationship with gas absorption
lineshape also makes the WMS capable of discriminating the absorption signals from
the broadband featureless noise, such as window absorption [96-99]. Meanwhile,
the broadening wings of absorption line tends to fall off much more slowly compared
with the central part, resulting a smaller corresponding signals at second-harmonics
(2f) and making the WMS could be much more attractable to reduce the influence

from pressure-broadening wings [83].
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Fig. 2.12 Schematic drawing for illustrating the principles of WMS.

In a pure WMS, with a schematic drawing shown in the Figure. 2.12. where no

additional intensity modulation on the laser beam, assuming a Lorentzian absorption
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lineshape as:
_ CN;otSo 1 _— 1 N
(%7 e o 1 +x35

o(x) (2.59)

where x,, is the normalized laser frequency, ¥, is the HWHM of Lorentzian lineshape,
0 1s the peak absorption coefficient. The time-dependent laser frequency could be
expressed as:

v(t) = v+ Avcos(wt) (2.60)

with fast modulation frequency of @ and maximum frequency deviated from the
instant central laser frequency. v corresponds to the slow-scanning of wavelength

modulation. The normalized laser frequency could be defined as:

Xy = (v(t)—vo)/1 (2.61)
= ((v—vp)+Avcos(ot)) /v (2.62)
= X, +mcos(wt) (2.63)

where %, = (v —vp) /7. is the instant normalized optical frequency (corresponding to
the slow-scanning), m = Av/7; is the modulation depth. From the theory of Arndt
[100], the signals at the detector output could be decomposed into a series of Fourier

series (assuming 0 = 1):

S(x,) = i H,(%,)cos(nwr) (2.64)
n=0

The harmonics terms is in a complex number form:

oLt AV - E)? (1))
Hn(xv) = 2mn8n \/(1 — i)fv)z +m2

+c.c. (2.65)

where i is the imaginary unit, n indicates the n-th order of harmonics, c.c means the

complex conjugate parts which could be ignored in the following calculation and
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g =1,6 =2(n=1,2,...). The expression is the fundamental expression for the

following analysis after removing imaginary parts.
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Fig. 2.13 The first four orders of harmonics with different modulation depth.

The first four orders (with n = 0,1,2,3) are plotted against the normalized
frequency with different modulation depth in Fig. 2.13. It has shown that the
waveforms of harmonics are broadened with the increased modulation depth. The
wings of waveform tend to run away from the absorption line center while the
modulation depth is increased. The odd harmonics presents a zero-value while the

second harmonics appear its maximum value at the line center.

2.2.2 Optimized parameters for WMS

The maximum (H, jmq.) and amplitude (H, 4p) could be defined as illustrated in
the Fig. 2.14. From the Fig. 2.13, both the maximum and amplitude varies as m

changes.
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Fig. 2.14 The definition of maximum and amplitude of first and second harmonics.

The optimized modulation depth m to achieve a best harmonic signal is essential
for WMS detection. The theoretical investigation reveals that the maximum value of

first harmonics H; occurs at:

A/ 2 _
A= iM (2.66)
V3

where A = (v —vyg) /7y is the deviation from the line center. The maximum value

could be achieved with a dependence on the modulation depth m:

V3 V3m2+4-2
2m\/\3m? +4—1

The maximum of the second harmonics occur at the line center A = 0 with a maxi-

Hy jnax = (2.67)

mum of:

Hypax = — (2 — ——=—) (2.68)

It has been clear from the theoretical investigations that for pure WMS, the
optimized values m where the best H,, ,,4x happens are 2.00, 2.20, 3.59 and 4.12 for
the first four orders of harmonics. For even order of harmonics, the optimized values
m where the best H,, 4, happens are different from that of Hj, uq, While it remain
the same for the odd order of harmonics. For 2n- and 4th-order of harmonics, the

optimized of H, 4, happens at m = 3.09 and m = 4.85, respectively.
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Fig. 2.15 The optimized m for the 1st- and 2n-order harmonics.

In practical application, it is not easy to achieve a pure WMS. In WMS, the
modulation of wavelength would induce undesired residual intensity modulation
(RIM), or sometimes referred as residual amplitude modulation (RAM), which may
distort the output waveforms of WMS and deteriorate the performance of WMS.
Here, the RIM or RAM is called as intensity modulation (IM), discriminating from
the definition of wavelength modulation. In a detail analysis, there is a phase shift
between the wavelength modulation and intensity modulation. The phase shift (y)
dependents on the laser structure and modulation frequency, but for a DFB it typically
varies from 0 at lower frequencies to —7 at higher frequencies [98]. The theoretical
analyzing of WMS combined with IM has been deduced in [95, 97, 101]. The
results from Schilt [98] are much compatible with the results from Arndt [100]. The
signals at different harmonics are similar to Eq. 2.65 with a coefficient difference of
R = —Ip*xap/ /Y. 7, where the I is the optical intensity at the line center while ag

is an constant for a specific measurement defined in Eq. (A10) in Schilt’s paper.
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2.3 Summary

This chapter gives a literature review of gas spectroscopy. The basic concepts of gas
spectroscopy have been discussed, which would help us understanding the future
works on the gas spectroscopy and the nature of photothermal. Furthermore, the
WMS spectroscopic technique has been discussed theoretically and the optimized
condition for a best signal-to-ratio has been demonstrated. Those concepts and

spectroscopic techniques are basics for the further research investigations.






Chapter 3

Photothermal gas spectroscopy

3.1 Photothermal spectroscopy

3.1.1 Photothermal effect

Photothermal (PT) effect is actually a result of non-radiation relaxation process
involving in the population inversion, which is induced by the optical absorption
[102]. In detail, optical absorption of photons in gas molecules would lead to the
population inversion, resulting the molecular transition from lower state to upper
state. Due to the unstable of excited state or collected virtual state, the relaxation
from upper state to lower state would occur in a short time scale. Most time, in
normal ambient condition, the collision and natural lifetime are the main reasons for
the relaxation. Both spontaneous relaxation (radiative or fluorescence generated) and
non-radiative relaxation could happen. The non-radiation process would reduce the
energy of molecules in the upper state through thermal relaxation, i.e. generating heat
as illustrated in Fig. 3.1. The generated heat could change the density, temperature
and pressure of surrounding materials. All of those changes can finally manifest

themselves as refractive index changes of sample materials.
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Fig. 3.1 Illustration of process involved in the photothermal spectroscopy. The upper
corner shows the non-radiative relaxation process. The modulated continuous wave
or a pulsed wave is usually adapted as the pump source. CW: continuous-wave.

3.1.2 Detection of photothermal effect

Depending on the measurand of subsequent macroscopic manifestation of PT effect,
usually, there are a variety of methods [3, 102]: temperature changes (photot-
hermal calorimetry), pressure variation and/or volume expansion (photoacoustic
spectroscopy), density variation or refractive index change (photothermal lens, de-
flection, diffraction and interferometry). The photothermal technique has been widely
applied in many different applications but here we may focus on the photothermal
spectroscopy.

In a simple model to investigate the photothermal effect in the free-space optics
(dimension of gas cell is much larger than the beam radius of light), the mass
diffusion and heat convection are usually negligible [102]. Thus the temperature rise
of absorbing gas samples could be obtained by solving the heat conduction equation
as:

oT qH

- 2 e
o DrV<T oC, 3.1

where Dy = k/pC, (in unit of m?/s) is the thermal diffusivity. k (in unit of W /(m -
K)), p [kg/m?] is the density of medium and C,[J/(kg - K)] is the specific heat.

gr [W /m?] is the heat generation source due to the optical absorption.
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The photothermal lens is formed by the photothermal effect induced temperature
gradient [103, 104]. A Gaussian intensity distribution (in cross-section) passes
through the absorbing medium and absorption would induce the heat generation, re-
sulting in a non-uniform temperature distribution. Due to the temperature-dependent
refractive index, a photothermal lens could be formed as shown in the Fig. 3.2
[105—107]. Since the most of thermo-optic coefficient is negative (temperature rise
would induced expansion of medium), the photothermal lens are usually a diverging

lens with negative focal length.

excitation beam ~

g 2777017 > I_>D

- spatial filter
~ V or pinhole

n(r) =no[1+5(r/w)’]

Fig. 3.2 Illustration of photothermal lens generation.The left side represents its
equivalent diverging lens.PD: photo-detector.

By investigating the Eq. 3.1, it has been revealed that the quadratic terms in the
expansion of refractive index n(r) will be dominant and for a thin region of sample
length L, the focal length f., of the equivalent lens in a steady state is determined by

the radial heat conduction as:

nom KW2

S = RaL(dnjdT)

(3.2)

where k[W/(m-K)] is the thermal conductivity, w is the beam radius (optical
amplitude in Gaussian beam falls down to 1/e of its maximum), Py[W] is the
optical power of pump beam, o [cm ] is the absorption coefficient of medium and

dn/dT [K~"] is the thermo-optic coefficient.
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If the pump beam is switched on at the time # = 0, then the time-dependent focal

lens would be:

£0) = full + 5] (33

where 7, is the characteristic thermal conduction time constant given by:
fo=—— (3.4)

Following the Eq. 3.2, it is obviously that measuring the focal length, either in
the transient condition or in a steady state, the optical absorption coefficient ¢ then
could be determined.

To improve the detection sensitivity of absorbance, a two-laser thermal lens
measurement was proposed by Grabiner [108]. The system adapts a pump-probe
configuration. The pump beam is chopped and passes through the absorbing medium
while the probe beam is continuous laser source to travel through the same medium
to measuring the laser intensity loss due to the divergence, which results from the
thermal lens. However, such an arrangement of pump-probe configuration could
enhance the detection sensitivity, mainly attributable to the reasons: (1) the pump
laser now can directly focus on the medium which would result in a much more
larger laser intensity to generate a much more steep thermal lens; (2) the use of
lock-in amplifier could enable a narrow detection bandwidth which could ensure a
lower detection noise. It has been exploited that the detection limits of thermal lens
are as good as 1077 to 10~ 8¢cm ™! for liquid and gas analysis [106] using 10 to 200
mW continuous pump source.

The photothermal deflection methods was initially applied for the surface analysis.
The optical absorption of pump source heats up the liquid or gas medium above
a solid surface. The heated gas or liquid serves as a prism and deflects the probe

beam incident tangent to the surface. A beam position sensor is usually adapted to
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Fig. 3.3 Illustration of photothermal deflection spectroscopy: (a) transverse geometry;
(b) collinear geometry.

detect the changes of probe beam. There are two types of photothermal deflection
spectroscopy geometry:transverse and collinear, as illustrated in Fig. 3.3, depending
on the relative position of pump and probe beam. The pump beam could be intensity-
modulated by an optical chopper, enabling the use of lock-in amplifier to increase
the signal-to-noise ratio. The photothermal deflection spectroscopy could present a
same detection sensitivity performance as good as that of two-laser photothermal

lens spectroscopy [102].

3.2 Photothermal interferometry

The photothermal interferometry (also called as phase-fluctuation spectroscopy,
PT phase-shift spectroscopy) is an ultra-sensitive trace-gas analyzing methods [77,
109]. The optical absorption of gas molecules could result in sample heating and
subsequently cause the refractive index changes of the medium. Using an optical
interferometer, the refractive index changes of probe beam, which propagates through
the same gas sample, could be measured and mapped to the characteristics of gas

molecules. The refractive index changes of gas molecules can be related to the
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temperature changes caused by the PT effect in the form of:

AT

An=—(ng—1) (3.5)

abs

where AT = T — Ty, is the temperature changes compared with the ambient tempe-
rature. In fact, dn/dT = —(ng — 1)/ Ty is the thermo-optic coefficient. Thus, by
calculating the PT induced temperature changes, we may be able to estimate the
optical phase changes accumulated by the probe beam.

A typical PT interferometry could be illustrated as Fig. 3.4 by the use of a
Mach-Zehnder interferometer (MZI) [77]. A PZT is used for the stabilization of
interferometer. It has been shown that the minimum detectable gas absorption
down to 1.8 x 10 2¢cm™! /W (optical power W indicates the averaged pump power)
could be achieved with an interferometer of phase sensitivity as good as 5.3 x
10~ rad //Hz with an optical interferometer in free-space optics (with optical lens
for optical alignment) [77]. With a much larger pump power, a detection sensitivity

of 10~ %m~! in terms of absorption coefficient could be achieved [77].
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Fig. 3.4 Illustration of PT interferometry using a Mach-Zehnder interferometer.
The thicknesses of the line could somehow indicate the relative strength of electric
field.PZT: piezo-electric transducer.

To find the PT induced localized temperature rise, the Eq. 3.1 is usually used
to solve with some general assumptions: in free-space optics, the beam radius of

pump and probe source is considered as much smaller than the geometric dimension
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of gas cell, thus the Eq. 3.1 could be considered with a infinite boundary condition.
On the trace-gas analysis, the weak-absorption assumption is of the interest and
thus the temperature remain invariant along the directions of beam propagation.
Furthermore, due the small temperature rise and infinite boundary constraints, the
temperature far away from the central axis could be considered as constant as the
ambient temperature 7,;,, = 293.15K.

At the beginning of following sections, the principles of optical interferometry
will be presented. In fact, the optical interferometry in free-space optics shares
the same basic principles with fibre-optic interferometry. However, since our work
focuses on the fibre-optic sensors, we will only give a literature review on the fibre-
optic interferometry. It can be a useful reference for the work in construction of
optical interferometer in free-space optics. Thereafter, the literature review and
summary of general solutions for different types gy of pump beam in free-space
optics are discussed. The numerical analysis based on the analytic or semi-analytic

solutions discussed here would be investigated at the final section.

3.2.1 Fibre-optic interferometry

Optical interferometry is basically based on the interference between optical waves
and is a powerful technique for the detection of small phase shift. The detected
phase shift can be a result of various external disturbances, e.g. temperature, strain,
stress and pressure, on the light path. Thus the optical interferometry can be a
highly sensitive optical sensing system for different types of physical parameters.
Optical fibre can serve as not only the transmission cables but also sensing elements.
With additional advantages, such as compactness, low-cost and EMI, the fibre-optic
sensors have been widely developed and applied in a broad sense [15, 110].

In a common sense, there a two basic types of fibre-optic sensors based on the

usage of optical fibre: the intensity and phase detection type. For the intensity type,
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the optical power attenuation is measured while in the phase type the optical phase
changes is much more concerned. For an intensity-detection type, the fibre only
serves as a light waveguide while the fibre also serves as a intimate sensing element
in the phase-detection type. The optical phase detection could be used to detect
very small external perturbance (pressure, strain, acoustic wave, temperature wave)
imposed on the propagation path of light beam [15, 16, 18-20, 111-114].

Usually, a fibre-optic interferometer is a technique in which the interference
of electro-magnetic wave occurs and is often used to detect the extreme small
accumulated differential optical phase shifts caused by the measurand. The typi-
cal interferometry includes Mach-Zehnder, Michelson, Fabry — Pérot and Sagnac

interferometer.

Principles of interferometer

it
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Laser source ey e PD
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sensing fibre coil “! ’ LS

Fig. 3.5 Illustration of Mach-Zehnder interferometer.

Both of the Mach-Zehnder and Michelson interferometer are results of two-beam
interference formed by a dual-path way. A typical Mach-Zehnder interferometer
(MZ]) is illustrated in Fig. 3.5. A highly coherent laser source is launched and divided
into two beams through an fibre-optic coupler. The two beams passes through the
sensing and reference arms, respectively. Then the beams would re-combine at
another fibre-optic coupler and interfere with each other at a photo-detector, which

would generate the output signals [115]. The optical phase delay could be defined in
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the form of:

¢ = nokL = BL (3.6)

where ny is the refractive index of optical fibre, k = 27 /A is the angular wavenumber
of light in vacuum, B = nok is the propagation constant in the optical fibre, A is the
wavelength of light and L is the physical length of fibre. In fact, nL is also called as
the optical path length. It could be found that any change(s) of n, k, L would lead to
a phase shift, i.e. the change of ¢. Typically the external disturbance would induce a
variations of n and L while k is often related to the laser frequency jitters or optical

dispersion. The electrical field in the sensing arm could be expressed in the form of:
E,(t) = E e/ (Qor+0a+49(1)) (3.7)

where Ejy is the electrical strength in the sensing arm, € is the angular frequency of
optical wave, @4 is the initial phase or static phase factor of sensing arm and A¢ (¢)
is an induced phase shift or change, corresponding to the measurand. For a similar

definition, the electrical field in the reference arm could be:
E,(t) = Ege'(!*05) (3.8)

If the photo-detector is a squared-lay detector, the output of the detector is the
interference of signal (the interference of electrical wave could only occur on the
photo-detector, not at the fibre-optic coupler or within optical fibre in our system
[116]):

i1(t) =TRga. < E;(t)E,(t) > (3.9

where <> is the time-averaging product with the definition of:

< Ey(1)E, (1) >= %Re[E;‘Et] (3.10)
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I' is the degree of coherent between the two waves, ¢ is the polarization-related
factors, and the absolute value of the both two parameters are in the range of [0, 1].
Only the physical length difference between the two arms of MZI is much smaller
than the coherent length of laser source could lead to |I'| = 1 and the identical linear
polarization state could lead to ¢ = 1. R[A/W] is the responsivity of photo-detector,
usually in the value range of [0.6, 1]. The . is the power loss coefficient that the
coupling from two arms to the photo-detector happens. Here we consider complete
interference and lossless systems with unit responsivity of photo-detector, resulting

in:

i(t) = <E;{t)E (1) > (3.11)
o< [Eo(0) + Eo0)] [Es(0) + En(0)] (3.12)

— !EAIZ + !EBIZ 1 E Ege ™ (@0t +9a+40(1)) 5i(Qo1+0p) (3.13)

| Epel(Qui+94+86 (1)) o —i(Qot+65) (3.14)

—  |Ea|?* + |Eg|* +2EaEpcos|(¢a — 0B) + A0 (1)] (3.15)

— Iy +1Ip+2VIalpcos|(9a — $p) + AP (1)] (3.16)

The Eq. 3.16 indicates the final output signal from the photo-detector in the form
of light intensity I4 g with a relationship between light intensity and electric field
strength as I = cgyng|E|*/2 (g is the vacuum permittivity and c is the light speed in
vacuum). It includes a DC term and an AC terms. The AC term is related to the time-
dependent phase shift A¢(¢). If assuming a sinusoidal phase shift A¢ (z) = msin(w,,t)

and also ¢; = ¢4 — ¢p, the AC term of interferometric output signals has the form of:

lge = l0cos[@g + msin(@pt)] (3.17)
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The signals could be expanded in the Bessel function as:

)

e = io{cos(@q)[Jo(m)+2 Z Jon(m)cos(2nay,t )] (3.18)
n=1
fsin(0a)[2 Y Joria(m)sin((2n + 1))} (3.19)
n=0

where J,,(m) is the Bessel function of order n with argument of m. Through this
way, the phase shift could be converted into an intensity output of the interferometer

from the photo-detector.

— Ja(‘m)
0.8 — J1(m) |4
— Jym)
06 1-82 03 — 2
2,20 Jatm
0.4 232 ]
E w
0.0 K
0.2
0.4 |
0.6 2 7 6 8 10 12 14

Value of m

Fig. 3.6 The first kind Bessel function against the modulation depth m. The number
on the line indicates the value of m where the first maximum of Bessel function
could be achieved.

It is clear that the amplitude m of phase shift (m can be considered as modulation
depth) is always of main interest. The output of m is first of all determined by the
Bessel function J,(m). As shown in the Fig. 3.6, the Bessel function is usually
periodic as m changes. However, it could still be able to achieve a linear conversion
with the condition that |m| < 1 and the value of Bessel function could be Jo(m) ~ 1,
J1(m) = m/2 and so does higher orders in a similar linear relationship to m. On the
other hand, there are periodic local maximum for J,(m) which may be helpful to

calibrate the phase shifter. The visibility of interferometric output could be defined
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as:

Imax Imin
y = imaxtimin (3.20)

Imax - Imin

= (3.21)

Thus the output of interferometer could be expressed in a simple form as i, =
1+Veos[(¢a — 9) + A (1)].

To achieve linear and maximum conversion of phase signal A¢(¢) to output
intensity signal 7, the DC phase shift ¢, is of considerate importance. As illustrated
in the Fig. 3.7, if ¢, = 2N+ 1)z /2, N =0,1,2,..., then the output signal could be
maximized while if ¢, = Nzw, N =0,1,2,..., then the output signal would vanishes.
The working points of interferometer at ¢; = (2N + 1)z /2 are also called as the
quadrature points. However, all the conditions follow the basics that |m| < 1, or we
say working at the linear principle. Strictly speaking, the 1% dynamic range of an
interferometer could be achieved as long as |m| < 0.17. For |m| > 0.1, significant
distortion of interferometric signal compared with the input phase signal would
happen as shown in the bottom of Fig. 3.7.

All the two-beams interferometer, including Michelson, Sagnac and low-finesses
Fabry — Pérot interferometer, follows the similar principles discussed above. The
process of retrieving input phase signals, both amplitude m and input frequency w,,,
is usually called a demodulation process of interferometer. On the other hand, it is a
common way to manifest external disturbance as strain applied on the optical fibre.
Ignoring the radial stress applied on the optical fibre, the elasto-optical coefficient
could be defined as [16, 117]:

1,

é =1- El’l P12 (322)
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Fig. 3.7 The illustration of interferometric output amplitude as a function of phase
signal.

where pi; is the strain-optic coefficient (for silica p1p = 0.27 [16]. The strain is the
ratio between the deformation to the initial dimension of optical fibre, or € = AL/L.

Then it follows:

% = &¢ (3.23)
dp = —M';fég (3.24)

Stabilization of inteferometers

In a practical system, due to the undesired environmental phase perturbations (tempe-
rature drift, polarization fading and mechanical perturbance), the bias phase ¢, terms
in Eq. 3.17 is not stable and the fluctuations may cause the measuring errors while

meanwhile deviates from the quadrature points. There are a variety of techniques
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to demodulate the phase signal A¢@(r) with relatively low errors and they may be
categorized as active and passive demodulation methods [117-119].

