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Abstract

Trace gas detection is critical for industrial safety, environmental monitoring and public security.
Among the various kinds of techniques, the molecular spectroscopy may be the most all-round
method for trace gas detection, in consideration of its high selectivity and sensitivity. Optical
nanofiber is widely recognized as an excellent platform for light-matter interaction, due to its
guided-wave property, high intensity of the evanescent field and the immunity from mode noise.
The nanofiber based molecular spectroscopy is then expected to achieve promising performance in

trace gas sensing, which is the research target of this thesis.

Photothermal interferometry (PTI) is generally a more sensitive method for trace gas detection
compared with the direct absorption spectroscopy (DAS) for the same optical absorption length,
because the power of pump beam in PTI spectroscopy can be set sufficiently high to achieve larger
phase modulation without the issue of power saturation for the probe beam. Both the traditional free
space and the newly-developed hollow-core photonic bandgap (HC-PBG) fiber based PTI rely on
the absorption induced temperature and thus refractive index (RI) change of the air, which, however,
has a relatively low thermo-optic coefficient compared with solid materials. An intriguing advantage
of the nanofiber based PTI is that the generated heat due to evanescent wave absorption can be
transferred to the nanofiber. Due to the orders of magnitude higher thermo-optic coefficient of the
core material than the air, the phase modulation amplitude and thus the photothermal signal in
nanofiber based PTI spectroscopy can be much improved. With a piece of 12 mm long and 800 nm-
diameter silica nanofiber, the trace acetylene detection limit of 600 parts per billion (ppb) have been
achieved. Numerical simulations predict that for the nanofiber/waveguide made of materials with
much larger thermo-optic coefficients, such as silicon, further tremendous enhancement in

photothermal phase modulation efficiency can be achieved.

The nanofiber based PTI method is only applicable to the molecules with strong absorption lines

and fails for the homodiatomic ones such as hydrogen. However, the high-intensity evanescent field



associated with the nanofiber makes the stimulated Raman scattering (SRS) process for Raman-
active molecules much more efficient compared with the free space and the HC-PBG fiber
counterparts. The nanofiber enhanced SRS for high-sensitivity and fast-response hydrogen
detection is demonstrated. The high sensitivity results from the large SRS gain and the single-mode
operation of the nanofiber. The trace hydrogen detection limit of 3 ppm with response time less than
10s has been achieved using a piece of 48-mm-long and 700-nm-diameter silica nanofiber. The
change of polarization states in both the pump and probe beam should be the primary cause for the

long term signal drift, which is also addressed.

The evanescent field is tightly constrained around the nanofiber, so the light-matter interaction time
is limited due to the inevitable thermal motion of the molecules, which results in additional transit
time broadening. The shorter the interaction time, the broader the linewidth and thus the lower the
peak absorption coefficient of the gas molecules. To which extent the transient time effect
contributes to the overall linewidth, is explored by numerical simulation using the density matrix
method as well as verified by experiments. It is concluded that for the absorption lines of common
molecules in the near infrared band at the atmospheric pressure, the transit time broadening is
negligible compared with the dominant collisional broadening. However, for the nanofiber-based
SRS of hydrogen, the situation is much different. Due to the lighter molecular weight and thus
higher thermal velocity, the transit time effect of hydrogen is the dominant broadening factor over

both the collisional and Doppler broadening at the atmospheric pressure.

Besides the spectroscopic applications of nanofiber, the potential ability of light manipulation by
nanofiber is also explored. It is found that the non-circularly symmetric optical field of the linearly
polarized fundamental modes can produce a transient temperature distribution with a two-fold
rotational symmetry in the surrounding air, which results in a transient birefringence of the nanofiber.
This transient photothermal phenomenon can then be exploited for all-optical polarization switching,
which may find application in optical communication. With a piece of 15-mm-long and 600 nm-

diameter nanofiber in pure acetylene of 4 bar and a 15 ns pulsed pump with peak power of 30W,
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polarization switching with efficiency up to 90 %, on and off time of 11 and 37 ns have been

achieved.
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Chapter 1 Introduction

1.1 Literature review

Trace gas detection is important for industrial safety, production control, environmental monitoring,
medical examination and public security [1]. In coal mining, real-time monitoring of methane is
critical to the prevention of mine gas explosion [2]. In semiconductor fabrication, precise controlling
of each gas phase component is the key point for material growth by the technique of chemical
vapor deposition [3]. Continuous monitoring of the concentration of greenhouse gases, such as
carbon dioxide, methane and nitrous oxide, in atmosphere helps slow down the progress of global
warming [4]. In health care, detection of the concentration of specific kinds of trace components in
exhaled gas whose abnormal level are related with certain disease helps in early diagnosis [5]. In
public security, detection of trace gas released from explosive and toxic material can contribute to

fighting against terrorism [6].

Inasmuch as its wide and irreplaceable applications, there are various techniques for trace gas
sensing, such as the chromatography combined with mass spectrometry technique [7, 8],
electrochemistry [9-11] and photoionization [12, 13]. For the method of chromatography combined
with mass spectrometry, the gas