Part I: Active homodyne stabilization

Active stabilization is one of most generally used, easy to operate scheme in
the fibre-optic interferometry. It enables the two interfering beams passing through
the different optical paths keeping at a constant phase bias, minimizing the phase
drifts which may degraded the performance of the interferometry as discussed above.
The active stabilization is usually based on a negative feedback servo-loop control,
where the phase drifts from the pre-set desired value could be converted into an error
signal and then sent back to the mother-system, usually via a optical fibre-wounded
piezoelectric transducer (PZT), to compensate the variations of phase, as illustrated
in Fig. 3.8. To achieve a maximizing and linear conversion from the phase signal
to intensity signal of interferometric output, it is common locking the phase bias of

interferometer at the quadrature points ¢; = 2N+ 1)n/2, N =0,1,2,... [120-126].

u(t) FB generator
unit
L,

reference arm iFB (t)

Laser source PD

—>
houpler 90 '
sensing fibre coil | (t) i

Fig. 3.8 Illustration of active homodyne stabilization of MZI. The number on the
coupler indicates the power coupling coefficients. FB: feedback.

10

Considering the output interferometric output signals as:

P = P, + Py +2/P\Pscos|¢g + ¢+ AP — @] (3.25)

where ¢, is the desired phase bias, usually in the quadratic working points. ¢, is a

slow varying components which is the results of picking up external perturbance,
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like temperature. A@ is the desired phase signals. ¢, is the feedback compensation
signals generated by a PZT. Near the quadrature points, the AC terms becomes
proportional to the phase signals (without the exitance of phase signals, which could

be achieved by passing output signals into a low-pass filter):

Vae = V0(¢d + (Pn - (pc) (3-26)

— Volde—90) (3.27)

where V. and V) has been translated into voltage signals proportional to the optical
power. Ideally, in quadrature, it has to be V,. = 0 where phase drifts € could be
cancelled out by the compensation signal ¢.. The output of V,,. could be obtained
from the data-acquisition card (DAQ) and then sent feedback to a analog control,
generating a voltage signal to drive PZT unit. The phase ¢. generated by the PZT
could be made exactly to cancel ¢.. At last, the error signals V,. could be locked at

zero. Such a feedback signal is the integral of V. as:

Tint
Vier=8 | Vaeltdt (3.28)
0

where T is the integration time. The differential equation for the signal V., is in

the form of:

AVeq
dt

+ 80RWoVied = 80V00e (3.29)

where R, [rad /Volts] is the volts to radians constant of PZT and g¢ is the gain
factor of feedback loop. The parameter ggR,V; is the gain bandwidth product of the
feedback circuit.

This approach is often referred as a PI (proportional-integral) control process
with @ = ¢, serves as a output control signals and V. (deviates from the zero value)
serves as the error signals. One of the major disadvantages is that the output voltages

of a practical system is limited and if the upper limited of voltages is approached,
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the feedback system has to be reset. Such a reset would result in an glitch of output
signals [15].

There is an alternative approach using PID (proportional-integral-derivative) con-
trol [125], which has been adapted in the first demonstration of PT gas spectroscopy
with HC-PBFs [70]. The general idea is similar to that of a PI control, but incor-
porating a derivative term, which predicts the behavior of the system and improves
the time setting and stability. If the output error signals is P, while the ideal output
signals is P, corresponding to the output visibility V, and V, respectively. The error

signals could be defined in a dimensionless way:
eo(t)=(L—1))V=V=V)/V=V/V -1 (3.30)

By passing through a low pass filter to discriminate the error signal from the phase
signal while extracting the single tone of a specific frequency v,s.. Typically, the
low-frequency drift noise spectrum of fibre-optic interferometer exhibits bandwidth
of ~ 300Hz. The choice of v,5 = 200Hz may be sufficient. Combining the error
sinal and single tone, the signals over a period of v,z could be obtained in the form
e(t) = eo(t)cos(vesc), which would fed as the error signals of the PID control. The
output of control signals applying PZT to generate a ¢, compensation terms may be
in the form of:
de(t)

t+T
u(t) = Kypelt) + K; / et + Ky (3.31)
t

where K,,K; and K are the proportional, integral and derivative gain, respectively.
The whole process of feedback servo loop control could be achieved by using
LabView analog circuit. This method provides a phase stability better than 0.1° and
bandwidth of 3kHz.

The active tracking and stabilization has a good noise performance since the

most of electronic noise are typically in the level of 0.1 — 1utrad, corresponding to
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the phase changes of ~ 10~ of an optical wavelength or the equivalent physical
fibre length change of AL ~ 10~ 3m with A ~ Lum [119].

Part I1: Passive stabilization

Even though it is much easier to stabilize the interferometer using an active
control with a high performance, but it is rarely used in an real industrial systems.
The first reason is that the limited dynamic range of feedback elements make it must
suffer from the resetting problem, which may occur many times a second in real
application while only a few time per day in lab. Another major limit is that such a
system is very difficult to interrogate a multiplexing system which contains more
than one sensing arrays. The passive scheme could approach high phase detection
sensitivity with all-fibre (no electronic circuit) and no-requirement of servo control.
The stabilization of the system could be achieved passively by elegant design or
modulation of the system. The electro-optic modulation methods, using the output
of interferometer and algorithms to achieved desired phase, including the phase-
generated carrier (PGC) homodyne [127], PGC synthetic heterodyne [128, 129],
and differential delay heterodyne [130]. The all-fibre optical approaches includes a
3 x 3 loop coupler [131—134], polarization discrimination [ 135], frequency-shifter
Sagnac loop [136, 137], phase-bias modulation Sagnac scheme [138]. Here, the
3 x 3 Sagnac phase demodulation system would be used in our future works and
would be introduced in a detail way. The choice of using 3 x 3 coupler is that it is
electronic elements free and easy-to-operate without any servo-control.

A typical 3 x 3 Sagnac loop could be illustrated as the Fig. 3.9. A light source
(usually a broadband source to reduce the backscattering/reflection phase noise) is
launched into the fibre loop through a 3 x 3 coupler and divided into two beams as
clock-wise (CW) and counter-clock-wise (CCW). Due to the fibre delay line, the time
that CW and CCW beams reaches the sensing part is different and considering the

time-varying modulated phase signals at the sensing part, at a specific time 7, there
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would be a phase modulation difference between the CW and CCW experiencing at

the sensing part.

3x3coupler fibre delay line

coordinate

( \\\ x=0 \fjirection
A N
ligth sourczzg \< \‘Zﬁlterminated v
( A A
X= L;'
PD 2
i sensing fibre
L 1+ . perturbance
- | it msin(e,t)
|2

Fig. 3.9 Illustration of 3 x 3 Sagnac interferometer.

The instantaneous phase of the CW and CCW beam could be obtain through the

integrations [80]:

Ly

dcw = /O ﬁ[x,t—(Lt—x)'?]dx, (3.32)
Ly

bccw = | Blx,t = =0)dx (3.33)

where f3 is the propagation constant and x is the coordinates along the fibre in a
clock-wise way. L, is the total length of the fibre loop, c is the light speed in vacuum
and n is the refractive index of fibre. Assuming a sinusoidal phase modulation, then

the phase signal could be expressed as:

B(x,1) = Bo + 8 Bsin(wmt) (3.34)

where @), is the phase modulation frequency and 6 is the modulation constant.

In real deduce, the phase modulation could be expressed in the form of phase
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modulation instead of B modulation. They have a relationship of A¢ (x,7) = B(x,7) X
L, where L; is the physical fibre length of sensing part.
Through the integration, the phase difference between the CW and CCW beams

could be:

AY(t) = dcw — dccw (3.35)
Lﬂ’l

= d¢cos[wy,(t — 2—C)] (3.36)

with:

2c w,un Wyn
09 = 5ﬁw{cos[7(Lt—2Ls)]—cos( 5e

LY (33D

B 2¢c . @un(Li—Ly), . @un

= 4p wmnszn[ e |sin| > L] (3.38)
— aﬁLssm[Mfc_LS)] (3.39)
- 25¢0sin(a)m%) (3.40)

where @y = 0 B L, is the amplitude of phase modulation signal and 7; = n(L; — Ls) /c
is the delay time due to the fibre delay line with length approximately L; = L; — L.
There is a weak modulation assumption with sin(s) ~ s if s < 1. The modulation
depth is now could still be held as m = §¢. The modulation phase signals thus could
be expressed in a simple but not loss of meaning form as A (1) = mcos(@yt).

For a practical 3 x 3 with loss and asymmetry, the output current signals at the

port of 1 and 3 could be:

it = R(Py+AP){1+cos[Ap(r) —120° + dn]} (3.41)

i» = RPy{1+cos[A¢(r)+120°]} (3.42)

where Ap and ¢, is the averaging power difference and phase asymmetric factor bet-

ween the two output ports, respectively. Using a balanced detection, the substraction
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of the two output signals could lead to a differential output signals as:

ige = RAP (3.43)
+AP{1+cos[A¢(t) — 120° + &)} (3.44)
+ORPysin[A () + dusin(dn + 120°) (3.45)

where ¢p = 2¢,. In most practical cases ¢p < 120° and AP/Py < 0.1, thus for a
small phase modulation, the first and second term of the right hand side serves as a
low noise source, which we may ignore in the following discussion. The expression

now could be simplified as:

Igiff = ZRP()SiI’l( 1 20°)sin [A(P (t) + (PA] (3.46)
= V3RPysin[mcos(oput) + ) (3.47)

= V3RPy{sin(¢s)[Jo(m +2Z Y an(m)cos(2nwy,)]  (3.48)

[}

—cos(9a) -2 ) (=1)"Jans1(m)cos[(2n+ 1) @] } (3.49)
n=0

As described above, it works in a similar way as that of MZI. However, as
observed in the equation, the phase modulation depth m (i.e. 8¢ = 28 osin(®,3))
is finally related to the fibre delay time 7,;. To optimized the phase detection sensi-
tivity, the detected modulation frequency @, of phase modulation should meet the
requirement that:

wm%:(ZNJrl)g,N:O,l,z,... (3.50)

It makes that sin(com%) = 1. Such frequencies of @, is the proper frequencies of
Sagnac interferometer. For a fibre delay length of 2km or delay time of 10us, the
first proper frequency is ~ 50kHz for the first harmonic detection.

The use of 3 x 3 loop coupler in Sagnac interferometer could achieve near shot-

noise limit. The best reported minimum detectable phase is 2.5 x 10~ 7rad /+/Hz,
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which is near the shot-noise limit, with a multi-mode (transverse mode) laser diode
[ref]. One of the advantages using Sagnac interferometer is that it is capable of
remote and multiplexing networking while with a high sensitivity, as reported in

[139].

Noise properties

In a practical system, the noise sources that dominate over all noise could varies and
require experimental-based investigations. However, there are several noises source
that could set a lower bound of phase detection.

Part I: Shot noise

Shot noise is a quantum limit noise, arising from the random probably occurrence
of photon absorption event in a photo-detector and characterizing as the discreteness
of photons and electrons. The shot noise is not the noise of a laser intensity itself but
related to the input laser field on the photo-detector. The shot noise could be simply

expressed in the form of electric current as [116]:

< shot >= \/eRPB (3.51)

with input optical power of Fy, bandwidth B of photo-detector and responsivity R of
photo-detector. The coefficient e is the elementary charge. As indicated, the shot
noise has a root-square relationship with the optical power.

Part II: Thermal noise of resistor

The thermal noise, or Johnson-Nyquist noise, is the noise due to the voltages
applied on the load resistor. It could be a basic noise limit of any electronic circuit

as a form of [116]:
4kgTB
Rt

<ir >= (3.52)
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where kg is the Boltzmann’s constant, 7'[in K] is the absolute temperature and Ry is
the load resistance. The thermal noise of resistor is also not related to the light field
itself.

Part I1I: Laser noise

The laser noise (excess noise from laser source) could be classified as inten-
sity and frequency noise. The laser intensity noise is the results of the amplitude

fluctuations of a laser source. If considering the output of laser power as [116]:

P(t) = Py+AP(1) (3.53)

where P, is the time-averaging power and AP(t) is the instantaneous variation of
optical power. The man squared deviation of the optical power fluctuations could be

characterized as:

(PO =R =(8POF = | Sur(f)as (354

where Sxp(f) is a form of spectral density function Sap(®):

SAp(f) = 27'L'SAP((D>, ((D = 27l'f) (355)

considering the responsivity of photo-detector as R, the output current of the detector

is i(t) = RP(t). Thus the current fluctuations of detector output could be:

<ip>=R\/Sap(f)B (3.56)

with B is the detection bandwidth of detector. The relative intensity noise (RIN) is

defined as a unit bandwidth of:

_ Sap(f)(B = 1Hz)

RIN
2
s 0

. (3.57)
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For a single mode semiconductor laser, the RIN could be in a level of 1016 (or -160

dB). The responsivity of a detector could be:

_a

R =
hv

(3.58)

where v = ¢/A is the laser frequency, /4 is Planck constant and 7 is the quantum
efficiency (electrons generated by a single photon). Then for a photo-detector with
detection bandwidth of B = 10° Hz, input power Py = 3mW, RIN = 1071071,
A = 1.3 um and quantum efficiency of 7, the fluctuations due to the laser intensity
noise is < i, >=5.95x 107A.

Furthermore, by using a balanced detection methods, the laser intensity noise
could be greatly reduced [140, 141].

Laser frequency noise is a result of laser frequency drift. The laser frequency
noise could be translated into an intensity noise of interferometric output through
unbalanced path of two arms of an interferometer and thus it is directly proportional
to the optical path difference of the interferometer arms. There are two main ways to
reduce the laser frequency noise: balancing the optical path of arms and enhancing
the frequency stability of laser source. Since the complete balanced optical path is
not practical to achieve, using a feedback control to minimize the laser frequency
fluctuation is a not bad choice [16]. On the other hand, using a common path
interferometer (e.g. Sagnac interferometer) could largely balance the optical paths
of two beam and thus it could be a choice.

Part IV: Polarization fading

The interference between the light beams should meet the same polarization
requirement to achieve the best visibility. However, since the unavoidable asymmetric
physical dimension and also the external perturbance, the state of polarization (SOP)
of a light beam travelling along the fibre could vary from time to time and resulting

a mismatch of SOP between the interfered beams, which results in reduced visibility,



68 Photothermal gas spectroscopy

or called as polarization fading. The polarization fading phenomena is a common
problem for all fibre-optic interferometers and could be reduced by several methods,
like using polarization discrimination scheme [135, 139], using depolarized light

source [142, 143].

3.2.2 PTI with open-path gas cells

The PTI sensors have been primarily proposed and demonstrated with optical interfe-
rometer in free-space optics [144]. There have been many published literature with
derived results to explain and calculate the magnitude of PT phase modulation (or
the PT induced temperature changes). Here we give a summary of the most of works
that have been done to calculate or estimate the magnitude of temperature changes
resulting from PT effect. This part is expected to provide a unified or generalized
results for the estimation of PT phase modulation. The numerical results are also
presented to discuss some key parameters that may affect the efficiency of PT effect,

that will be crucial for the reasons of choosing HC-PBFs as our gas cells.

Part I: Analytical and semi-analytical results with different pump source

Pulsed pump beam

The pulsed pump beam could be expressed in the form of:

20E 272 /w2
1) = —— 0<t <ty 3.59
Q(rv ) antoe sV >80 ( )
= 0,r>1 (3.60)

where Ej [J] is the pulse energy, 1y is the pulse width. The peak light intensity could
be in the form of Iy = % with peak pump power Py = Ey /1.
Carslaw and Jaeger [145] have gave the Green’s function for the Eq. 3.1, yielding

a temperature rise at radius r and time t for a unit line heat source at 7’ and time zero
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in an infinite medium:

1 —(r2+r?)
G(r',nt—t") =
LR = e P any )
/
rr
Iyl =—F—= 3.61
XO[ZDT(t—t”)] ( )

where Iy(x) is the modified Bessel function of first kind and zero order, Dr is the
thermal diffusivity.
Thus the temperature rise due to the heat source gy = Q(r,7) could be found

through the integral:
1 (o)
T(nt) :/ dt"/ 2nr'dr’ Q(r G (¥ it — 1) (3.62)
0 0

In fact, this integral form could be used to solve all types of pump source, including
pulsed, CW (continuous-wave) with or without modulation. But generally, it would
be cumbersome to do such an integral.

It can be obtained the results for pulse source as:

aEy

AT (r,t) = nmozr{Ei(—Zrz/wz)
—Ei[-2r*/(w? +8Drt1)]},0 <t < 19 (3.63)
AT(rt) = nzzgr(m{—zrz/[w%sm(z—;0)]}
—Ei[-2r%/(w? +8Drt)]),t > to (3.64)

where Ei(z) is the exponential integral:

Ei(z) = —Ei(—2) — / ) “ar (3.65)
k

% , Taylor expansion  (3.66)

= .LlEuler+ln|Z| + Z
k=1
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where Ugyer = 0.5772 is an Euler’s constant. Some definition using E|(z) =
—Ei(—z). Here E| (z) has a identical definition as that of function expint in MATLAB
software.

n [102], a simple form integration of Eq. 3.63 and Eq. 3.64, leading to a final

solution as:

2 1

AT(rt) = [aP()]® s SDTte*Zrz/(gDT“WZ) (3.67)
14

= [aP(1)]®ATy (1) (3.63)

with P(¢) [W] is a time-dependent optical power (in fact, it could in the any form,
such as pulse or cw modulated we discussed later) and & indicates doing convolution.

For very short pulses (pulse duration much more less than 7.), it has been shown
that AT (r,t) = Py ATy (r,t) with Py is the peak optical power of pulse.

On the other hand, for very short pulse Davis [77] gave a similar solution with a

consideration of thermal relaxation time 7 as the form of:
AT'(r,t) = [1 — exp(—t/7)|aPyATy (r,1) (3.69)

In Davis’s deduction, the assumption that T < w? /8D, is made which is equiva-

lent to the assumption of infinite medium. It has to be noted that the source form in

N ( Eyip

Davis’s deduction is gy = > C e

exp(—t/7). The term exp(—t/7) indicates that
the thermal relaxation occurs and exponentially decay. The other part of heat source

could has a relationship with our definition as:

2Nt0[ GP(t) e_2r2/w2

N(nrt)= w2 E

(3.70)
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where o = N, 0 is the absorption coefficient of the medium and E,;;, = hv is the
vibrational energy (in our study, the selection rule allows only Av = 1 as we have
discussed).

CW Gaussian beam

In Davis’s deduction [77], the wall effect of cylindrical gas cell with radius size
b has been taken into consideration. For an impulse reaction to a heat source, the

Green’s function of Eq. 3.1 could be expressed as:

(o)

To[1 —exp —1/7)] Z o(rx,)exp(—Drx2t)
- J2 (bxy)

AT (r,t)
X / Jo(r'xp)exp(=2r% jw?)r dr' dr’ (3.71)
0
where Ty = Ipat/pC,, with Iy is the peak light intensity of pump beam. x,, is the nth
root of Jo(bx,) =0,n=1,2,3,....

For an infinite medium » > w and on-axis region r < b, it could result in a

cw-unmodulated beam as:

AT(rt) = TOW Z exp W’ /8)

x /_ m{l—exp[—(t—r’)/f]}
xexp[—Drx>(t —1t')|dt’ (3.72)

or in a summation form, easy to calculate numerically:

Tow? i Jo(rBn/b)exp(—B2iw? /8b%)
4Dr = BX(1+B2Drt/b?)J(By)

Tow? i Jo(rB/b)exp(—Biw? /8b%)
4Dr n=1 ﬁnz‘]lz(ﬁn) ,

AT (r,t) (3.73)

(Drt/b* < 1) (3.74)

where f8, = x,b. In Eq. 3.74, Drt/b*> < 1 has been made. For air, Dy =

2 x 107m? /s and typically for CoH,, T ~ 74ns. For a typical free-space optics
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geometry, b in the dimension of mm, which resulting satisfaction of Dy7/b> < 1.
Even for a gas cell with radius of 5 um (as in HC-PBFs), the D77/b* ~ 0.06 < 1
could still meet the approximation. From the deduction made above, it could be
seen that the temperature rise near the axis is parabolic, which agrees well with the
deduction in PT lens spectroscopy [107].

The most summation will converge for n < b/w [77], thus for near axis r < w,

the temperature rise could be:

2 o (1 2R2 /412
AT (r < wyt) = Z(gv Z (L=rp. /4b )exp(—ﬁ,%wz/8b2). (3.75)

T p=1 anjlz(ﬁn)

For on-axis temperature rise, just let r = 0 in Eq. 3.75. On the other hand, there is

another deduction results which is equivalent to Eq. 3.75 as [77]:

TOW2
16Dy

AT (r < wyt) = [2in(b/r) + E1(2b* /w?) — E{ (217 /w?)]. (3.76)

where E|(z) = —E;(—z) is the exponential integral. Eq. 3.76 is equivalent to Eq.
3.75, except for the expression form [77].

Also, it has been shown that the CW pump induced temperature rise could be
obtained by doing the integral of Eq. 3.63 with assuming that ) — 0. The on-axis
temperature rise could have been approximately in a simple form, ignoring the

influence from the boundary of gas cell [146]:
P
AT (r=0,t) = ———In(1+2t/t,) 3.77)
p

with Py cw is the averaging optical power of CW pump source. As indicated in
Eq. 3.77, as t — oo, the temperature rise could tend to be infinite. It is the results
of assumption that the gas sample is infinite and thus the temperature tends to rise
within the gas sample without any energy exchange with the other medium and

external environment. However, this is impossible to obtain since the heat energy
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transfer could happen between the gas sample and gas cell (imposed boundary), and
then with the external environment. But it is still possible to deduce from Eq. 3.77
that the temperature rise tends to increase slowly when ¢ — oo as expected.
On the other hand, in fact, for t < t., In(1+2t/t.) ~ 2t /1, i.e. for short pulses,
there could be AT (r = 0,7) o< #, a result similar to that discussed in pulsed
Tw=pCp
beam case.

CW Sinusoidal modulated pump source

Considering a general free-space optics with w < b, following Eq. 3.72, it has:

T()W2 -

Jo(rxn) 2.2
AT (rt) = exp(—x,w"/8)
4p? Y;J%(bxn)

< [ (- expl -1/

xexp[—2Drx2(t —1')]sin( @yt )dt'. (3.78)

where @, is the intensity modulation frequency of pump beam. Subject to the
condition that Tw,, < 1, indicating the operation of modulation frequency are much

smaller than GHz, it results in:

Tow? i Jo(rxy,)

sin( @yt — @)

2.2

(3.79)

with tan(¢,) = @, /2Drx2.

Further considering that @,, < 5.783Dr/ b2, it may has the solution form of:

o) 0o
Z;(gv sin(@pt) Z Mexp(—ﬁ,%wz/%z). (3.80)
T

AT (1) = L 52726,
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The condition ®,, < 5.783Dr /b? should be discussed. For typical value of b =
10mm, it should work at w,, < 1Hz while for b = 100mm, it should be ®,, K
0.01Hz.

For higher modulation frequency @, > (8Dr)/b* and T < w? /8Dr, considering

that w < b, there would be:

2 oo
AT (r,t) = Tow / exp(—2r* /8Drx){1 — exp[—(x —w?/8Dr)/1]}
16D71 Jw2/8Dr
W2
X sin{ @y, (t + 87) — @px}dx (3.81)
T

with x =t — ¢ +w?/8Dr. The condition T < w?/8Dr is usually satisfied with w in
dimension of millimeter with 7 in the order of nano-second. Even when w ~ 4 um
as that in HC-PBFs, w? /8D7 ~ 1077 >> 7 still satisfy the requirement.

For the temperature rise on-axis with r < w, exp(—2r2 / wz) ~ 1 and neglecting

the transient term, it would result in:

T(r<wt) = 16D sin(@pt — @) (3.82)
B _wlop, 5 T W2y, )

F = \/[Cl( sp, [t =Sl 7] (3.83)

¢ = arctan(cotF —w?®,,/8Dr) (3.84)

where Ci and Si are cosine and sine integrals, respectively. It could be seen
that the temperature rise is generally modulation frequency dependent. For @, >

(8D /w?), F ~ 8D1 /w* @y, and cotF == 1/F, it would follow:

T;
T(r < wt) = ﬁsin(a)mt) (3.85)
m
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For practical application,it has been deduced that the maximum temperature rise

for a light with intensity of Iy and intensity modulation frequency of @, could be:

Lyasin(@y,t)
ATy = —/—F7—= 3.86
i.e. the results of Eq.3.85, or in terms of pulse energy Ey[J] as:
2EyQ
A = 3.87

Eq. 3.86 and Eq. 3.87 are usually applied for the theoretical estimation of magnitude
of photothermal-induced phase modulation in free-space optics ( assuming that

b>w)[77, 147-153].

Part II: Numerical Analysis

Intensity dependence

If using the magnitude of temperature rise to define the efficiency of PT effect,
we may draw a few conclusions here. The intensity dependence for pulse or mo-
dulated pump are quite different from that of CW unmodulated pump. From Eq.
3.69 and Eq. 3.85, it is clear to see that AT o< Ipymp = Po/(7w?), i.e. the PT effect is
directly proportional to the light intensity of pump for short pulses or CW modulated
excitation (the CW modulate excitation also show the modulation frequency depen-
dence). However, for the CW unmodulated of pump beam, the PT effect presents
as AT o Pyat/(47mK), as indicated by Eq. 3.77, which is independent of the light
intensity of pump beam but inversely proportional to the thermal conductivity of gas
medium. However, as discussed, this results violate the practical fact that the energy
exchange between the gas cell and the external environment must exist. Similar to

the discussion of Eq. 3.77, Eq. 3.75 could reach a similar conclusion with & > w.

Influence of gas cell sizes
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In a general way, for smaller b/w value, the heat generated within the gas cell
may exchange with the gas cell and then external environment, which makes that
the heat could not be accumulated or deposited within the gas cell and results in a
relative low efficiency of PT effect, as illustrated in Fig. 3.10, plotted through the
Eq. 3.75. For the fixed ratio of b/w (changing the value of w or b but remain b/w
unchanged), there is no significant changes of photothermal-induced temperature
rise for CW unmodulated beam source. Thus it may conclude that with smaller beam
radius (larger light intensity for same optical power), the PT effect could be much
larger. But for smaller b/w, the boundary of gas cell would impose a significant
influence on the PT effect within gas medium, which may break the validity of all

analytical deduction presented above.

3.5
— b/w=10
3.0l —  b/w=20 |
’ . —  b/w=50
N decline , /w100
v 2.5 —  b/w=300 |

r/'w

Fig. 3.10 Tllustration about the influence of size of gas cell as function of r/w. The
simulation assumes that the radius of pump beam is fixed at w = 0.5mm and different
ratio of b/w.The vertical value indicates the relative temperature rise. The pump
beam is a CW unmodulated laser.

Pulse duration dependence

From Eq. 3.69, the pulse dependence of PT effect could be expected. As

illustrated in Fig. 3.11, increasing the pulse width could increase the temperature
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Fig. 3.11 Illustration about the pulse durations dependence of PT effect with short
pulses. The beam radius is 0.5mm with 7, ~ 0.03s.

changes caused by PT effect when #y < 0.01s. However, as illustrated in the inset of

Fig. 3.11, further increase the pulse width could cause the degraded of PT effect.

CW modulation frequency dependence

Similar to the pulse duration dependence, there is also CW modulate frequency
dependence of PT effect.From Eq. 3.82, the PT modulation amplitude could be
illustrated as Fig. 3.12 as the function of modulation frequency f,;, = 2w ®,,. The
increasing the modulation frequency could reduce the temperature rise induced by the
PT effect. For smaller modulation frequency, the photothermal-induced temperature

rise could be inversely proportional to the modulation frequency.

3.3 PTI with HC-PBFs

3.3.1 HC-PBFs as ideal gas cell for photothermal spectroscopy

The detection of PT signal in PTI system is actually the measurement of optical

phase modulation experienced by probe beam. From the previous sections, we can
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Fig. 3.12 Illustration about the CW modulation frequency dependence of PT effect.
The beam radius is 0.5mm with 1/t, ~ 320Hz.

find out that the optical phase modulation of probe beam can be in the form of:

dn
A@probe o< Ipump - & - L - T (3.88)

Therefore, the PT phase modulation is directly proportional to the light intensity of
pump beam, the gas absorption strength, the absorption length and also the thermo-
optic coefficient. To achieve a better PT signal, we can try to increase one or few of
those parameters.

In practice, increasing the interaction length and/or optical light intensity are usu-
ally adapts. PTT has been primary developed in free-space optics [77]. Experiments
in free-space optics have been suffered from unavoidable beam divergence, resulting
in the spread out of beam and rolling off of light intensity. There could be a tradeoff
between a small beam size (large light intensity) and interaction length. Allowing
for a large light intensity, i.e. a smaller beam size, the light beam will usually be
focused on a small spot through optical lens. For a Gaussian beam propagating in
free-space optics and focused to a beam diameter of 2r(, the beam cross-section will

be twice of that in focused spot area (beam radius will be v/2 of focused spot radius)
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after propagating through a Rayleigh length zz = nr(z, /A. If the beam diameter
of focused spot is 8 um, then it will have zg ~ 21 um. Smaller focused spot size
indicates smaller Rayleigh length. Therefore, using optical lens to increase the light
intensity will compromise the length of gas absorption. The use of capillary as an
open gas cell (meanwhile a waveguide) is somehow a solution. The effective length
of a capillary could be defined as a 1/e intensity loss length as [154]:

24 /n2—1
27 (d/2) V7% .59

L, ~(—
/e (Zm A2 n%-l—l

where 7, is the first zero of the Bessel function Jy, A is the light wavelength, ny is
the refractive index of the glass and b is the bore diameter of the capillary. For an
un-coated fused silica capillary d = 10 um, the effective interaction length could be
only 0.1 mm for A = 1550nm. Even though a larger bore radius could increase the
effective interaction length, it could significantly reduce the peak light intensity for
a given launched optical power. For a = 75 um, the length could be as acceptable
as 1.5 m, but the peak light intensity drops by a factor of 225. Hence, the use of
capillary still suffers from comprising either light intensity or interaction length. In
fibre-optics, the most common open-path gas cells is formed by a pair of GRIN
lens. The typical beam diameter of GRIN lens is about 0.5mm. The light can be
collimated through the GRIN lens but the propagation distance of collimated light
beam can be limited to be tens of centimeters. Even though the cascaded GRIN lens
can increase the length of absorption lens, it cost the complexity of the system and
also the total optical loss can be increased.

Therefore, in free-space optics, the gas cells is far from the ideal requirement of
achieving good PT signal with both long interaction length and large light intensity.
But the HC-PBFs can be a solution to such a dilemma. HC-PBFs have a periodic
photonic crystal structure with a central air defect in its cross section, which forms a

photonic bandgap to confine the light beam at the hollow core. In its photonic crystal
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structure, the lattice constant is in the order of light wavelength and index contrast
is large enough due to the large air-filling ratio. Thus, HC-PBFs can confine both
light and gas molecules within the central air-core (or call it hollow-core) over a long
distance with low loss while provides nearly 100% light-gas overlap. The mode-field
diameter (MFD) of HC-PBFs is very small (for HC-1550-02 type, the MFD is about

11um) and can be maintained over a long range without beam divergence.

3.3.2 Advantages of PTI in HC-PBFs

HC-PBFs can provide a larger light intensity for a given optical power and meanwhile
longer interaction length, making it an ideal gas cell for PTI sensors. It could be
possible to achieve a better trace-gas detection sensitivity by using HC-PBFs in
photothermal interferometry. The photothermal interferometry using HC-PBFs was
firstly proposed by W. Jin [70]. By the use of all-fibre MZI and a 10-m-long HC-
PBFs, a gas absorption sensitivity of 2.3 x 10~cm ™! has been achieved. Due to large
linear working range of optical interferometer, it can also achieve a detection dynamic
range (in the range where the output PT signal maintains a linear relationship to the
gas concentration) up to 1.6%.

Compared with the PTT in free-space optics, the PTI using HC-PBFs can achieve
all-fibre gas sensing with characteristics of compactness, EMI and potential for
remote/distrubuted sensing. In addition, there are several advantages to use HC-

PBFs for PTI sensors:

* The primary demonstration of working modulation frequency of PT spectroscopy
in HC-PBFs is tens of kHz while that in free-space optics could only be in
arange < 100Hz, or even smaller < 1 Hz depending on the transverse geo-
metric size of open-path gas cell, for an optimized condition. Such a feature

enables PTI working in a frequency range where environmental noise can be
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much lower and some spectroscopic methods (e.g. WMS) could be utilized to

increase the signal-to-noise ratio and also map-out the absorption spectrum.

It is quite easy to achieve a very high light intensity with only moderate
pump power in HC-PBFs. High light power could be delivered into HC-
PBF to demonstrate better detection sensitivity. In our primary PTI system,
the used peak pump power is usually in tens of milliwatts, which is enough
to achieve a comparable sensitivity in free-space optics. In some cases of
free-space optics, higher light intensity may cause severe self-focusing effect
[43]. However, higher optical power could be launched into HC-PBFs without

arising significant nonlinear phenomena.

* The length of gas absorption can be extended in a large scale with low loss,

resulting a better detection sensitivity.

* The operation wavelength of both pump and probe beams are in the telecom-
band, enabling the incorporation of our PT gas sensors with the conventional
well-developed silica-fibre system and devices, which can make the PTI system

being low-cost.

* PTI using HC-PBFs has full potential for distributed PT spectroscopic de-
tection. In such a distributed gas sensing, HC-PBFs can serve as both a light
transmission cable and a ideal gas sensing platform to detect the trace gas at

any locations along single long HC-PBFs.

Compared with other gas sensors based on HC-PBFs, PTI can achieve nearly
three orders of magnitude enhancement in both detection sensitivity and dynamic
range. The other gas sensors based on HC-PBFs have demonstrated a limit of
detection down to 1079 ¢m ™! gas absorption, which is far from our expectation when
using a HC-PBF with long absorption length. The main limit of direct absorption

spectroscopy based on HC-PBFs is believed to be limited by the mode interference in
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HC-PBFs, which is a consequence of light interferences between modes in HC-PBFs
[53]. The mode interference in HC-PBFs makes the small gas absorption signal
indistinguishable from noise background.

The possible reasons that PTI in HC-PBFs can achieve a better detection sensiti-

vity may attribute to the following reasons.

* The use of pump-probe configuration: The PT effect induced temperature
changes is small. Since most fraction of light power are located in the fun-
damental mode, the excited high order modes can only generate very small

temperature changes.

On the other hand, the refractive index changes of probe beam depend on the
surface integral over the hollow-core cross-section between the temperature
distribution (resulting from absorption of pump beam) and modal field profile
(in form of power distribution) of probe beam. The PT induced temperature
changes has a transverse distribution resembling the optical mode field profile
of pump beam. If both the temperature distribution and mode field profile
are Gaussian distribution (fundamental mode), it can achieve a largest surface
integral or best PT phase modulation when the heat conduction is assumed to
be the dominant process in PT effect. The mode field profile in the form of
power distribution for the fundamental mode LFy; and lowest high order mode
LPy of HC-PBFs can be illustrated in Fig. 3.13. The surface integral between
the two modes can be very small. The PT induced temperature changes due
to higher order modes of pump beam have small surface integral with the
fundamental modal field of probe beam. The PT induced temperature changes
due to fundamental modes of pump beam can also have small surface integral
with the higher order mode field of probe beam. Even though the photothermal
induced temperature changes due to higher order modes can have large surface

integral with the higher modal field of probe beam, both of the two integral
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source have a very small fraction of power and thus can be ignored. Therefore,
in pump-probe configuration, the high order modes have little influence on the

PT phase modulation of probe beam.
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Fig. 3.13 Mode filed profile in the form of power distribution of (a) fundamental
mode LFPy; and (b) lowest high order modes LP;; mode with both axial direction
along the fibre geometry in unit of tm; (c) the normalized power distribution of both
mode fields (red line is of LPy; and blue line is of LP;;), indicated by the dashed
lines in (a)(b).

* The use of optical interferometer for high-precision phase detection: Op-
tical interferometer can be used to detect very small phase shift and it is a
powerful technique to detect small signals with high detection sensitivity.
Therefore, small PT phase modulation can be detected to map out the gas
absorption signals. The use of high-precision optical interferometer is crucial

for PTI sensors.

On the other hand, the phase-sensitive detection can enhance the signal-to-
noise ratio. In direct absorption spectroscopy using HC-PBFs, the mode
interference between the fundamental modes and high order modes can happen
at the photo-detector which may be a severely noise source, especially when
the amplitude of signal is close to the noise floor. In MZI system, interferences
of probe beam mainly comes from: fundamental modes of both sensing and

reference arms, high order modes of sensing arm and fundamental mode of
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reference arm, high order modes and fundamental mode of sensing arm. As
discussed above, the higher order modes of sensing arm will experience small
PT phase modulation. The interference between the two fundamental modes
can have a much better PT phase modulation, compared with that between high
order modes of sensing arm and fundamental mode of reference arm. Through
this way, there could be an enhancement of signal-to-noise ratio. It has to
be mentioned that the interference between high order modes of sensing arm
and fundamental mode of either sensing or reference arm may not generate
effective PT phase modulation but could possibly be a noise source of optical
interferometer. However, since only small fraction of power located in the
high order modes, such a noise floor could be dominated over by other noise

sources of optical interferometer.

Taking full advantages of using HC-PBF's as gas cells: Other gas sensors
with HC-PBFs based on direct absorption spectroscopy only utilize the long
absorption length for using HC-PBFs as gas cells. However, in PTI with
HC-PBFs, it takes the full advantages of HC-PBFs. Both the long absorption
length and large light intensity can be exploited simultaneously, that make PTI

with HC-PBFs much outstanding.

The use of intensity/wavelength modulation approach: Since the wave-
length of the probe beam is fixed, there is no spectral instability due to the
scanning of wavelength and mode interference in HC-PBF. On the wavelength
where probe beam is fixed, the mutual coupling between the higher order
modes and fundamental modes may happen due to the environmental changes
(e.g., stress, bending, twist or any other disturbance that may cause the index
profile variations along the direction of light propagation). By detecting the PT

signal at higher modulation frequency with lock-in amplifier, the noise arising



3.4 Summary 85

from the mode couplings can be greatly reduced or avoided since most of such

mode couplings are slow-varying noises.

Even though the advancement of PTI using HC-PBFs have been demonstrated,
there are still a number of issues required to be explored. The PT effect in free-
space optics is found to be dominated by the heat conduction process. However,
considering the small core size where strong temperature exchange between the air
and silica boundary could happen and there could be some different results of heat
conduction. Therefore, it is necessary to find out the mechanism of PT effect in HC-
PBFs. On the other hand, the use of MZI for PTI system is far from the requirements
for practical applications. It is necessary to develop a passively stabilized PTI system
with high detection sensitivity to promote the practical applications of PTI using
HC-PBFs. Furthermore, it is possible to develop other PTI-based systems/devices.

The following sections of this thesis are going to solve those issues.

3.4 Summary

This chapter demonstrates a basic review of the development of photothermal techni-
ques. The nature of PT effect and principles of fibre-optic interferometry have been
investigated, which would help us understand the future modeling on the photot-
hermal spectroscopy. The general and unified analytic solutions for pulsed, CW
and modulated pump beams have been demonstrated and the influence factors on
the PT signal generations have been exploited. The photothermal interferometry
in HC-PBFs has also been introduced and discussed. The advantages of PTI using
HC-PBFs have been discussed and some problems required to be answered in the

further investigations have been addressed.






Chapter 4

Mechanism and dynamics of PT

phase modulation in HC-PBF's

In our first demonstration of PT gas spectroscopy in HC-PBFs [70], the pump beam
was a continuous intensity modulated light source. Considering that the most high
energy source available on the commercial market are the pulsed light source, it could
possibly achieve a better performance using high power pulsed light source. On the
other hand, due to the much more confined core size, the PT phase modulation could
be quite different from that in free-space optics. Thus it is necessary to investigate
the mechanism and dynamics of PT gas spectroscopy in HC-PBFs and discuss the
possibility using a pulsed light source.

In this Chapter, we report a numerical model to simulate and explain the mecha-
nisms and dynamics of PT phase modulation in HC-PBFs both theoretically and

experimentally.
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4.1 Mathematical modeling

4.1.1 Theoretical model

The geometry of our simple model may classified into three regions: the central
circular hollow-core with the dimension same as the used HC-PBFs gas cell filled
with target gas, a fused silica solid bound with a thickness identical to the silica
ring surrounding the air-core of HC-PBFs, a extending gas molecules region filled
with target gas where all the conditions are under standard temperature and pressure
condition. Due to the large air filling ratio (> 90%, [65]), the micro-structure
cladding the HC-PBFs could be simplified as an pure air region with the assumption
of weak absorption in hollow-core. The heat source is a pump beam propagating
through the central hollow-core, resulting a refractive index modulation. A probe
beam would propagate through the same path and accumulate the phase modulation
in the same fibre. For a collimated free-space optics, as shown in Fig. 4.1(b), the
boundary dimension is much larger than the pump beam radius or heat source. A
schematic illustration of cross-section of hollow-core fibre HC-1550-02 is shown in
Fig. 4.1(c).

To further simplify the complexity of our numerical model, some assumptions
and approximations should be discussed and analyzed. Here we only consider the
pump pulse with pulse duration ranging from a few ns to a few s, which is of the
interest during our experiments and also suitable for the most applications.

Firstly, we ignore the temporal process of gas molecules to be excited from the
ground vibrational state to higher vibrational state. This process is usually in the
time scale of ps, and could be ignored for our investigating pulse durations.

Secondly, only the vibration to rotation and translation (V — R, T) process are
considered. As mentioned in the previous Chapter, the most overtone or fundamental

tone transition in the infrared region occur at the ro-vibrational spectra. The transition
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Fig. 4.1 Geometric of modeling the PT phase modulation in (a) HC-PBFs and (b)
free-space optics. The red-filled part in the core center is the gas-filled place. The

thick boundary indicates the silica glass. (c) image of cross-section of commercial
available hollow-core fibre HC-1550-02 from NKT.

may be involved with a rotation state in ground vibration state to another rotation
state in excited vibration state. For target gas of interest (i.e. CoH, with N; as
buffering), under the condition of standard temperature and pressure (s.t.p), the
V — R, T thermal relaxation time could be T ~ 74ns [102, 155]. It has to be noted
that the thermal relaxation time is not the lifetime of upper state. The linewidth of
the gas absorption should be determined by the life time of upper and lower state
and determined by the faster process. Thus it will be found that the P(9) absorption
line has a linewidth of 0.082cm ™!, corresponding to the lifetime of 0.4 ns, which is
much faster than the thermal relaxation process. As we know, the thermal relaxation
time indicates the time taken for the molecules to relax from virtue state and deposit
the heat into the surroundings.

Thirdly, typically we only consider the weak absorption (oL < 1), resulting
an invariability of pump intensity and also heat generation along the propagation
direction of light. It could simplify our model into a simple two dimension models,

as shown in Fig. 4.2(a). Even under strong absorption, it could still be extended to
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adapt the condition by dividing the optical path into infinitesimal slices, within each
slice the weak absorption assumption could be held.

Fourthly, the thermal dynamics within HC-PBFs could still be valid as a conti-
nuum regime. For s.t.p condition, the Knudsen number (Kn = A/d, where A is the
mean free path of gas molecules and d is the diameter of gas cell) is in the orders
of 1079 for N, gas (the concentration of C,H; is much smaller) in a I-mm-diameter
tube. For a HC-PBFs with hollow-core diameter of d = 11um, the Knudsen number
is about 0.008 for N, gas. It has been shown that with Kn from 0.001 and 0.1, the
continuum regime assumption is still valid within most of the fluid region while in
the region adjacent to the boundary between fluid and solid, the slip flow condition
should be considered for a more accurate model [156]. However, as the fundamental
mode profile of the pump (and probe) beam in a HC-PBFs is approximately of
a Gaussian shape (as illustrated in Fig. 4.2 (a)), and the light intensity near the
core/cladding boundary region is significantly lower than that at the core center. It
means that the temperature change near the boundary is much smaller than that near
the center, and its effect on the phase modulation of probe beam should be very small.
Hence, the exact flow condition near the boundary would have very little effect on
the overall phase modulation and may not need to consider for purpose of calculating
phase modulation.

Fifthly, the thermal conduction is regarded as the dominant heat dissipation
process. Under the condition of the same or similar beam radius (w),) for the
pump and probe beams and ignoring the mutual influence between conduction and
convection processes, the natural convection velocity around laser radiation region
may be estimated by [157]:

2alpumpw§g

— (e TSy 13 4.1
Veonvect ( P CpTabs ) ( )



4.1 Mathematical modeling 91

cross section of pump and probe:
Gaussian profile

simulation
region..........

pump on |

A first-kind boundary:

e
N

" . b
. (a) e solid region (b)
[ R e
fluid region E |
5.5um=| g. 0.8 | | pump off|
o
b 06 1| 1-exp(=t/z) |\exp(-t/z)
N
% 0.4
E
o
z

o |
H 0 05 1 15 2 25 3
L == i Time (us)

5.5um 5.5pm

5.5um-]

Fig. 4.2 Detail of the computed models. (a) The gas sample is enclosed within the
central air core by a ~ 70nm thick fused silica solid boundary. The intensity profiles
of both pump and probe beam are assumed identical as Gaussian beams and have
the same beam radius. (b) the temporal form of heat source as a function of time and
thermal relaxation time. In this illustration, the pulse duration is #yp = 2Ls and the
thermal relaxation time is T = 74ns for C;H, under s.t.p condition.

where a [em™!] = 0pC with ot [cm "] is the peak absorption coefficient of the ab-
sorptive gas for a relative concentration of 100% at s.t.p, which equals to 1.165 cm ™!
for the P(9) absorption line of C;H. C is a relative gas concentration. Iyymp is pump
laser intensity, g(= 9.8m/s?) is the acceleration of gravity, p (= 1.165kg/m?) is
N, gas density, C,(= 1040J/(kg - K)) is the specific heat of N, gas molecules and
Taps(= 293.15K) is the ambient temperature.

The thermal conduction velocity may be estimated by [77]:

K
pCrwy

= Dr/w, (4.2)

Veond =

where k(= 0.0256W /(m-K)) is the thermal conductivity of N, buffer gas, Dy =
k/pCp ~ 2.0 x 107> m? /s is the thermal diffusivity of the buffer gas. Under s.t.p
condition, in a HC-PBFs with beam radius of ~ 4.03 um [158], the natural convection
velocity is estimated to be ~ 1 x 10~#m/s with a peak pump power of 25 mW and
100 ppm (parts per million by volume) CoH, gas while the thermal conduction
velocity is 5m/s. This would give a thermal conduction time of the order of ws and
a convection time of the order of ms. For pump pulse duration from ns to s, the

natural convection process would not be fast enough to catch up with the PT signal
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change. Therefore, within our observation time, the natural convection process could
be ignored.

On the other hand, as we have discussed on above, the heat generation inside
the hollow-core fibre can result in the changes of temperature, density and pressure
distributions. All of those changes can manifest themselves as the changes of
refractive index. However, as we have calculated, the mass diffusion will occur at a
very low speed to cause a density changes and therefore we ignore the density changes
resulting from mass diffusion process. The pressure change can generate acoustic
wave through thermal expansion process and cause a density change, resulting in
refractive index change. However, the acoustic wave will propagate at a very fast
speed compared with the heat conduction speed. The propagation speed of acoustic
wave can be as fast as ~ 300m /s in gas medium, if the radius of HC-PBF is ~ 5.5 um,
then the time that acoustic wave can reach its equilibrium can be much smaller than
20ns, which is much faster than thermal relaxation process of gas molecules and
also the used parameters of pump pulse durations in our model. Therefore, we can
also ignore the influence of acoustic or pressure wave on the modulation of refractive
index.

From the assumptions and approximations above, the PT phase modulation in
HC-PBFs may be simplified as a process of heat transfer. The temperature rise could

be obtained by solving the heat transfer equations [159]:
aT
pCpE+pCpu-VT =V («kVT)+Q(n1) 4.3)

where u is a nearly zero velocity field and Q(r,7) (W /m?) is heat generation source
per volume.

Even though it is similar to that of free-space optics, the heat transfer equation
could be used to find the magnitude of temperature rise and hence the PT phase

modulation, but due to the limit and constraint of the very small core size (nearly
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equal to the beam radius), the solutions discussed in Chapter 3 may no longer valid
for the calculating in the case of HC-PBFs.

The absorption of pump beam could induce a transition from ground state to
an excited state, which is not stable and could be relaxed through a non-radiative
process, i.e. thermal relaxation, and generating heat. With the weak absorption
assumption, the heat source Q(r,7) could be related to the pump light intensity and

beam radius in the form of:

Q(rt) = alpumpexp(—2r2/wgump) -S(1) (4.4)
= 0 Boump- Epump(r) -S(7) 4.5)

2

is the peak light intensity of the pump beam and a
Gaussian profile with a beam radius (peak power down to 1/e? of its maximum)
of wpump has been assumed with the peak power of Pyump. S(t) is the time-varying

function of pulse waveform, and E,ump(r) is the area-normalized light intensity

function and manifest in the form of [160]:

[x]

exp(—2r2/wgump) (4.6)

pump () = -

For weak absorption assumption where only small temperature rise occurs, the
temperature of outside of silica boundary could be assumed to be fixed as that of
first-boundary condition for a derivative equation [161]. Due to the continuity, the
temperature between the central air core and silica boundary should be varying as the
same, and all the thermal properties (including the thermo-optic coefficient dn/dT,
thermal conductivity and heat capacity) of gas material are also regarded as constant
considering the very small temperature changes. With these conditions, Eq. 4.3 may

be solved numerically and temperature changes AT (r,¢)(= T (r,t) — Typs) could be

obtained.
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The Lorentz-Lorentz relation could help to obtain the temperature induced re-

fractive index in gas molecules [161]:

AT (1t
An = —(ng—1) T:;)
on
= —aTAT(r,Z) 4.7)

where dn/dT = —(ng — 1)/ Typs is the thermo-optic coefficient. With the refractive
index ng = 1.00029 of air under s.t.p conditions, dn/dT ~ —0.989 x 1077 /K. As
indicated, a larger thermo-optic coefficient dn/dT of surrounding material or buffer
gas could result in a larger refractive index modulation with the same temperature
changes. Under the assumption of constant pressure, the refractive index changes
could also be expressed in terms of density changes, which has a similar expression
as that in terms of temperature changes [70, 77].

The total refractive index changes is the integral over the modal area of probe
beam, which is identical to that of pump beam, and could be expressed in the form
of [160]:

(4.8)

where W is the electrical field profile of probe beam in the HC-PBFs. The fundamen-
tal mode of the probe beam is also approximately Gaussian and may be expressed
as:

P = E(%exp(_zrz/wgrobe> (4.9)

where Ej is the electrical field strength and the integration of the electrical field
satisfies [ \P2dA ~ EGrws . /2-
Finally, the complete total PT phase modulation imposed on the probe beam may

could be expressed in the form of:

2nL 2wl Jdn

M9 (1) = T Bngr == % / AT (1,1)Eprape () - 27 (4.10)
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where L is the length of HC-PBFs (here in this paper, for simulations and experiments,
L = 0.62m), A is the optical wavelength of the probe beam. Epope(r) is the area-
normalized intensity profile of probe beam, which ha the same expression as Eq.4.6
but with wpump replaced by wprghe. In this chapter, without arising confusion and due
to the same waveguide where the pump and probe beam travelling, we may express

the beam radius in a unified way as wpump = Wprobe = Wp-

4.1.2 Computed results

The waveform of pulsed heat generation source S(¢) used in numerical model is
illustrated in the Fig. 4.2(b). After the pulsed pump is switched on, the heat generated
would rise exponentially to a flat level following 1 — exp(—t/7) with the thermal
relaxation time 7 of the absorption gas molecules. When the pulsed pump is switched
off, the heat generation would follow an exponential decay in the form of exp(—t/7)
[79].

Fig. 4.3(a) demonstrates the temperature rise AT (r,¢) temporal behavior in a
sensing HC-PBFs filled with 100 ppm C;H; calculated by our numerical model.
The pulsed pump has a pulse duration 2 us and a peak pump power of 25 mW,and
its nominal central wavelength is fixed to the P(9) absorption line of CoH; vy +v3
vibration combination band at 1530.371 nm. The magnitude of AT (r,7) is usually
very small while the maximum of AT (r,7) appears at the center of the fibre, which
is less than 2 mK. The arrows in the Fig. 4.3(b) indicate the direction of heat flux,
showing that the heat flux tends to dissipate outwards radially until reach a thermal
equilibrium state.

Fig. 4.3(c) presents phase modulation dynamics against the different pulse
durations from 40 ns to 4 s, and the peak magnitude of PT phase change as the
function of the pump pulse duration for a given peak pump power is illustrated

in Fig. 4.3(d). Both are the computed results. The peak magnitude of PT phase
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Fig. 4.3 The results of numerical modeling. The HC-PBFs has a core radius of
5.5um and a beam radius of 4.03um. The pulse duration is 2us for (a) and (b). It
has been assumed that the peak pump power is 25 mW and length of HC-PBFs
is 0.62 m filled with 100 ppm C>H; in N,. (a) temporal changes of AT (r,t) ;(b)
two-dimension of temperature changes at the time of 1.5us after launching the pump
beam. (c) The PT phase modulation against time with different pulse durations; (d)
the peak magnitude of PT phase modualtion with different pulse duration.

change appear to increase approximately linearly as the increasing pump pulse
durations until ~ 200 ns. This value of time span is approximately equal to the
thermal conduction time from the center of core to a quarter of the beam radius
tet = Wp/4)/Veond = wf, /4B ~ 193 ns, resemble to that in free-space optics [77].
However, when the pump pulse duration is beyond ~ 1.2 us, the peak magnitude
of phase modulation does not increase significantly with increasing pulse duration,
indicating an optimal pulse duration of ~ 1.2 ts to achieve a maximum PT signal.
This pulse duration agrees approximately with the thermal conduction time from
center of the air core to the hollow-core boundary, which could be estimated as
tea = a/veond ~ 1.1 s, where a is the core radius of hollow core. This feature time
indicates that the thermal conduction within the gas sample plays a essential and

dominant role in the dynamics of PT phase modulation in the HC-PBFs.
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Fig. 4.4 Simulation results with curve fitting demonstrate both the (a) leading and (b)
trailing part, showing the dynamics of PT phase modulation. (c) the influence of T
on the characteristic time constant; (d) The peak magnitude of PT phase modulation
with a fixed pulse energy of 5 nJ for different pump pulse durations. All other
parameters of simulation are identical to that of Fig. 4.3.

On the other hand, through curve fitting the trailing and leading part of the PT
phase modulation with a 2 us pulse duration of pump pulse (Fig. 4.4(a) and Fig.
4.4(b)), a pair of characteristic time of 287 ns and 280 ns respectively could be
obtained. Those two featured time constant indicate the characteristic time that
the magnitude of photothermal-induced phase change will rise to 1 — 1/e or decay
down to 1/e of its maximum value. These values are about one quarter the value
of .5 (i.e., t.p ~ 275ns), indicating that the thermal conduction could be the main
mechanism that dominates and determines the rise and falling behavior of the PT
phase modulation.

It is possible that the thermal relaxation time 7 of gas molecules could also affect
the characteristic time performance for leading and trailing edge of the PT phase
modulation signals. With other parameters remain unchanged and only changing the
thermal relaxation time 7 from 5 ns to 400 ns (typically, under the condition of s.t.p,

not larger than 1 us), using the same curve fitting methods to find the characteristic
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time of the exponential PT phase modulation curve as indicated in the Fig. 4.4(c). It
is obviously that varying 7, the characteristic time could be changed from 240 ns to
550 ns. For our application with T = 74ns, the characteristic time is ~ 280ns with
thermal conduction dominates. However, for gas molecules with T > 1., /4, T could
cause significant curve broadening, which could explain partially the slight difference
between our numerically solved results and the calculated characteristic time 7., /4.
For 7 > t.,, the optimal pulse duration may be different from the results we present
here. Furthermore, it also indicates that by observing the characteristic time of
PT phase modulation, it could possibly using PT phase modulation in HC-PBFs to
observe and measure the thermal relaxation time constant 7.

For the C,H; gas absorption at P(9) line and the probe beam of 1553 nm, the
magnitude of PT phase modulation is calculated to be 2.739 mrad with peak pump
power of 25 mW, 100 ppm gas concentration and 0.62-m-long sensing HC-PBFs.The
normalized magnitude of PT phase modulation coefficient is 1.767 x 107® rad -
ppm~-mW =1 m~1 in terms of gas concentration of C,H, or 1.517 rad -cm-mW 1.
m~! in terms of absorption coefficient.

By far, we only consider the results with different pump pulse durations under
the condition of a given peak pump power. However, if we assume a fixed pulse
energy of 5 nJ but with different pump pulse duration, the maximum magnitude of
PT phase modulation against the pulse durations could be shown as Fig. 4.4(d). In
our numerical simulation, the pulse repetition rate is slow enough to ensure that there
is no overlap between any two pump pulse signals. Now, it demonstrate an opposite
results that the magnitude of PT phase modulation would be larger for shorter pump
pulse duration. For pulse duration of 10 ns, the maximum magnitude of PT phase
modulation with a 5 nJ pulse energy can be 0.011 rad for 0.62-m-long HC-PBFs and
100 ppm C>H; gas concentration. The normalized phase modulation coefficient could
be 0.03548 rad - ppm~' - uJ~!-m~!. For a pulse with higher energy, e.g. 100 nJ, a

maximum magnitude of PT phase modulation of ~ 0.3 rad with 1-m-long sensing
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HC-PBFs and 100 ppm gas concentration could be achieved. For a typical highly
precise fibre-optic interferometry with a minimum detectable phase of 1 urad//Hz,
the minimum detectable gas concentration of C; H, could be down to 1 ppb. However,
it must be noted that if the pulse energy is too high (e.g. at the order of uJ to mJ
with nano-second pulse duration), the temperature rise within the central hollow core
could be so large that a fixed temperature boundary condition would not be valid any
more and the further revision of the model should be required, sometimes the whole
micro-structure cladding of hollow-core fibre should be taken into consideration.
From the previously discussion and Eq. 4.3, with a given peak power, the
maximum heat generation Qnmax(r,¢) is directly inversely proportional to the beam
radius of pump beam. Hence we may expect that a larger PT phase modulation
could be achieved with a smaller spot size. However, as we have discussed in
Chapter 3, the silica boundary surrounding the central hollow core could impose
a stringent constraint on the magnitude or efficiency of PT phase modulation. If
we remain the beam radius of the pump and probe beam unchanged but increasing
the hollow-core size, as well as using the corresponding optimized pulse durations
of ~ a/v¢ongsthe peak magnitude of PT phase modulation for different hollow-core
size was numerical solved and is demonstrated in the Table. 4.1. Other parameters
are identical to those of discussion previously. As expected, the peak magnitude
of PT phase modulation would increase as increasing the diameter of the hollow-
core. Thus we may conclude that the silica boundary has important influence on
the efficiency of PT phase modulation within HC-PBFs, and the results that we
discussed in the Chapter 3 for free-space optics may not be suitable for the case of
our PT spectroscopy in HC-PBFs. The influence of the smaller core-size of hollow
core could be explained as a faster thermal conduction of silica as compared to the
gas molecules. Due to the smaller core size, the energy exchange between the gas
molecules and the silica boundary could be efficient and the heat generated by the PT

effect may dissipate outwards before it can be accumulated to reach a higher level.
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On the other hand, in the view of solving the differential equation, a much smaller
boundary constraint means that the solutions of the equation could be significantly
affected by the outside condition, especially the boundary condition. Furthermore,
the smaller core size is the reason that the thermal conduction of PT in HC-PBFs
could be much faster than that in the free-space optics and explain the phenomena
that the pump pulse duration of PT phase modulation in HC-PBFs is quite different
from that in free-space optics, as discussed in the Fig. 3.11. Thus, in terms of hollow
core size, a larger hollow core could result in a better PT signal with a given pump
power and fixed beam radius. However, in real application, for a waveguide, the
beam radius is usually related to the dimension of waveguide, e.g. the hollow-core
size. Therefore, there could possibly an optimized choice of core size and beam

radius, or an optimized hollow-core fibre for a best performance of PT spectroscopy.

Table 4.1 Maximum phase changes for different sizes of cores

H Core Size (um) Maximum phase changes (mrad) H

55 1

9.5 5.2
20 8.5
50 12

As discussed above, the analytical or semi-analytical solutions in the free-space
optics [77, 102, 161] may not longer suitable for analyzing the PT phase modulation
in HC-PBFs. On the other hand, our model could still be extended to simulating the

PT phase modulation in the free-space optics.

4.2 Experiments with pulsed pump beam

4.2.1 Experimental set-up

To study the dynamics of PT phase modulation, we built up an experimental set-up

as shown in the Fig. 4.5. The pump source is an external-cavity laser (ECDL) which
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is amplified by an erbium-doped amplifier (EDFA) and then intensity modulation
by an acoustic-optic modulation (AOM). The pulse repetition of pump beam is
500 Hz, sufficient slow to avoid the overlap between any two pulses in our system.
The 0.62-m-long HC-PBFs (HC-1550-02 from NKT Photonics) is filled with 7500
ppm C>H, in N,. The central nominal wavelength of ECDL is calibrated through a
standard C; H, gas cell and fixed at the P(9) absorption line of C; H, at 1530.371 nm.

An all-fibre Sagnac interferometer using a 3 x 3 loop coupler is used to demodu-
late the PT phase modulation in the HC-PBFs. Any two adjacent output ports of the
3 x 3 loop coupler have a fixed phase bias as 27/3 and by using a balance detector,
the system output is approximately linearly proportional to the PT phase modulation
[132], achieving a maximum and linear conversion from phase signal to output light
intensity signal. A super-luminescent light emitting diode (SLED) with a measured
3-dB bandwidth of 41 nm nominally centered at 1545 nm is utilized as the broadband
probe source. After launching into the 3 x 3 loop coupler, the probe beam could
be divided into two opposite directions (clock-wise, CW and counter-clock-wise,
CCW), travelling along the same fibre loop. Due to the existence of a 2-km-long
delay fibre (SMF), the time that CW and CCW reach the sensing HC-PBFs could be
different and with a time delay of ~ 10 ts.

The output waveforms of Sagnac interferometer could be different for the varying
pulse durations of pump-induced phase modulation due to the 10 tis fibre delay. As
indicated in Fig. 4.6, the output waveform of Sagnac interferometer depends on the
pump pulse duration ¢y and the loop delay time ¢;. For ty < t4, the system output
appears to be two identical shaped pulses but with reserve signs. For pulse duration
to > ty4, there is overlap between the two output pulses and the interferometric output
pulses would present as all the same pulse width as 10 tts no matter what 7; is. The
overlap parts of CW and CCW would cancel out the phase modulation signals. Thus
for 1y > t4, the pulse shape of outputs would be all the same for all #y except that

the distance between the two pulses would increases as the value of 7y —#;. The Fig.
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Fig. 4.5 Pump-probe configuration of experimental set-up with a modified Sagnac
interferometer. The length of HC-PBFs is 0.62 m. The pump source is an external-
cavity diode laser (ECDL) with nominal central wavelength of 1530.371 nm. Filter
3: filters out the undesired ASE noise output from EDFA; Filter 1, 2: filters out
the residual pump beam and allow the pass of probe beam; BS: broadband source
(probe, at 1553.33 nm); PC: polarization controller; BD: balanced detector; AOM:
acoustic-optic modulator for intensity modulation of pump beam.

4.7 shows the measuring outputs of our system with pump pulse duration of 2 us
and 40 us. Here in our experiments, we focus on the case that the pump duration is
considerably shorter than the loop delay time ¢; (here ¢t; ~ 10 us corresponding to
a 2-km-long single-mode fibre, SMF); this ensures that the dynamics of PT phase
modulation due to a single pump pulse could be observed clearly from the output
waveform.

Fig. 4.8(a) shows the output waveforms from BD for pump pulse duration from
100 ns to 2 us. The HC-PBFs are 0.62-m-long and filled with 7500 ppm C;H> in
nitrogen and the peak pump power delivered to the HC-PBFs is 20.2 mW. The
output signal closely resembles that predicted by the numerical model and the signal
amplitude increases with pulse duration up to ~ 1.2 tts and become flat for longer

pulse duration, agreeing well with the numerical results in Fig. 4.3.
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Fig. 4.6 Simulated output Sagnac interferometer with the pulse durations of 2 us
and 15 us. The phase modulation is simulated as the PT-induced pulsed phase
modulation.
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Fig. 4.7 Experimental measuring the interferometric outputs with pulse duration of
2us and 40 us.
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Fig. 4.8 Waveform output from interferometer.(a) output for the same peak pump
power but different pulse durations;(b) the peak magnitude of measured PT phase
modulation for different pump pulse duration. The peak pump power is 20.2 mW.
The gas sample is 0.62-m-long HC-PBFs filled with 7500 ppm C,H, gas.
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4.2.2 Comparison between the measured results and computed

results

The phase to intensity conversion of our Sagnac system may follow the calibration
process: an piezoelectric-transducer (PZT) wrapped with tens of meters long SMF
as our standard phase modulator, connected into the Sagnac loop adjacent to the
sensing HC-PBFs. The 7 (in terms of amplitude) of phase difference between the
CCW and CW beams with modulation frequency of 50 kHz could be generated by
applying appropriate driving voltage on the PZT and the output of BD could be
directly observed in the oscilloscope [132, 137]. Under the assumption of linear
conversion between the driving voltage and magnitude of phase modulation of
PZT, the phase conversion of our system could be determined as 132 mV/rad.
However, for pulsed phase modulation, there is a factor of 2 loss compared to that of
continuous wave modulation and hence a phase conversion coefficient of 66 mV/rad
could be obtained. The peak magnitude of PT phase modulation, corresponding
to the peak output amplitude (in voltages) in Fig. 4.8(a) could be determined as
3.102mV /66mV x 1rad = 0.047 rad.

Thus the maximum magnitude of PT phase modulation of different pump pulse
durations could be calculated, corresponding to the measured output voltage signals,
shown in Fig. 4.8(b). It can be observed that in our experimental results, the
maximum PT efficiency is at a critical pulse duration of 1.2 s, remains more or
less fixed for pulse durations beyond that. The measured results agree well with our
numerically obtained results in Fig. 4.3.

Since the gas concentration we used here is C = 7500ppm, the assumption of
weak absorption may no longer valid strictly and the averaged pump power should
be re-considered and calibrated as 20.2 x [1 —exp(—alL)] , i.e. ~ 8.4 mW for 0.62-
m-long gas cell. The numerical model obtaining the maximum magnitude of phase

modulation is 0.069 rad for pulse duration < 2uts and a deviation of ~ 38% between
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the experimental value of 0.047 rad and the theoretical expected value. Such a
deviation may attribute to (i) the phase calibration process using a PZT in our system
may not be precise; (ii) some other complex processes are ignored in our model
which may also affect partially our results; (ii1) the beam radius and core size of
HC-PBFs could not be determined in a very precise way while the core size may have
a significant influence on the PT effect; (iv) the efficiency of heat yield - we have
simply assumed that all the relaxation processes in V — R, T manifest as thermal
relaxation process, converting to heat, but it is just an ideal situation.

The PT phase modulation process obtained through experimental measurement
are plotted in Fig. 4.9(a) and Fig. 4.9(b) for two pump pulse durations of 325 ns and
2 us, respectively, with the corresponding simulation results. The thermal relaxation
time T = 74 ns. To observe the leading and trailing edge in a better and unified way,
the magnitude of PT phase modulation has been normalized to its maximum. It
could be observed that there is a good agreement between the experimental results
and our numerical modeling results, indicating that our model is good enough and
reasonable to explain the PT phase modulation in HC-PBFs.

Fig. 4.9(c) and Fig. 4.9(d) shows the leading and trailing edges of the measured
output signals of PT phase modulation with the pump pulse duration of 2us with
curve fitting. The characteristic time constant for both edges are 294 ns and 315 ns,
respectively, agree well with our predicted value of 7., /4 ~275 ns and numerical

solved value ~ 280 ns.

4.2.3 Trace gas detection with pulsed PT spectroscopy

The sensitivity of the pulsed PTI system was evaluated with same setup as shown
in Fig. 4.5 but the oscilloscope is replaced by a boxcar averager (SRS250). The
sensitivity of boxcar averager is 1V/5mV and gate width is about 300 ns. The pump

pulse duration is set to be ~ 3 s with repetition rate of 500 Hz. The peak pump
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Fig. 4.9 Comparison between the numerical modeling results and the experimental
results for the PT phase modulation with pump pulse duration of (a) 325 ns and
(b) 2us. Curve fitting results of (c) leading and (d) trailing part of experimentally
measured PT phase modulation signal with pulse duration of 2Ls.

power launched into HC-PBFs is 20.2 mW. The C> H; gas concentration is 7500 ppm.
Fig. 4.10(a) shows the output from the boxcar for the averaging times (N) of 10 and
10000. The 10 noise level is reduced significantly with larger number of averages but
the signal level remains approximately the same. The slight change (~ 0.06dB) in
the averaged signal amplitude is believed due to the stability of our phase detection
system. The measurements with 10 and 10 K averages were conducted with a
time interval of ~ 20min, and the stability of our Sagnac demodulation system was
previously measured to be ~ 0.87dB over a 6-hour period [162], due to possibly
polarization fading. The relationship between the signal-to-noise (SNR) ratio and
the number of averaging (N) is calculated and shown in Fig. 4.10(b). Curve fitting
shows that the SNR is linearly proportional to /N, indicating that the noise in our
measurement is approximately white [163]. With averaging times of 10000, the
signal output from the BD is ~ 3.34mV and 10 noise level is 0.00147 mV. The
SNR is about 2272. The lower detection limit in terms of noise equivalent minimum

detectable gas concentration can then estimated to be ~ 3.3ppm for a SNR of unity.
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Fig. 4.10 Sensitive trace gas detection with pulsed pump beam PT spectroscopic
technique. (a) Boxcar averager output with average times of 10 and 10k; (b) the linear
performance of SNR against v/N; (c) Output from BD against the peak pump power
with the same pulse duration of 3 ts; (d) the spectral line measurement, compared
with the Lorentzian cure fit.

For the pump pulse duration of 3 us, the peak amplitudes of the PT modulation for
varying pump power level is also measured and plotted in Fig. 4.10(c).As expected,
it follows a linear relationship, indicating that the system performance would be
further improved by increasing the peak pump power level.

The absorption line profile (Lorentzian shape) could also be measured by using
our system as shown in Fig. 4.10(d). The pump wavelength is tuned from 1530.27
nm to 1530.47 nm (or 6533.94cm ™! — 6534.79 cm™! in terms of wavenumber). The
output signals have been normalized to its maximum value. By the Lorentzian curve
fitting, the half width half maximum (HWHM) as 0.09757 cm~ ! could be obtained,

agreeing well with the database value 0.0820cm ™! (HITRAN [87]).
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4.3 Discussion about the results

We have investigated the PT phase modulation process in a pulsed PT interferometry
with HC-PBFs both theoretically and experimentally. A straightforward and easy
to understand theoretical model has been solved by finite element method. The
experimentally observed dynamics of PT process matches well with the our theoreti-
cal model for the pump pulse durations from ns to a few ps. There are still some
discussions should be addressed:

I) With a given peak pump power, the maximum magnitude of PT phase modu-
lation would increases as increasing the pump pulse duration and finally reaches
a more or less constant level after approaching a pulse duration of ~ 1.2 s . The
maximum magnitude of PT phase modulation is found linearly proportional to
the peak pump power, the length of HC-PBFs and gas absorption. For our HC-
PBFs (HC-1550-02, NKT), the normalized phase modulating coefficient could be
1.767 x 10~° rad - ppm*1 -mW =1 m~! (for P(9) line of C,H,) in terms of gas con-
centration or 1.517 rad - cm-mW =" -m~"! in terms of absorption coefficient.

II) For pulse duration of the order of 1 s, the thermal conduction is identified as
the main mechanism responsible for the phase modulation dynamics. The characte-
ristic time constant for both leading and trailing time behavior with optimal pulse
duration was experimentally determined to be around 300 ns, agree well with the
calculated value of ¢, /4 ~ 275 ns and is also affected by the thermal relaxation time
T of gas molecules. The pulse duration required to achieved maximum phase mo-
dulation (optimal pulse duration) is approximately ~ 1.2 ts, determined by thermal
conduction time of a/veong ~ 1.1 s .

III) Gas detection experiments with a 1530.371 nm pump laser with peak power
of 20.2 mW, pulse duration of 3 is and 500 Hz repetition demonstrated a noise

equivalent C; H, concentration of ~ 3.3 ppm with averaging times of 10000. This
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value would be further reduced by using a higher peak pump power and a larger
number of averaging times.

IV) For a fixed pulse energy, the maximum phase modulation was theoretically
evaluated and found to increase with reducing pulse duration. It is theoretically
possible to achieve ppb level lower detection limit for C;H; in N, with pulse energy
of ~ 100 nJ , pulse duration of 10 ns and sensing HC-PBFs of ~1 m. However, for
very high pulse energies, the temperature change near the core/cladding boundary
could be large and the first-kind of boundary conduction may not be accurate anymore
and further investigation is needed.

V) Under the condition of constant pump power level, smaller spot size (mode
field diameter) enhances pump light intensity in the core, which would enhance the
PT phase modulation. On the other hand, smaller core size would mean that thermal
conduction is fast and the phase modulation could be reduced for a fixed pulse
duration because of the fast thermal dissipation. Ideal HC-PBFs with appropriate
core size should exist to achieve maximum phase modulation.

VI) We only investigated pulse duration in the range of few tens of ns to ts. For
much longer (e.g., millisecond) or shorter (e.g., picoseconds) pulse duration, the
phase modulation could be affected by other processes and further investigation is

needed.

4.4 Maximum allowable laser power

In our discussions of the whole thesis work, we only consider the temperature rises
much smaller than 1K for the valid modeling assumptions with a fixed/constant
boundary temperature condition. However, for a maximum allowable laser power of
the pump beam, there are also some other issues needed to be considered:

i) Constant temperature boundary conditions: in our calculations, a pulsed

pump beam with peak light power 25mW can generate an maximum temperature
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rise as large as AT ~ 2mK in 100 ppm CoH; gas concentration. If we assume that
the maximum allowable temperature rise is about 1, K for the valid conditions of
constant temperature boundary conditions, then the maximum allowable peak laser
power of pulsed pump is about 12.5 W in 100 ppm C,H, gas concentration. For
higher gas concentration, it obviously lowers the maximum allowable laser power of
pump beam.

ii) Maximum PT phase modulation allowed in optical interferometry for
linear operation: the normalized PT phase modulation coefficient is about 1.767 X

10 %rad - ppm=" - mW=1.m~!

, as we have presented in the previous section of this
Chapter. If we assume that the sensing fibre length is 1 meter, the gas concentration
is about 100 ppm C>H; and the maximum allowable magnitude of phase modulation
is about 0.17, then the maximum allowable peak pump power is ~ 1.8W. This
assumption can guarantee a linear and maximum conversion from the measured PT
phase modulation signal to the output light intensity signal of fibre-optic interferome-
try. Of course, some other phase demodulation approaches, such as phase generated
carrier methods, could increase the dynamic range of precise phase detection and
lead to a much larger maximum allowable pump power, however, partially at the
cost of phase sensitivity of the system.

iii) Optical saturation: the optical saturation could possibly result in a different
performance of PT phase modulation and therefore could an upper limit of pump
beam power. In HC-PBF with beam radius of 5 um, for C;H, gas molecules, the
absorption cross-section is about 4.7 x 10~2* m? and lifetime of upper-state is 100
ns at P(9) line (1530.371nm), the optical saturation power is about ~ 21.7W. This
saturation power is strongly dependent on the gas absorption cross-section and
lifetime of upper-state.

The maximum allowable laser power of pump beam can be determined by those

factors. However, as indicated above, only when the optical power is much larger

than several watts, it is possible to cause a different mechanism/dynamics of PT
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phase modulation inside HC-PBF, which may require considerations of modified
boundary conditions and other physical phenomena. Furthermore, if the temperature
rise is significant and the heat exchange along the optical axis (or light propagation
direction), then it is better that we need to consider a three-dimensional model,
instead of two-dimensional one. Meanwhile, it is possibly required to take the whole
periodic air-silica photonic crystal structure into the consideration. Such a three-
dimensional model will dramatically increase the burdens of computation resources
and time. But even so, we can still cut the solving regions into small slices, similar
to a differential operator for integration, where the two-dimensional calculation is
still valid. Therefore, even at high pump power, our model can still be revised to

allow the calculation of PT phase modulation.

4.5 Summary

Gas detection with HC-PBFs and pulsed PT interferometry spectroscopy are studied
theoretically and experimentally. A theoretical model is developed and used to
compute the gas-absorption-induced temperature and phase modulation in HC-
PBFs filled with low-concentration of C; H; in nitrogen. The PT phase modulation
dynamics for different pulse duration, peak power and energy of pump beam are
numerically modelled, which are supported by the experimental results obtained
around the P(9) absorption line of CoH, at 1530.371 nm. Thermal conduction is
identified as the main process responsible for the phase modulation dynamics. For
a constant peak pump power level, the phase modulation is found to increase with
pulse duration up to ~ 1.2 s, while it increases with decreasing pulse duration for a
constant pulse energy. It is theoretically possible to achieve ppb level detection of
C>H; with ~1 m length HC-PBFs and a pump beam with ~10 ns pulse duration and

~100 nJ pulse energy.






Chapter 5

Performance optimization of PT gas

spectroscopy

In the first demonstration of PT gas spectroscopy with HC-PBFs, the MZI has been
adapted. However, the MZI configuration requires a electrical servo-control to
actively stabilized the system which makes the system much more cumbersome and
complex, not suitable for the application in real in-situ detection. On the other hand,
the servo-loop could only stabilized the system at a low frequency while in industrial
application, the ambient environmental conditions could change a few times per
second, which may cause the frequent resetting of servo-loop. Thus it is necessary
to develop a passively stabilized PT interferometry with high sensitivity.

Furthermore, it has been shown that the continuous-wave modulation frequency
of pump beam could greatly affect the output PT signal. It is expected that the
possible frequency dependence of PT phase modulation in HC-PBFs may exist.
Thus, it needs to investigate such a phenomena which is important for the future
design of PT gas sensors using HC-PBFs.

In this Chapter, we report the results of our further experimental and theoretical
investigations on the frequency-dependent characteristics of PT phase modulation in

a HC-PBFs and demonstrate sensitive and stable operation of a HC-PBFs gas sensor
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over a period of several hours, an important step toward the practical application of

the PT HC-PBFs sensors.

5.1 Frequency dependence of PT phase modulation

in HC-PBF's

In Chapter 4, we have studied the use of pulsed pump beam for PTI sensors. It
has been demonstrated that the PT phase modulation has a strong dependence on
the pulse durations of pump beam. When using a continuous-wave beam with its
intensity modulated periodically in sinusoidal/sqaured waveform, there could also
be a modulation-frequency dependent PT signal.

The frequency-dependent characteristics of PT phase modulation is experimen-
tally studied with the setup shown in Fig. 5.1. It is similar to the one used in [70] but
the modulation scheme of the pump is different. Instead of wavelength modulation,
here the wavelength of the pump is fixed to the center of the P(9) absorption line
of C,H, while its intensity is periodically modulated by an acoustic-optic modula-
tor (AOM). Such an arrangement ensures that the PT phase modulation is at the
pump modulation frequency, which makes it easier to measure experimentally the
frequency dependence of the phase modulation by simply viewing the interferometer
output with an electrical spectrum analyzer (ESA).

The gas cell used here is a 0.62-m-long HC-PBFs with its two ends fusion-spliced
to single-mode fibres (SMFs), and it is placed in one arm of the Mach-Zehnder
interferometer (MZI). Fifteen side holes were drilled along the HC-PBFs gas cell
by the use of a femtosecond laser [65], and 7500 ppm C,H; gas buffered by N, was
filled to the HC-PBFs gas cell by self-diffusion via the side holes. The interferometer
is stabilized at quadrature by active servo-control [70], which enables efficient

and linear conversion from PT phase modulation into the interferometer output
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Fig. 5.1 Experimental set-up for the measuring the frequency-dependence of PT
phase modulation in a gas-filled HC-PBFs. HPF, LPF: high- and low-pass filter; PD1
and PD2:photo-detector.

intensity. By varying the frequency of pump intensity modulation and recording
its corresponding magnitude of the output signal, the frequency response can be
obtained. Fig. 5.2(a) shows the measured phase modulation (red circles) against the
pump modulation frequency. The vertical axis is normalized against the maximum
value that occurs approximately at ~30 kHz. The magnitude of PT phase modulation
shows no significant change at low frequency, drop to ~ 90% of the maximum value
at ~330 kHz, and reduces quickly from ~440 kHz to ~2 MHz. This frequency-
dependent characteristics is very different from that in a free-space system in that
the magnitude of PT phase modulation increases approximately linearly with the
reducing modulation frequency down to a few kHz level [77].

Theoretical investigation of the phase modulation was also carried out by mo-
deling the HC-PBFs with a cylindrical tube with its inner diameters equals to that
of the hollow-core. Under the assumption that the heat conduction of gases within

hollow-core is the dominant heat transfer process, the dynamics of PT phase modu-
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lation may be studied by use of the following heat conduction equation [164]:

oT
PCp+PCou-VT =V (KVT) +Q (5.1)

where all the parameters are identical to that in [164] except that the sinusoidally
modulated heat source should be expressed as:
O(rt) = oChumpexp(—2r%/wl0) (5.2)

x[1+cos(wpt)]/2. (5.3)

where I, is the peak pump intensity and w ., is the beam radius of pump. « is
the absorption coefficient of target gas sample at 100% relative concentration and C
is the gas concentration in volume ratio.w, = 27 f), is the modulation frequency of
pump beam.

The computed results of PT phase modulation as function of time for pump
modulation frequency of 600 kHz and 3.7 MHz are shown respectively in insets (i)
and (i1) of Fig. 5.2(a). The parameters are identical to the experimental conditions
except that the gas concentration is 100 ppm. The peak-to-peak magnitude of PT
phase modulation (Ap.,) at 600 kHz is about 4 times larger than that at 3.7 MHz. For
higher modulation frequency, the heat conduction could not catch up with the heat
generation, resulting in heat accumulation in the fibre core and hence an obvious rise
of DC level at the onset of pump modulation and a smaller value of Ap,, at the steady
state. The computed phase modulation magnitude (normalized against its maximum
value) as function of frequency is also shown in Fig. 5.2(a). The modulation
efficiency drops to 90% at ~330 kHz, agreeing well with the experimental results.
At higher frequencies, the deviation between the computed and the experimental
results become significant probably partly due to the Kerr nonlinearity occurring

in the section of SMF within MZI via which the high pump power is delivered to
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the HC-PBFs gas cell. In the experiment, the length of SMF in the sensing arm is
about 10 m, and the pump power levels in the SMF sections before and after the
HC-PBFs are estimated to be ~45.6 mW and ~9.1 mW, respectively. The Kerr phase
modulation is estimated to be ~1.2 mrad, which is opposite in sign to the PT phase
modulation and results in smaller total modulation as observed in the experiments.
At 2.5 MHz, the magnitude of PT phase modulation is estimated to be ~ 4 mrad

with 14.6 mW peak pump power and 7500 ppm C, H>.
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Fig. 5.2 (a) Frequency dependent of PT phase modulation in HC-PBFs. The light-
green solid line is the simulation results while the red dot is the measured results. The
inset (1) and (ii) are the simulated results in time-domain for modulation frequency of
600 kHz and 3.7 MHz, respectively. (b) Simulation results of optimum frequencies
for some HC-PBFs. HC-PBFs-MIR means an HC-PBFs with a large core size for
mid-infrared guidance, while the others are HC-PBFs available in NKT Photonics.

On the other hand, for HC-1550-02 fibre, the normalized PT phase modulation
coefficient for a CW sinusoidal modulated pump source is 0.76 rad - cm-mW ~! -m~!
in terms of gas absorption coefficient or 8.85 x 10~ rad - ppm~' -mW~!-m~! in
terms of gas concentration for C; H, detection.

The frequency dependent PT phase modulation would be primarily determined by
the core size of the HC-PBFs and the thermal conductivity of buffer gas. As shown

in Fig. 5.2(b), the optimum frequencies depend on the core sizes of hollow-core

waveguides. The results by use of N, as buffer gas are close to that by use of air.
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The results presented here would be a useful reference for selecting the frequency of

pump modulation for the design of an optimized PT sensing system.

5.2 Optimized PT Sagnac interferometry with HC-

PBF's

5.2.1 Experimental set-up

The MZI requires active servo-control to maintain stable operation at quadrature
and adjustment/calibration is necessary every time when the system is switched
on and when the HC-PBFs gas cell is replaced. This is not preferred for practical
applications and the use of electronic feedback also compromises its ability for
remote detection and for operating in higher EMI environment.

To overcome this limitation, we further studied on the use of a modified balanced-
homodyne Sagnac interferometer (Fig. 5.3) for phase detection, aiming to achieve
stable operation without using active servo control. A Sagnac interferometer is a
single fibre interferometer in which counter-propagating beams travel along the same
fibre but in opposite directions. This minimizes the effect of environment on the
phase difference between the counter-propagating beams and improves the stability
of the detection system. The use of a 3 x 3 coupler in combination with the use of
balanced detector (BD) enables an output signal that is directly linearly proportional
to phase difference between the counter propagating beams [132], i.e. the PT phase
modulation. This linear relationship is independent of the length of the gas cell
(assuming it is much shorter than the total length of Sagnac loop), and allowing the
use of the same system for phase demodulation of different HC-PBFs gas cells. In
our experiments with the Sagnac configuration, an amplified, wavelength-modulation
DFB laser was used as the pump source, which generates PT phase modulation in

the HC-PBFs. The probe beam was divided into clock-wise (CW) and counter-clock-
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Fig. 5.3 The experimental set-up of PT gas spectroscopy. Filter 1, 2: bandpass
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Inset: cross-section of HC-1550-02.
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wise (CCW) beams. A 2-km SMF was used as a delay fibre so that the CW and
CCW beams pass through the HC-PBFs with a time delay of ~ 10 us and the phase
difference is maximized by operating at the proper frequency of Sagnac loop, i.e.
~50 kHz, which is also within the optimum frequency (<330 kHz) for PT phase
modulation, as discussed above.

The probe beam is from a super-luminescent diode (SLD) filtered by a Fabry-
Perot (FP) filter (Filter 4) and amplified by an Er-doped fibre amplifier (EDFA I).
The wavelength of this filter is centered at 1553.33 nm with a bandwidth of ~ 1.2 nm.
Filters 1 and 2 have approximately the same passing bands that pass the probe but
reject the residual pump beam that is tuned to the P(9) line of CoH; at 1530.37 nm.
The use of pre-amplifier EDFA I ensures sufficient probe light power reaching the
BD, considering the large splicing loss between the SMF and HC-PBFs (~ 4.5 dB
per joint). The use of such a probe source instead of a highly coherent laser source
significantly reduces the coherent backscattering/reflection noises in the Sagnac
system [165]. A depolarizer is placed before launching probe beam into the Sagnac

loop to reduce the polarization fading.
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Fabrication of HC-PBFs gas cell

To minimize the effect of large Fresnel reflection occurring at SMF and HC-PBFs
joints, an 8° angle was introduced at the end of SMF before it is mechanically spliced
to the HC-PBFs, as shown in Fig. 5.4(a). The fibre are inserted into a ferrule and
then aligned inside a ceramic sleeve with a side slit. A gap of ~ 5 um is introduced
between the SMF and HC-PBFs, which allows gas to be pressured into the hollow-
core. The transmission loss of this gas cell is ~9 dB while back-reflection is reduced
down to ~ —35 dB. The two mechanical joints are then sealed respectively in two

T-shaped steel tubes with one port of the tubes used for the purpose of gas filling.

5.2.2 [Experiments results

Gas detection experiments were then conducted by filling with 100 ppm C,H; into
the 1.1-m-long HC-PBFs gas cell. In the previous experiments, we used a higher
gas concentration (say 7500 ppm). The reasons that we choose a high or low gas
concentration were determined by two factors: the available gas cylinder in our lab
and the purpose of our experiments. In previous experiments, what we care most
about is the modulation frequency or pulse duration dependent PT phase modulation,
therefore a higher gas concentration is better for our observation when the PT phase
modulation is working under low efficient way. On the other hand, even the gas
concentration is as large as 7500 ppm, the absorption-induced temperature rise is
still in the rational regime of our model. In this section, to measure the LOD of our
system, we then turn to use a low gas concentration which makes the results much
more reasonable for prediction the LOD of our system. The gas filling was done by
applying ~3 atm pressure difference between gas inlet and outlet for ~10 min to
ensure the complete filling, even though the theoretical time required is much shorter
[65]). The gas pressure was then set to ambient condition and experiments were

conducted at room temperature. During the experiments, the wavelength of DFB
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pump laser was scanned with a slow sawtooth signal (0.005 Hz) via temperature
tuning while it is simultaneously modulated with a faster sinusoidal wave (~ 24.4
kHz) through current injection, which ensures that the second harmonic of the phase
modulation matches to the proper frequency of the Sagnac loop. It should be stated
that the current modulation used here mainly modulates the wavelength of the DFB
laser (with a smaller residual amplitude modulation), which is different from the pure
intensity modulation produced by an AOM in Fig. 5.1. The wavelength modulation
could generate multiple harmonics when the nominal wavelength is scanned across
the absorption line. Fig. 5.5(a) shows the recorded second harmonic lock-in output
when the pump DFB laser is scanned across the P(9) line of C; H, at 1530.37 nm. The
depth of DFB wavelength modulation is chosen to be as ~2.2 times the linewidth of
P(9) line of C;H, to achieve the best signal-to-noise ratio (SNR). The time constant
of lock-in amplifier is set to 1s with 18 dB/Oct slope, corresponding to a noise

equivalent bandwidth of 0.094 Hz.
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Fig. 5.5 (a) Second harmonic lock-in amplifier output waveform when pump wa-
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(HC-1550-02, NKT Photonics).(b) Second harmonic output signal amplitudes and
1o noises as function of peak pump power levels. The noises were measured with
the wavelength of pump beam fixed but tuned away from the absorption line. The
1o value was calculated from a recording over ~2 min.



5.2 Optimized PT Sagnac interferometry with HC-PBFs 123

For peak pump power of 45.6 mW, the signal amplitude is ~ 1113.8 uV with
1o noise level of ~ 0.74 uV. Thus the noise equivalent minimum detectable gas
concentration (NEC) is ~67 ppb for SNR = 1. The NECs with pump modulation
frequencies of ~74.2 kHz,124.5 kHz and 175.2 kHZ, corresponding to the second
harmonics being matched to 3, 5 and 7 times the proper frequency of the Sagnac
loop, were also measured and they are respectively ~69 ppb,~148 ppb and ~76
ppb, close to that of 24.4 kHz. In theoretical expectation, for 45.6 mW peak pump
power, 1.1-m-long HC-PBFs and the system phase sensitivity of 4 x 1077, the
calculated minimum detectable gas concentration should be ~ 9.4ppb for pure
intensity modulation pump source. However, due to WMS methods, there could
a factor of 4 deterioration in the detection sensitivity [3], and hence the expected
minimum detectable gas concentration should be ~ 37.6ppb. The measured results
is about 1.8 times worse than our theoretical expectation, which may result from the
residual amplitude modulation during the wavelength modulation process [98].

The second harmonic output of signal and 10 noise level as functions of the peak
pump power are shown in Fig. 5.5(b). The second harmonic amplitude of lock-in
amplifier follows approximately a linear relationship with the peak pump power,
while the 10 noise level presents no significant increase. This implies that further
increase the pump power could further improve the NEC.

We also conducted the Allan deviation analysis based on the measured second
harmonic lock-in output over one hour period when the wavelength of pump is fixed
and tuned away from the absorption line. As shown in Fig. 5.6(a), the Allan deviation
decreases with the integration time in the form of y o< 1/+/2.We may conclude that
the white noise is dominant within the integration time of our measurement [20].
For integration time of 145s, the Allan deviation is 0.2uV, corresponding to the
sensitivity of ~18 ppb. There results are comparable to the HC-PBFs PT gas sensors
with MZI configuration [70], however it is achieved without the use of electronic

servo loop to stabilize the interferometer.
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Fig. 5.6 (a) Allan deviation measurement results. The red solid line is the curve
fit result with y = A/+/t + B. (b) Results of stability test over several hours. The
gas concentration is 1000 ppm. The wavelength of the pump beam is periodically
scanned across the absorption line, and the maximum value of R-output of lock-in
amplifier is recorded and plotted against the time. The measurement was conducted
under the normal laboratory condition and environment.

The stability of the gas sensor was tested with 1000 ppm gas concentration
and the results are shown in Fig. 5.6(b). The second harmonic output of lock-in
amplifier varies <1% over a 4.5-hours-period under laboratory environment and the
performance could be further improved by using polarization maintaining fibres in

the system.

5.3 Discussion on noise properties of PT Sagnac in-

terferometer

5.3.1 Theoretical analysis

As we have discussed previously, there are a variety kind of noise sources that would
limit our minimum detectable phase (MDP) sensitivity. Here, a few main limited
noises sources for our Sagnac interferometer. For all the calculation, we assume
that the input optical power at the BD is Py [W] (which could be measured in the

experiments) for each channel (assuming equal). Then the differential output current
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of BD is about:

igirf = 2V/3RPy - A9 (5.4)

where R is the responsivity of our detector in the unit of R = 0.9A/W typically.
A¢ is the magnitude of phase modulation signal. The factor of 2 results from the
measured magnitude of phase modulation is half of the real generated magnitude of
phase modulation.

Shot noise

The root-mean-squared (rms) current output of shot noise could be expressed as
[132]:

ishot =2 eRP()B (55)

Comparing with the Eq. 5.4, the MDP limited purely by shot noise is:

2v/eRPyB = 2RPy\/3A¢ (5.6)

4eB
AOD = I v
- ¢ 3RPO X2 (5 )

Thermo-dynamic noise
The thermo-dynamic noise in optical fibre may also called as the fundamental
thermal noise of fibre, arising from the random thermal fluctuations within optical
fibre (or explained in another description: thermal fluctuations in refractive index of
fibre) [166, 167]. The rms (root-mean-squared) value of phase noise normalized to
detection bandwidth could be expressed in the form of:
Ap 2T dn

— +nar) X

VB 77
nkBL{[k,am+<%>212+D—“;2}
K [krznin+(%)2]2+D_a)Tz

i —sinc(prL)] (5.8)
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where kp is the Boltzmann’s constant, k. = 2/Wy and ky,;, = 4.81/d are the
coefficient related to the fibre-optic parameters: Wy mode field radius and d cladding
diameter of the fibre, respectively. The dn/dT is the thermo-optic coefficient of
silica fibre. @), is the angular frequency of phase modulation and v = ¢/ny is the light
speed in the fibre. Dr is the thermal diffusivity. o7 is the linear thermal expansion
coefficient. x is the thermal conductivity and T, is the absolute temperature. All
parameters are listed in the Table. 5.1.

Table 5.1 Parameters for calculation of thermo-dynamic phase noise

Property Value Unit
kp 1.38x 107 m? kg-s2-K—1
Wo 52x10°° m
d 125 %1076 m

on/dT  8.1x107° k!
Tubs 295 K
or 5.5x 1077 K1
Dr 8.2x 1077 m? /s
K 1.37 W/(m-K)
no 1.468 1
L 2% 103 m
A 1.553 x 10~° m
B 1 1

The numerical calculated spectral density of thermo-dynamic noise in the fre-
quency range of 0 ~ 400kHz in our Sagnac interferometer is shown in the Fig. 5.7.
It has been observed that the thermo-dynamic noise of our Sagnac interferometer has
a maximum value 0.8 urad//Hz at 14.19 kHz while it is about 0.3 prad /+/Hz at
the proper frequency of 50kHz. The thermo-dynamic noise increases from the lower
frequency to its maximum value and then fall off quickly to the higher frequency
region. Increasing the total Sagnac loop fibre length could lead to an increased
thermo-dynamic noise.

Phase noise from backscattering

One of the most attractive advantages of Sagnac interferometer is that it is

completely balanced (at least ideally) with zero optical path different between
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Fig. 5.7 Simulated results of thermo-dynamic phase noise in optical fibres with
Sagnac loop length of 2 km.

the two interfering beams. The conversion from laser phase (frequency) noise to
interferometric output intensity noise could be eliminated and thus it can be much
more immune to the environmental perturbance induced drifts. However, the laser
phase fluctuations could still have chance to be translated into an intensity noise due
to the parasitic interferences induced by the Rayleigh backscattering within optical
fibres or the reflection from the fibre joints, both of the groups of the interfering
waves experience a different optical path when being combined. Such noises could
disperse into a broadband phase noise [80].

In our Sagnac system, with the help of balanced detection, the source amplitude
noise could be greatly reduced [140] and thus the relative intensity noise (RIN) could
be ignored in our system. On the other hand, the bandwidth of our probe beam is

around AA ~ 1.2nm. If we define the optical coherent length in such a way [116]:

L. = c7,

= — (5.9
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where 7, is the coherent time and A = 1.553 um is the wavelength of probe beam.
The calculated coherent length is about ~ 2 mm, which is sufficient for our current
system design to eliminate the possible strong reflection and also its resulting phase
noise. Thus we only need to consider the Rayleigh backscattering induced phase
noise.

In our system, the coherent length is much shorter than the loop length (~ 2 km)
and only frequencies w7, < 1 are considered.Thus from the deduce of [80], the

two-sided power spectrum could be expressed in the form of:

Wes(@) = PpSoptee 2%t {2L(Jki > + [kao|* = 2k ||k

sin(a)pL/v))
w,L/v

+v8(wp) (|1 |* + |k |

-cos[¢1 + ¢2]

2k [lkzleos[r + 0] (5.10)

where the assumption that the fibre attenuation is mainly due to the Rayleigh scatte-
ring has been made. |k 2| and ¢; » are the power coupling coefficient and phase shift
of 3 x 3 coupler. The complex coupling coefficient of coupler is kj > = |k172|ej 12,
0(w,) is a 6-function. S is the Rayleigh backscattering coefficient, which could be
calculated by:

3
S$= 2(ap/v)*w?

(5.11)
where Q is the optical angular frequency of probe light beam and w is the beam
radius. o is the attenuation constant of fibre. For single-sided noise power spectrum,
it should be equal to \/m . All parameters used for simulation are listed on
the Table. 5.2.

This is for ideal 3 x 3. We may consider a simple case with incident probe power

into Sagnac loop P,, = 1W, even though this is not practical in real experimental

condition. The calculated results of Rayleigh backscattering induced results is
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Table 5.2 Parameters for calculation of Rayleigh backscattering phase noise

Property Value Unit
K1 1/(3V3) 1
k2| 1/(3V3) 1

1 —7/6 rad
(053 /6 rad
v 2% 108 m/s

A 1.553x10°° m
T, 254x10712

o 46x107° m!
w 52x%x107° m
L 2% 103 m
B 1 1

plotted against the frequency is as shown in Fig.5.8. For non-ideal coupler, with
|k1| = 0.180, |k| = 0.178,¢; = 75°,¢ = —19°, it is also plotted. Even it is 9.3 X
10~%rad //Hz with input optical power P,, = 1 W, for much lower input power,
the Rayleigh backscattering noise could be much lower but we still adapt value of
9.3 x 10~rad /+/Hz as a general illustration.

It should be noted that the phase noise induced by the Rayleigh backscattering
has a strong dependence on both the coherent time of laser source and the length
of Sagnac loop. For shorter fibre, e.g. 500 m, the phase noise could be up to
~ 5 urad /+/Hz for almost all detection frequencies when an unideal 3 x 3 coupler
and laser source with linewidth of 100 M Hz (coherent time 3 ns) are used. But for
an ideal coupler, such a phase noise demonstrate strong frequency dependence and
at lower frequencies the magnitude of phase noise could be reduced. Therefore,
theoretically, it is possible to build up a Sagnac interferometry with very short-length
fibre loop and single-frequency laser source to achieve phase sensitivity down to
urad/+/Hz. But usually, for most sensing applications, e.g. fibre-optic gyroscope, it
is not practical. The broadband laser diode sources are usually preferred.

Electronic noise
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Fig. 5.8 Simulated results of Rayleigh backscattering phase noise in optical fibres
with Sagnac loop length of 2 km and spectral bandwidth of 1.2 nm of probe beam.

The electronic noise could be measured by turning off the probe and pump beams
while turning on the balanced detector and also the electric-spectrum analyzer (ESA).
Assuming the measuring value is icjecy (Which is measured as 1.4 pA/+/Hz). Then

the electronic noise limited phase sensitivity could be:

ielect
Ap = —— 5.12
¢ 2RP)3 (5:12)

5.3.2 Comparison between experimental and theoretical results

The performance of the Sagnac system with the 1.1-m-long HC-PBFs gas cell was
firstly tested with a calibrated phase modulator made by wounding ~10.75-m-long
SMF around a piezoe-electric transducer (PZT). The PZT phase modulator was
placed near the HC-PBFs gas cell to generate phase modulation of 5 mrad and
the corresponding ESA output is shown in Fig. 5.4(b). The minimum detectable
phase (MDP) is estimated to be ~ 4 x 10~ "rad / /Hz at 50 kHz, close to the thermo-

dynamic phase noise in optical fibres [134].
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Fig. 5.9 Noise properties of Sagnac interferometer with simulated results and experi-
mental measured results.

The confirmation of noise dominant mechanism could be conducted by compa-
ring the measured results with the simulated results. From the description above,
the calculated shot noise, thermo-dynamic phase noise and Rayleigh backscattering
phase noise are shown in Fig. 5.9. The measured electronic phase noise has been
also presented. The measured MDP is conducted by a calibrated PZT with the

corresponding measured optical power Py (averaged value of two input ports of BD).

5.4 Models of PT phase modulation in open-path gas

cells

In Chapter 4 and 5, we have demonstrated the numerical model to find the mechanism,
dynamics, frequency-dependence and magnitude of PT phase modulation of PT phase
modulation in HC-PBFs for gas spectroscopy. As we have discussed above, both of
the theoretical analysis in terms of concepts and numerical modeling agree well with
the experimental results, using pulsed or CW modulated pump beam. Our model

is easy to solve and find the magnitude of PT phase modulation within HC-PBFs.
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Few further extended discussion are summarized here for a better understanding and
proof of our simulation model.

Still, our simulation could be extended to simulate the heat conduction or PT
phase modulation in the free-space optics.

First of all, the magnitude of PT phase modulation coefficient of our simulation
agrees well with the previously measured experimental value: In [147], with a gas
cell of inner radius of R = 2mm and beam radius of pump as small as w = 0.5mm, the
frequency modulation is f, = 27Hz, he measured that the signal output amplitude
is 10uV for 10 ppb C,Hy (absorption coefficient of o = 32.17cm™! for Pyo(14)
line and 100% gas concentration), which corresponds to a magnitude of PT phase
modulation of 1.43 x 10~*rad (with phase response of system 70mV /rad), using
a light intensity of 250W /cm?. The normalized PT phase modulation coefficient
is 1.4488rad - cm-mW ! -m~! for probe beam at Ayrope = 632nm or 0.5895 rad -
cm-mW='m~! for probe beam at A,pmbe = 1553.33 nm. With the same parameters
provided, the normalized PT phase modulation coefficient using our numerical model
could be calculated to be 0.617 rad - cm-mW ! - m~! for the probe wavelength of
1553.33 nm. All the coefficients are normalized to the gas absorption coefficient
(cm), peak pump power (mW) and length of light-gas interaction (m). The result of
our numerical model agrees well with the experimental result reported in [147].

Second, the frequency dependence of free-space optics could also be exploited
through our numerical modeling. In fact, the working frequency at f,, = 27Hz of
CW pump beam modulation is not the best working frequency for the experimental
discussion above [147]. The calculated normalized PT phase modulation coefficient
is about 2.049 rad - cm-mW ' -m~! working at fp = 1Hz, which is more than 3 times
as that of working in f), = 27Hz. The CW pump modulation frequency dependence
or pulse duration dependence has been discuss in Chapter 3 with the analytical and
semi-analytical solutions. Our simulation results with w = 0.5mm is illustrated in

the Fig. 5.10. It agrees well wit the analytical analysis of Fig. 3.12 in Chapter 3.
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Fig. 5.10 Parameters for the calculation of frequency-dependence of PT phase
modulation in the free-space optics with beam radius of w = 0.5mm.

However, estimating magnitude of phase modulation using Eq. 3.86 and Eq.
3.87 would not appropriate for PT phase modulation in HC-PBFs, which would lead
to a nearly ~ 4 orders of magnitude difference compared with our measured and
computed results in HC-PBFs.

It is obviously that the performance of frequency dependence of PT phase
modulation in HC-PBFs is quite different from that in free-space optics. In HC-
PBFs, there is a nearly flat-response band (the magnitude of PT phase modulation
shows no significant change with varying pump modulation frequency) for pump
modulation frequency < 330kHz and then the magnitude of PT phase modulation
would roll off quickly down to MHz. But for that in free-space optics, the flat-
response band is not that straightforward or even cannot be observed in the most
cases and then the PT phase modulation efficiency may fall off quickly down to
1 —2kHz.

Such a characteristic make the PT gas spectroscopy much more attractive since it
can work at a higher modulation frequency where the ambient broadband noise is
typically lower and some spectroscopic methods (like WMS) could be possibly used

to increase the signal-to-noise ratio.
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Even though we have discussed that the PT phase modulation is directly pro-
portional to the pump light intensity, however, it has shown that the normalized
phase modulation coefficient in HC-PBFs is 0.7573 rad - cm-mW ! - m~! (pump
modulation frequency < 330kH?z), which is quite close to that of free-space optics.

The main factor that affect the PT efficiency in HC-PBFs may be the silica
boundary constraint. As we have discussed in Fig. 3.10 of Chapter 2, for free-space
optics, the ratio between the diameter of gas cell and the pump beam radius b/w
would impose a effect on the final output magnitude of PT phase modulation. As
b/w decrease, or gas cell tends to similar in geometry dimension to the beam radius,
the PT efficiency could reduce. However, in that analytical calculation, only down
to b/w ~ 10 was considered. For smaller value of b/w, some basic assumptions
for analytic analysis break down and not suitable for calculate the accurate results.
However, the influence of boundary constraint could still be expected. As illustrated
in the Table. 4.1 in Chapter 4, increasing the core size of hollow-core with a fixed
beam radius could further increase the magnitude of PT phase modulation.

Thus, it may conclude that: (i) due to the smaller core size of HC-PBFs waveg-
uide, much larger light intensity of pump beam could be achieved and hence larger
PT phase modulation coefficient could be achieved with a moderate pump power;
(i1) also due to the smaller core size of HC-PBFs and also comparable boundary
constraint, the heat conduction is fast enough to dissipate the heat generated by
PT effect, making the accumulating heat within hollow-core much more difficult
and hence resulting in a lower PT efficiency. (iii) due to the smaller core size of
HC-PBFs, a fast heat dissipation could be achieved and a fast heat changes could be
accessible. Thus it makes that the PT phase modulation in HC-PBFs could work in a
higher CW modulation frequency.

In a summary, comprehensively considering the influence from the core size,

compromising the coefficient of PT phase modulation nearly equal to that of free-
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space optics and also makes the PT phase modulation in HC-PBFs could work in a

higher modulation frequency.

5.5 Summary

In this chapter, we studied the dependence of PT phase modulation in an acetylene-
filled HC-PBFs on the frequency of pump modulation and found the modulation
efficiency exhibits no significant change for modulation frequency up to ~330 kHz,
and reduces to ~ 10% of the maximum at a couple of MHz. This would be useful for
designing PT gas sensors. We also studied the use of a Sagnac interferometer with
3 x 3 loop coupler and balanced detection to achieve stable phase demodulation. With
a 1.1-m-long HC-PBFs gas cell optimized to reduce reflections at the HC-PBFs/SMF
joints, and the Sagnac interferometer for phase demodulation, we demonstrated a
gas sensor with NEC down to ~ 67 ppb C;H, with a modulated pump of 45.6 mW
in peak power and 1s time constant. The NEC could go down to ~ 18 ppb for
145s integration time. These values of NEC are comparable to that of the stabilized
MZI but this system achieves stable operation without the need of electronic servo
control, enabling remote detection and multiplexed sensor networking via fibre-optic

telemetry links.






Chapter 6

Distributed gas sensing with optical

fibre photothermal interferometry

To further extending the application of PT interferometry, in this Chapter, we report a
spectroscopic distributed gas detection system based on PT interferometry with a HC-
PBFs. The system uses a modulated pump to generate periodic PT phase modulation
and a dual-pulse heterodyne OTDR is used for the detection of distributed phase
modulation. The system is capable to detect low level of trace gas along a long

length of HC-PBFs.

6.1 Basic principles

6.1.1 Distributed PT phase modulation along a HC-PBFs

An intensity-modulated pump beam and a probe beam are propagating in the same
gas-filled HC-PBFs, as shown in Fig. 6.1 and Fig. 6.2(a). If the nominal wavelength
of the pump is tuned to an absorption line of a trace gas contained within the
HC-PBFs, the pump absorption will heat up the gas, change the distribution of

gas temperature, pressure and density within the HC-PBFs, modulate the effective
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Fig. 6.1 Schematic drawing of a HC-PBFs with a pump and a probe beam propagating
within it. Inset: scanning electron microscope (SEM) cross-sectional image of a
commercial HC-PBFs (NKT HC-1550-02) [168].

refractive index (RI) and hence the accumulated phase of the probe beam [70, 144].
Assuming weak absorption, the magnitude of PT phase modulation over a section

[z,z+ dz] along the gas-filled HC-PBFs may be expressed as [164]:
APy = Py-e %% e Ay - opC - dz (6.1)

where P is the peak pump power input to the HC-PBFs, o is the power attenuation
coefficient propagating along the optical fibre, o is the gas absorption coefficient
for pure (100%) target gas and C is the relative gas concentration. Ay is a normali-
zed phase modulation coefficient, representing the magnitude of phase modulation
produced for 1 ¢cm™! gas absorption, 1 mW peak pump power and 1-m-long sensing
HC-PBFs. We use the normalized coefficient here so that Eq. (6.1) is independent
of the strength of the absorption lines, which could be significantly different for
different absorption lines and gas species.

Due to the intrinsic fibre loss and pump absorption,the pump power level reduces
with increasing propagation distance, resulting in a reduction in the magnitude of PT

phase modulation per meter down the sensing HC-PBFs. Taking the P(9) absorption
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line of CyH, at 1530.37 nm as an example, 0 = 1.165 cm~'. For the HC-1550-02
fibre, if pump beam is intensity-modulated sinusoidally with a frequency < 330kHz
[169] and the probe wavelength is around 1550 nm, A¢y has been determined to be
APy = 0.76rad - cm - mW—1.m=1[164]. Assuming a fibre attenuation of 24 dB/km
[46], a peak pump power level of 100 mW, and 10 ppm C,H, balanced by N, is
uniformly distributed along the fibre. The magnitude of PT phase modulation per
unit length at z = 0 is calculated to be 1.8 mrad/m accounting for round-trip phase
modulation, and reduces down to 0.4 mrad/m at the end of 200 m length of HC-PBFs.
If the fibre attenuation could be reduced down to 1.2 dB/km, which is the currently
reported lowest loss for HC-PBFs [48], the magnitude of PT phase modulation would
be 1.3 mrad/m after 200 m and 0.11 mrad/m at the end of 2 km.

(a) distributed:

probe beam
Qorae_20 , Q%=

S L T S pump beam
(b) quasi-distributed:
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pump beam R, R, probe beam
s = ,,—"
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= HC-PBF Sy signal of probe beam

Fig. 6.2 (a) PT phase modulation due to pump absorption over a section [z,z + dz| of
HC-PBFs. The backscattered probe beams shown as dashed blue lines are used to
detect the distributed phase modulation, forming the basis for distributed gas sensing.
(b) PT phase modulation over a length (L;) of sensing HC-PBFs sandwiched between
the two SMFs. The back-reflected probe beams at the HC-PBFs/SMF joints are
used to detect the phase modulation, which forms the basis for quasi-distributed gas
sensing. The line thickness of backscattered/reflected signal indicates the relative
signal strength.

The same principle can be applied to quasi-distributed sensing (Fig. 6.2(b)) in
which discrete sensing HC-PBFs sections are connected in series by single-mode
fibres (SMFs) for light transmission. In such a case, the magnitude of PT phase

modulation over a length (L;) of gas-filled HC-PBFs can still be estimated with Eq.
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(6.1) by replacing dz with L;, and Pye~%%e~%CZ with the peak pump power inputting
into the particular section of the sensing HC-PBFs (assuming weak absorption and
negligible fibre loss for the relatively short length of the sensing HC-PBFs). For
multiple sensing sections (HC-PBFs sensors) serially connected by SMFs, the pump
power into the sensors down the fibre cable would reduce considerably due to the
connection loss between the HC-PBFs and SMF [45]. Assuming the length of each
HC-PBFs sensor is 28 m (the length used in our experiments in Section 5) and it
is filled with 10 ppm C,H; balanced by N,, the magnitude of PT phase modulation
(round-trip) for first sensing section is estimated to be 49.6 mrad with 100 mW peak
input pump power. Considering the state-of-the-art splicing loss achieved between
the SMF and HC-PBFs, we may assume a 4-dB loss for each sensor (mainly from
the two HC-PBFs/SMF splicing joints[45]), and the PT phase modulation would
then be reduced down to 19.7 mrad at the 2nd sensor and 5 prad at the 11th sensor.
If the loss per sensor could be reduced down to ~2 dB, the PT phase modulation

would be ~0.78 mrad at the 10th sensor and ~7.8 prad at the 20th sensor.

6.1.2 Detection of PT phase modulation

The distributed phase modulation may be detected by exploiting backscattering
of the HC-PBFs (Fig. 6.2(a)) in combination with the phase-sensitive OTDR or
time-resolved optical frequency domain reflectometry (OFDR) [170, 171]. The
backscattering in a HC-PBFs is mainly caused by surface scattering due to random
fluctuations of the core dimensions and has a value of ~ 1.5 x 10~%m~"! [172].
A variety of phase-sensitive OTDR configurations have been reported for acou-
stic/vibraion detection, including interferometry-assisted OTDR [173], heterodyne
phase-sensitive OTDR [174] and chirped pulse phase sensitive OTDR [175]. They all
in principle could be used to detect the distributed PT phase modulation. However,

to our knowledge, most of the previous reports were concentrated on the detection
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of events like intrusions and did not focus much on the quantification of phase
modulation along the fibre, and little or no information is available on the minimum
detectable phase modulation.

For quasi-distributed sensing, the accumulated phase modulation of probe beam
over each of the sensing sections (sensors) may be determined by examining the inter-
ference between the reflected probe waves occurring at the HC-PBFs/SMF splicing
joints (Fig. 6.2(b)). The optical power reflections (~ 4%) are much stronger than the
backscattered signals and this allows the use of the various techniques developed
for multiplexed acoustic sensor (hydrophone) arrays to perform de-multiplexing and
de-modulation [110, 127, 134, 176, 177]. These techniques are well developed with
phase detection resolution down to the level of 107 to 10 ° rad / VHz [134].

We here use a dual-pulse heterodyne phase sensitive OTDR technique [178, 179]
to detect the PT phase modulation. The system is capable of detecting distributed
phase modulation along a sensing HC-PBFs via backscattered probe beam or quasi-
distributed phase modulation at multiple sensors by utilizing the reflections at HC-
PBFs/SMF joints. The phase detection resolutions for the two scenarios are on the
order of 1072 and 10~*rad /\/Hz, respectively. Based on the calculated magnitude
of PT phase modulation in Section 2.1, such a phase detection resolution would
enable distributed detection of trace-gas over a distance of kilometers or quasi-
distributed gas detection with tens of sensors with a pump power of hundreds of
mW.

In real applications, gas concentration would not be uniform along the sensing
HC-PBFs and the required detection limit could vary significantly for different
applications. However, the formulation and discussion provided here would provide

useful references to the design of different PT distributed gas sensing systems.
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6.2 Experimental set-up

The setups for the distributed and quasi-distributed sensing experiments are similar
and shown schematically in Fig. 6.3. The system comprises three main blocks: the
pump, probe and sensing blocks. The pump block provides a modulated pump beam
that is fed into the sensing fibre to produce distributed PT phase modulation along
the gas-filled HC-PBFs. Here we use a distributed-feedback laser (DFB) with a
nominal central wavelength at 1530.37 nm, corresponding to the P(9) absorption
line of C;H;. The pump is amplified by an erbium-doped amplifier (EDFA 2) and
the accompanying ASE noise is filtered out by an optical filter (Filter 2) centered
at the pump wavelength with a 3-dB pass-band of ~1 nm. The amplified pump is
modulated in intensity by an acoustic-optic modulator (AOM 3).

The probe block is a dual-pulse heterodyne phase-sensitive OTDR, and the details
can be found in [178, 179]. A narrow linewidth probe laser with wavelength around
1550 nm is used. The wavelength of the probe is selected to be away from the
gas absorption line and its optical frequency is denoted as fy. The probe beam is
separated into two by an optical fibre coupler, and the two beams are then pulsed and
frequency-shifted by the amount of f] and f>, respectively, by AOM 1 and AOM 2.
Subsequently, the probe pulses with frequency difference Af = f| — f, are temporally
offset by 7; = L;/v through a fibre delay line of length L, ( v is light speed in the
delay fibre), and combined by a second optical fibre coupler. The pair of probe pulses
are then combined with the modulated pump by a wavelength-division multiplexer
(WDM) and launched into the sensing fibre. The operating windows of the WDM
are centered at 1550 nm and 1531 nm, respectively, both with 3-dB bandwidth of
~15 nm. The same WDM is also used to separate the backscattered/reflected pump
and probe, and the residual pump beam is removed by an optical filter (Filter 1)

before the photo-detector (PD).
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Fig. 6.3 Schematic of the experimental set-up. The sensing could be either distributed
(Case 1) or quasi-distributed sensing manner (Case 2). The green dashed arrows
indicate the pump directions. AOM: acoustic-optic modulator; SMF: single-mode
fibre; EDFA: erbium-doped amplifier; PD: photo-detector; PC: polarization control-
ler; DFB: distributed feedback laser. WDM: wavelength-division multiplexer. OC:
optical fibre coupler.

The backscattered or reflected signals of the two probe pulses would interfere
with each other and generate a heterodyne signal at the PD. The frequency of this
signal equals to the beat frequency Af, and the phase of the signal contains the
information of PT phase modulation with its magnitude proportional to the gas
concentration and the pump power level. The information about the spatial location,
magnitude and frequency of PT phase modulation are recovered by post-processing
the heterodyne signals, which will be described in Section 4.

For distributed sensing based on backscattered probe beams, the heterodyne
signal at the PD output is the result of interference between the pair of the backs-

cattered probe waves with a time delay of ~ 7;. The spatial resolution of the dual
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pulse OTDR system may be estimated by (7; + w),)vper/2 with w, representing
the probe pulse width and vpgF is the light speed in the HC-PBFs. Considering the
relatively weak backscattered power level, an optical amplifier and filter module (the
dashed-line rectangular box in the Fig. 6.3) may need to be used to boost the signal
level before the PD.

For quasi-distributed sensing, the heterodyne signal is the result of interference
between the two back-reflected pulses at the HC-PBFs/SMF joints, and the length of
the sensing HC-PBFs needs to match with that of the temporal offset of the probe
pulses to observe the interference signals. Since the reflected signals are considerably
larger than the backscattering signals, the amplifier and filter module before the PD
may not be necessary.

It should be pointed out that, for both distributed and quasi-distributed sensing
systems, the pump and probe could be either co-propagating or counter-propagating.
Since the magnitude of PT phase modulation depends on the pump power level, a
variety of pumping schemes such as co-, counter-, or even bi-direction pumping
could also be used to enhance the magnitude and uniformity of PT phase modulation

along the sensing fibre [180—184].

6.3 Signal processing

Taking a quasi-distributed system with H sensors (the ith HC-PBFs sensor is labelled
as S;,i =1,2,...,H) as an example, the sequences of the probe pulses at different
locations of the system are shown in the Fig. 6.4 (for H = 2). For each electric pulse
(trigger, as shown in Fig. 6.4(a)) applied to the RF driver 1 in Fig. 6.3, dual probe
pulses with different frequencies are generated (Fig. 6.4(b)) and launched into the
sensing fibre. For each trigger pulse n (n = 1,2,...,N), the waveform (the reflected
optical signals from the sensing block) at the output of the PD contains H groups

of pulses, each corresponding to a particular sensor (for two sensors, the groups are



6.3 Signal processing 145

labelled as S7,S, in Fig. 6.4(c)). Under the condition that the optical path lengths of
the sensors match well with the delay fibre length L, there will be three pulses in
each of the groups, as illustrated in the Fig. 6.4(c). The front pulse is the first probe
pulse reflected from the splicing joint R; (see Fig. 6.3) with the optical frequency of
fo+ f> while the rear pulse is the second probe pulse reflected from the splicing joint
R, with the optical frequency of fy+ f1. The middle pulse is the coherent beating
of the first probe pulse reflected from R; and the second probe pulse reflected from
R;. The phase of the beat signal, with frequency of Af = |f, — f1|, is the optical
phase difference between the dual pulses, which contains the information about the
PT phase modulation accumulated over the length of sensor S;. By extracting the
middle pulses of the groups, the beat frequency component Af can be obtained and
then PT phase modulation can be recovered [179].

The PD output is then sampled at a much faster rate than the repetition rate of
the probe pulses, and the sampling is triggered by a clock signal that is synchronized
with the AOM-driving pulse (generated by RF driver 1) (Fig. 6.4(d)). For each
trigger pulse, the PD output waveform is sampled M times, and the start of the
sampling is signified by a positioning pulse that has a fixed time delay with respect to
the trigger pulse. This positioning pulse is used to correlate the subsequent sampled
time-series data to locations along the sensing fibre. For a sequence of N trigger
pulses (generating N pairs of probe pulses), a matrix with dimension of A =N X M is
then created. The row N indicates the number of repetitions of the probe pulses and
the column M indicates the number of sampled data points within a single repetition
period Tiep, as shown in Fig. 6.4(d). However, for quasi-distributed sensing system,
not all these data need to be used. We only need to select H columns at the sampling
positions m;,i = 1,2 (for H = 2), corresponding to the beat frequency component
(middle pulse) of each sensor. Hence, the useful data matrix is reduced to N x H,
with H representing the number of sensors, and N the total number of sampling data

points for an individual sensor.
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Fig. 6.5 Illustration of digital lock-in detection and subsequent processing to obtain
the PT phase modulation signals [185].

The ith column of the data matrix is then a sampled version of the analog beating

signal of sensor S;, which is an interferometric signal given by:

i,(l‘) = Ii{l —+ viCOS[ZTL'Afl —f—A(Pp’,'(l‘) + (P,]} (62)
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where [; is the average signal level, v; is the fringe visibility and ¢; is the initial
phase and A¢, ;(¢) is the PT signal, whose magnitude is proportional to the gas
concentration and pump power at sensor S;, as indicated in Eq. (6.1). The frequency
of A, ;(¢) is the modulation frequency of the pump beam. The time 7 is a digitized
time sequence.

The recovery of the PT phase modulation (i.e. determining A¢, ;(z)) is im-
plemented with an algorithm that may be briefly described as a digital lock-in
detection, as shown in Fig. 6.5:the interferometric signal is mixed with the ortho-
gonal components of a sinusoidal signal with frequency of Af, followed by low
pass filters to generate a pair of orthogonal signals p;(t) = sin[A¢);(t) + ¢;] and
qi(t) = cos|A@.i(t) + ¢;]. Then, a digital arc tangent algorithm is used to determined
the phase term A¢, ;(¢) + ¢;, which contains the information of the PT phase modu-
lation [186]. By applying a digital band-pass filter centered at the PT modulation
frequency, the PT phase modulation A¢, ;(¢) can be recovered and its frequency
spectrum can be obtained by using Fourier transform.

For distributed sensing, the signal processing is similar to that in quasi-distributed
sensing, as illustrated in Fig. 6.6. However, for each trigger pulse or sampling period
Tiep, there will be two backscattered OTDR traces, corresponding to two probe pulses
backscattered from the sensing fibre. The traces have a frequency difference Af and
a temporal offset 7, and interference between them generates a continuous trace of
beat signal with its phase containing the PT phase modulation distributed along the
fibre, as shown in the Fig. 6.7. To recover this distributed phase modulation, all the
sampled data points during each repetition period Tie, need to be used and the final
data matrix dimension will be A = N x M. The phase of the beat signal recovered
from each column of data correlates to the gas concentration over a specific section
along the sensing fibre.

The frequency resolution of the spectrum is determined by the total number of

data points used to perform Fourier transform. Here we use a Kaiser-Bessel data
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window with parameter o ~ 1.08 as the narrow-band digital band-pass filter, the

effective noise bandwidth (ENBW) would be ~1.1 times of the frequency resolution



6.4 Quasi-distributed sensing experiment 149

[187]. For the quasi-distributed experiment (Section 5), the number of data points
used for Fourier transform is 1071104 with a final sampling rate of 10 kHz, giving an
ENBW of ~0.01 Hz [187]. For the distributed experiment (Section 6), the number
of data points is 16926 with a sampling rate of 20 kHz, giving an ENBW of ~11.8

Hz.

6.4 Quasi-distributed sensing experiment

A quasi-distributed system with two sensors was tested with the dual-pulse hetero-
dyne phase detection system. As shown in Fig. 6.3 (Case 2, quasi-distributed), two
sections of the HC-PBFs are connected via SMFs to form the sensing cable. The
length of each HC-PBFs section (sensor) is about L; ~ 28 m. The SMF between the
two HC-PBFs sensing sections is sufficiently long so that the reflected pulses from
the different sensors are separated in time domain. The pump beam is square-wave
modulated in intensity with an AOM at the frequency of 630 Hz and is launched into
the sensing fibre from the opposite direction with respect to the probe beam.

The probe beam is a low noise fibre laser (NKT Koheras Basik E15) with
narrow linewidth (< 0.1kHz). It is pulsed by the two AOMs with frequency shifts
of f1 = 100.05MHz (AOM 1) and f, = 100MHz (AOM 2), respectively, giving
an optical frequency difference of Af = 50kHz. The pulse widths of the probe
pulses are w;, ~ 140ns and the repetition rate is frep = 200kHz. The length of
the delay SMF in unbalanced Mach-Zehnder interferometer (MZI) is ~ L; = 38 m,
approximately twice of the optical path length of the sensing HC-PBFs. This ensures
that the dual pulses overlap at the PD after experiencing reflections at the front and
rear ends of the HC-PBFs sensors, generating the beat signals.

In preparation of HC-PBFs gas cells, both ends of HC-PBFs were mechanically
spliced to SMF and the CoH, were pressured into the HC-PBFs by applying a

pressure difference on one end of the HC-PBFs. The mechanical splicing method
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will be described in the following sections. For proof-of-concept purpose, we use
28-m-long HC-PBFs gas cell and it is necessary to pressure the gas over 2 days
to make ensure that the HC-PBFs could be sufficiently filled by C;H,. However,
uniformity of gas distribution may still exist along the HC-PBFs. For a fast response
and practical gas cell, the micro-holes could be drilled along the HC-PBFs, which
will be discussed in Section 7. The light-gas interaction length (i.e., 28-m-long
HC-PBFs here) should be matched with the time delay 7; between the two probe
pulses. Smaller 7; enables a shorter HC-PBFs gas cell.
The measured output from the PD is shown in Fig. 6.8, which agrees with the
expected pulse waveform as shown in Fig. 6.4(c). The 1.28 us time delay between
the two groups of pulses corresponds to the length of the SMF (i.e., Ly ~ 128 m as

shown in Fig. 6.3) between the two HC-PBFs sensors.
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Fig. 6.8 A typical measured output from the PD for a quasi-distributed sensing
system with two HC-PBFs sensors.

By following the signal processing procedures outlined in Section 4, the phase
modulation corresponding to the two HC-PBFs sensors can be obtained. Figs. 6.9(a)
and 6.9(b) show respectively the frequency spectrums of HC-PBFs 1 filled with ~
2700 ppm C,H, and HC-PBFs 2 filled with ~ 44 ppm C,H,, both buffered with N;.
The signal-to-noise ratio (SNR) are 65 dB and 73 dB for HC-PBFs 1 and HC-PBFs

2, respectively. The noise floor is measured when the pump beam is turned off.
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The pump and probe beams are counter-propagating in the sensing fibre, and the
peak pump power delivered to HC-PBFs 2 and HC-PBFs 1 are estimated to be ~
55 mW and ~ 7.8 mW, respectively. For HC-PBFs 2, the LOD in terms of noise-
equivalent gas concentration for SNR =1 is ~ 10 ppb with an ENBW of 0.01 Hz or
5.5 ppb-W /+/Hz when normalized to 1 W peak pump power and 1 Hz ENBW. For
HC-PBFs 1, itis ~1.5 ppm or 117 ppb - W /\/Hz. It should be mentioned that since
HC-PBFs 1 is filled with higher concentration of C;H; gas, the pump light is heavily

absorbed and the effective absorption length is only Leg ~ 3.2m, as estimated by

using Legs = [1 —exp(—apCL;)]/(apC) [188].
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Fig. 6.9 The recovered frequency spectrums of the recovered PT phase modulation
for (a) HC-PBFs 1 with 7.8 mW pump power and ~ 2700 ppm C>H; in N,,(b) HC-
PBFs 2 with 55 mW pump power and ~44 ppm C,H, in N,. The dB re rad is define
as 20logio(xrad/1rad). The measured magnitude of PT phase modulation is 0.05
rad (-26 dB re rad) for HC-PBFs 1 and 0.13 rad (-17.7 dB re rad) for HC-PBFs 2;
(c) The spectrum of the recovered phase modulation for HC-PBFs 2 when the pump
was tuned to the center of the absorption line, away from the absorption line, and
turned off. (d) The time domain waveforms of the recovered PT phase modulation
for the two sensors.

The frequency spectrums of the recovered phase modulation for HC-PBFs 2 with

different pump settings are shown in Fig. 6.9(c) in a linear scale. As can be seen,
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tuning the wavelength of pump away from the absorption line does not reduce the
signal down to the noise floor. This could result from the residual Kerr-induced
cross-phase modulation, due to the mismatch between the length of the sensing
HC-PBFs L; and the delay fibre L, as well as background absorption. However, the
magnitude of undesired phase modulation is considerably smaller (at least 5 times
smaller for the case shown in Fig. 6.9(c)) than that of PT phase modulation, and it
would not seriously affect the estimation of the LOD.

The minimum detectable phase modulation of the dual-pulse detection system
may be determined from the noise floor when the pump is switched off. From Figs.
6.9(a) and 6.9(b), this noise floor is ~-91 dB re rad (with respect to 1 rad) with a
ENBW of ~0.01 Hz, corresponding to a phase sensitivity of ~ 2.8 x 10™* rad //Hz,
for both HC-PBFs sensors. Assuming that the 28-m-long HC-PBFs is filled with
low concentration C> H, uniformly and the pump power levels delivered to HC-PBFs
1 and HC-PBFs 2 are respectively 7.8 mW and 55 mW, the theoretical LODs may
be determined by comparing the magnitude of PT phase modulation calculated
from Eq. (6.1) with that noise floor, giving ~ 724 ppb/+/Hz for HC-PBFs 1 and
~ 103 ppb/+/Hz for HC-PBFs 2, or ~ 5.7 ppb - W /+/Hz for both sensors. The
theoretical LOD is close to that experimentally measured result for HC-PBFs 2 but
deviates from that measured in HC-PBFs 1. The discrepancy may be resulted from
the inhomogeneous gas distribution along the HC-PBFs.

By using a reference interferometer to minimize the common mode noise from
the laser sources and external disturbance [15], it is possible to achieve a ~ 20
dB reduction in noise floor within the frequency range of 20 Hz to 1 kHz [179].
This would improve the phase detection limit down to 107> rad //Hz and could

significantly improve LOD for gas detection.
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6.5 Distributed sensing experiment

Distributed gas detection system was performed with a similar experimental setup.
The pump beam is, however, modulated at 500 Hz and made to co-propagate with
probe beam along the sensing fibre (see Fig. 6.3, Case 1, distributed). The peak
pump power delivered to the sensing HC-PBFs is ~ 62.5 mW. The probe source
is a single frequency laser source (RIO ORION laser module) with wavelength
centered at 1550 nm. The two independent backscattered traces, corresponding to the
two probe pulses, interfere with each other to generate beat frequency components
[178]. An EDFA and an optical filter are used before PD to amplify the weak
backscattered signals as shown in the dashed-box in Fig. 6.3. The pulse widths of
probe beams are w), ~ 507s and the length of delay SMF is L; ~ 36 m, corresponding
to a spatial resolution ~ 30 m in HC-PBFs. Other parameters are the same as the

quasi-distributed experiments.
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Fig. 6.10 Measured interfering backscattering traces with pump power was turned
off. There are three sections labelled as P1, P2 and P3, corresponding to the spatial
locations respectively at 131 m, 251 m and 335 m with the lengths of 131 m SMF,
120 m HC-PBFs and 84 m HC-PBFs. The upper diagram is the illustration of fibre
alignment of sensing block. At P1, the mechanical splicing between an angle-cleaved
SMF and HC-PBFs is used. A ~116 m long HC-PBFs is then mechanical spliced
to a ~3.4 m short HC-PBFs (P2), which consists two ~1.7 m gas-filled HC-PBFs.
Another ~80 m long HC-PBFs was mechanically spliced at P2, whose end was
connected by a ~4.2 m gas-filled HC-PBFs at P3.
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The sensing fibre comprises five segments of HC-PBFs with respective lengths
of ~ 116, ~ 1.7,~ 1.7,~ 80 and ~ 4.2 meters, as shown at the top of Figs. 6.10
and 6.11. These segments are connected in series by mechanical splicers, giving
a total sensing distance ~ 200 meters. At the splicing joint, a small gap (less
than 4 um) is left between the two HC-PBFs, and the details about the mechanical
splicing can be found in [189]. The back-reflections from the joints between the
HC-PBFs are measured to be on the order of 107, comparable with the magnitude
of backscattering coefficient from the HC-PBFs [172, 190]. The sensing HC-PBFs is
mechanically spliced to ~131-m-long SMF for connection to the detection system.
The end of SMF is angle-cleaved to minimize Fresnel reflection back into SMF
while the end of HC-PBFs is normal-cleaved with a flat end face [191]. The power
reflection from the SMF/HC-PBFs joint is measured to be ~-35 dB.

Fig. 6.10 shows signal trace detected at the PD output before signal processing,
when the pump is off and the HC-PBFs is not filled with C;H;. The large signal
due to Fresnel reflection can be clearly observed at around P1, which is the joint
between SMF and HC-PBFs and at the spatial location of 131 m, followed by the
backscattered signals from HC-PBFs.

Gas detection experiments were conducted by filling ~498 ppm of C,H, gas
balanced by N, into short sections of HC-PBFs around spatial location P2 (251 m)
and P3 (335 m) , as shown in Fig. 6.11. At P2, the gas was pressurized (with ~3
atm pressure difference) into the HC-PBFs via the gap of the middle splicing joint,
while the gaps of the other two joints were open to atmosphere. At P3, the gas
was pressurized into the HC-PBFs via the far end of the fibre with the gap at the
splicing joint left open to atmosphere. With such a setup, we believe that the gas
would mainly be filled into the short-lengths (i.e., 2 X 1.7 = 3.4m around P2 and
4.2m around P3) of the HC-PBFs. According to [67], the pressure-pumped gas-
filling process could take ~0.5 min and ~3.5 min to fill 1.7-m-long and 4.2-m-long

HC-PBFs, respectively. For other sections of HC-PBFs, since there is no pressure
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difference, the self-diffusion processes would take ~16 hrs for filling 1-m HC-PBFs
[39]. Hence the sensing lengths could be determined by the lengths of the HC-PBFs
around P2 and P3 where the gas pressure differences are applied and the magnitude

of PT phase modulation within these sections of HC-PBFs can be calculated by use

of Eq. (6.1).
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Fig. 6.11 The phase distribution along the sensing fibre. The upper diagram shows
the fibre alignment and segments of sensing fibre. The position P1, P2 and P3
corresponds to the spatial location of 131 m, 251 m and 335 m, respectively. The
displayed spatial locations range from 60 m to 338 m.
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Fig. 6.12 The phase distributed along the sensing fibre with: (a) pump wavelength
tuned away from the absorption line; (b) pump beam turned off. The figures share
the same color legend as that in Fig.6.11.
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The Fig. 6.11 shows the recovered phase distribution map over the entire 200-
m-long HC-PBFs. The presence of gas absorption around P2 and P3 can be clearly
observed. The signals around P1 are the result of Kerr-induced cross-phase modula-
tion.

To verify that the phase modulation signals observed in Fig. 6.11 are the results
of gas absorption, the phase distributions along the fibre were measured again when
pump wavelength is tuned away from the absorption line and when pump is turned
off. The results are shown in Figs. 6.12 (a) and 6.12(b), respectively. With the pump
wavelength away from the absorption line, the phase modulation signals around
P2 and P3 disappear while that around P1 remains. Turning off the pump beam
results in the disappearance of all the phase modulation signals. Obviously, the phase
modulation signals around P2 and P3 are due to gas-absorption-induced PT phase
modulation.

The location and time-varying phase information in the presence of gas absorp-
tion can be observed simultaneously in a three dimension display. Fig. 6.13 shows
an example of demonstration for the recovered phase modulation signal around P2.
The projection in the left coordinate plane shows the location information while
that in the rear coordinate plane shows the time-varying phase information. The
information about other locations can be also displayed in a similar way.

The recovered phase modulation signals at P2 and P3 are extracted out and further
analyzed. Figs. 6.14(a),(c) and (b), (d) shows respectively the time waveforms and
frequency spectrums of the signals for the two locations P2 and P3. The LODs
can be evaluated from the spectrums by comparing the signal levels with the noise
floors measured with pump tuned away from the gas absorption, which is not much
different from that measured when the pump is switched off. At P2, the signal
and noise floor levels are 0.35 rad (3.4-m-long HC-PBFs) and 0.012 rad, giving a

SNR of 29 with a ENBW of 11.8 Hz and a normalized LOD of ~ 5.0 ppm/~/Hz or
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Fig. 6.13 The three dimension demonstration of gas presence at the spatial location
P2.

~312ppb-W/ VHz. Similarly, at P3, the SNR is 9.5 (4.2-m-long HC-PBFs), giving
a normalized LOD of ~ 15.5 ppm/+/Hz or ~ 970 ppb-W /\/H?.

From Figs. 6.14(c) and 6.14(d), the minimum detectable phase modulation
of the current detection system can be estimated to be ~ 2.93 x 1073 rad /\/Hz
and ~ 4.8 x 1073 rad //Hz for P2 and P3, respectively. If we assume that 3.4-m-
long and 4.2-m-long HC-PBFs around P2 and P3 are uniformly filled with low
concentration C; H, balanced by N,, by using Eq. (6.1) with peak pump power of
62.5 mW, the theoretical expected LODs are ~ 7.8 ppm/+/Hz (or 448 ppb-W /\/H?)
and ~ 10.3 ppm/+/Hz (or ~ 664 ppb-W /\/Hz) at P2 and P3, respectively. The
theoretical expected LODs are close to that of the measured results and therefore we
believe that the gas were mainly filled into the two short HC-PBFs segments around
P2 and P3, rather than other sections of HC-PBFs. This means that the lengths
of our gas-filled HC-PBFs are much shorter than the spatial resolution ~30 m of
phase detection system. If the length of gas-filled HC-PBFs matches with the spatial

resolution, the LOD of our gas detection system can be further improved.
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Fig. 6.14 The PT phase modulation signals in time and frequency domain (a) (c)
for spatial location at P2 and (b) (d) for spatial location at P3. The signals have
been filtered by a digital band-pass filter with central frequency of 500 Hz and
bandwidth of 200 Hz. In (c), the signal level is 0.35 rad and the noise floor is 0.012
rad and 0.013 rad when the pump is tuned away from gas absorption and switched
off, respectively. In (d), the signal level is 0.19 rad and noise floors are 0.02 rad and
0.01 rad, respectively. The all plots share the same legend shown in (a) as on: aligned
to the center of absorption line, away: away from absorption and off: switched off.

6.6 Discussion

For the further development of distributed gas detection system with PT interferome-
try, some important issues need to be addressed:

(i) Spatial resolution: the spatial resolution of the current dual-pulse heterodyne
OTDR system is ~30 m, determined by the probe pulse width and the length of
the delay fibre to offset the pulses. The use of narrower pulses in combination of a
shorter delay fibre would improve the spatial resolution. However, the magnitude of
backscattering signal is pulse-width relevant [ 192, 193] and a narrower probe pulse
would result in a weaker backscattering signal, affecting the SNR at the PD. Since
the length of the delay fibre approximately determines the sensing length over which

the PT phase modulation is examined by the dual-pulse approach, the use of shorter
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delay fibre also reduces the magnitude of the accumulated phase modulation being
detected.

(i) LOD: increasing the pump power can increase the magnitude of PT phase
modulatoin and hence improves the SNR and LOD. By using a bi-directional pump
secheme, the pump power level can be made more uniform and hence more uniform
LOD over the entire sensing distance. The nonlinear threshold of HC-PBFs is
significantly higher than that of the conventional SMFs [192, 194, 195], which would
enable higher pump power delivered to the HC-PBFs to achieve distributed gas
detection with high sensitivity over a long distance.

The SNR could be further enhanced by operating at a higher modulation fre-
quency. It has been shown that the pump intensity could be modulated at a frequency
of up to 330 kHz without compromising the efficiency of PT phase modulation [169].
In our current distributed sensing experiment, the pump modulation frequency is 500
Hz, which lies in the low frequency region where the flicker noise or environmental
noise may be dominant [16]. The maximum detectable frequency is limited by the
relatively low beat frequency (50 kHz) and the pulse repetition rate (200 kHz) of the
current dual-pulse detection system. To operate at a higher modulation frequency,
the beat frequency and the repetition rate need to increase correspondingly to ensure
accurate recovery of the PT phase modulation. This could be at the cost of reducing
sensing distance, since the maximum measurable length is inversely proportional to
the repetition rate of probe pulse [196, 197].

(iii) Response time: the current sensing cable is made of several segments
of HC-PBFs connected in series for the reasons that we can easily determine the
locations where the trace-gas is loaded into the HC-PBFs and the length of gas-filled
HC-PBFs. Future work would use a single long HC-PBFs as the sensing fibre, with
many micro-size holes drilled along the fibre by using, for example, a femtosecond
laser [65]. It is possible to drill hundreds and more holes along a HC-PBFs with low

loss [71] and the response time will be determined by the spacing between the holes
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[39]. There are other types of fibres such as negative curvature hollow-core fibres
[198]and suspended-core fibres [ 199, 200] that would allow continuous opening of
the fibre core to the outside but more research is needed to access the potential of
these fibres for distributed gas detection.

(iv) Phase detection technique: here we use a dual-pulse heterodyne phase-
sensitive OTDR system to perform distributed phase detection. There are other
schemes that are actively being investigated for distributed acoustic sensing (DAS)
[201-204] and could be used for detecting the PT phase modulation. Similar to PT
gas detection, DAS could be understood as a method to detect the dynamic phase
modulation along the fibre. The only difference is that the DAS accounts for the
external acoustic-wave 'hitting' the fibre, which induces phase modulation of probe
beam. However, the PT phase modulation accounts for the internal gas-absorption-
induced phase modulation. The fact that the fixed modulation waveform (e.g., pure
sinusoidal wave with a known frequency) for PT gas sensing, as compared with the
unpredictable ones for the DAS, would allow better performance in terms of phase
detection resolution/accuracy.

(v) Implications of laser power levels: Currently we used a periodically mo-
dulated continuous-wave laser with peak power of 62.5 mW, corresponding to a
peak light intensity of 2.5 x 10°W /cm? in the hollow-core. With such an intensity
level, the temperature rise in the central hollow-core filled with 1% concentration
C,H,; is small and below 1 K. For longer distance sensing that requires higher pump
power and if applications also involve higher gas concentration, the temperature rise
could be significant to cause burning or even explosion. The LOD of the distributed
sensing system depends on the averaged power level of the backscattered probe beam.
For current system, we used a pulse probe source with ~35 mW peak power input
HC-PBFs, 50 ns pulse duration and 200 kHz repetition rate, and achieved satisfactory
results. Increasing sensing distance will cause lower backscattered power level of

the probe beam from the far end, which would require the use of a probe source with
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higher power or an optical receiver with higher sensitivity. These would be topics
for future study.

(vi) Capability of multi-gases sensing: At this time, we only demonstrate the
capability of gas sensing for single gas components. However, it is feasible that
our system can be extended to multi-gases sensing. Absorption lines of many
gas molecules (like CoHy, CHy4) can occur nearly the C-band, there are possible
overlaps of gas absorption lines between different gas molecules. By use of different
modulation frequencies for different gas molecules at different absorption lines,
with the help of curve analysis and algorithms, we still believe that we can achieve

high-sensitive detection of the mixture composed of a variety of gas components.

6.7 Summary

An optical fibre distributed spectroscopic gas detection system based on PTI is des-
cribed. The system uses a HC-PBFs as the sensing fibre and a dual-pulse heterodyne
phase-sensitive OTDR to detect the absorption-induced PT phase modulation along
the fibre. The use of low-loss HC-PBFs enables strong spectroscopic light-gas inte-
raction within the hollow-core over a long distance, allowing label free distributed
gas detection with high sensitivity and avoiding complex procedures to coat fibres
with gas-sensitive materials. The use of PTI with a modulated pump beam enables
zero-background gas detection with significantly higher sensitivity over the previous
direct absorption-based sensors. Experiment with a two-sensor quasi-distributed
system demonstrated a LOD down to ~10 ppb acetylene with a pump power level of
~55 mW and a noise bandwidth of 0.01 Hz. Distributed sensing experiment with
~200-meter-long HC-PBFs demonstrated a LOD of ~5ppm with ~63 mW pump
power and 10 Hz noise bandwidth. The spatial resolution of the current distributed
sensing system is limited to ~30 m by the dual-pulse OTDR, but it is possible to

reduce down to 1 meter or smaller by optimizing the system parameters. The PTI
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system operates at telecom wavelength band and could be developed for distributed

gas sensing over long distances (kilometers) with high sensitivity and selectivity.



Chapter 7

Conclusions and future work

7.1 Conclusions

In this thesis, the mechanism and dynamics of PT phase modulation in HC-PBFs
have been investigated both theoretically and experimentally. A numerical model
has been proposed to explain well the experimental results using a pulsed pump
source. The modulation frequency dependence of PT signal in HC-PBFs has also
been analyzed and the theoretical predictions agree well with the measured results.
Furthermore, an optimized PT interferometry has been demonstrated with a modified
Sagnac phase demodulation system. To extend the applications of PTI, the distributed
PT gas spectroscopy has been primarily presented.

Firstly, the mechanism and dynamics of PT phase modulation in HC-PBFs was
investigated and a numerical model was proposed. Both the theoretical analysis and
experimental results show that the thermal conduction is the dominant process for
PT phase modulation in HC-PBFs. Using a pulsed pump source, it has been found
that the PT signal would increase as increasing the pump pulse durations until 1.2us,
which is determined by the thermal conduction time from center of hollow core to
the silica boundary. After this critical value of 1.2us, the PT signal demonstrates

no significant changes. Therefore we may conclude that 1.2us is the optimized
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value of pump pulse duration. The normalized magnitude of PT phase modulation is
calculated to be 1.517 rad - cm-mW ! -m~! in terms of gas absorption coefficient
or 1.767 x 10~ %rad - ppm="-mW =" -m~! in terms of C,H, gas concentration with
absorption at P(9) line. On the other hand, the leading and trailing parts of PT signal
using pulsed pump source is affected by the thermal relaxation time of gas molecules
and also the thermal conduction time. Furthermore, the core size of hollow core
could also impose a stringent effect on the efficiency of PT phase modulation in
HC-PBFs. With larger core size while the beam radius remain fixed, it yields a
larger PT signal under the same pump power and length of sensing fibre. The probe
wavelength indicated in this thesis is assumed to be 1553.33 nm for all our analysis
and experiments.

Secondly, an optimized PT interferometry has been demonstrated. At the be-
ginning, the pump modulation frequency dependence of PT phase modulation was
analyzed in both theory and experiments. Using different CW modulation frequen-
cies of pump source, the PT signal will remain nearly unchanged until the modulation
frequency increase up to ~ 330kHz. For modulation frequency larger than ~ 450kHz,
the PT signal will decrease dramatically as the increase of modulation frequency.
This is the basic choice for our further design of PT interferometry. A modified
Sagnac interferometer using a 3 x 3 loop coupler has been proposed to achieve a
stable operation while remain high sensitivity. It has been shown that with peak
pump power of ~ 45.6mW and modulation frequency of 25 kHz at proper frequency
of Sagnac interferometer, the minimum detectable gas concentration can be down
to 67 ppb for CoH, detection using a 1.1-m-long HC-PBFs and 1-s integration time.
The long term stability over ~ 5hrs has been tested and the maxima-to-minima
amplitude fluctuation is about ~ 1%. Meanwhile, the normalized magnitude of
PT phase modulation is determined to be 8.85 x 10~ rad - ppm™' - mW =1 . m~!
in terms of CoH, gas concentration or 0.76rad - cm-mW ! -m~! in terms of gas

absorption coefficient, for PT phase modulation in HC-PBFs using CW intensity
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modulated pump source and with modulation frequency < 330kHz. For PT phase
modulation in free-space optics, we also compared our numerical model with the
experimental results and the normalized magnitude of PT phase modulation could
be 0.617 - rad - cm-mW~! - m~! for a typical system with GRIN lens and pump
beam radius of 0.5 mm. The reasons to choose HC-PBFs as an ideal gas cell for PT
interferometry have been discussed.

Finally, the distributed gas sensing with optical fibre PT interferometry has been
presented. The dual-pulse heterodyne phase sensitive system has been adapted to
both quasi-distributed and distributed gas detection. For quasi-distributed sensing,
by using 28-m-long HC-PBFs as a sensor, the minimum detectable gas concentration
could be down to ~ 10ppb with only 55 mW peak pump power or 5.5 ppb-W //Hz.
For distributed sensing, the minimum detectable gas concentration is ~ Sppm with
peak pump power of 62.5 mW or ~ 312ppb - W /1/Hz. Both the sensitivities can be
further improved. The detectable sensing length of HC-PBFs can be extended to over
km. The spatial resolution of the distributed sensing system is currently ~ 30m and
can be further optimized and possibly down to 1 m. The use of other micro-structure
fibre, e.g. the suspended-core fibres, can also be applied as an distributed gas sensing
platform, which makes our system can be developed in a broad sense. The currently
demonstrated distributed gas sensing system is adaptable with the other distributed
acoustic sensing system using conventional silica fibre, which makes our system

much more attractive and extendable.

7.2 Future work

There are still some future works that should be addressed:
(1) Design the PT devices with HC-PBFs: since the PT effect can result in a phase
modulation with a relatively fast speed, it could be possible to design a PT devices

using HC-PBFs, e.g. optical switch, phase modulator.
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(i1) Improving the PT efficiency: current PT phase modulation in HC-PBFs
presents relatively low PT phase modulation. Improvement of PT efficiency can
benefit the further development of PTI sensors.

(ii1) All-fibre distributed PT gas sensing: currently the use of HC-PBFs actually
consists of several segments fibre which is not ideal for a concept of single fibre
distributed sensing. It is possible to achieve such a distributed sensing using just a

single HC-PBFs as long as kilo-meters.
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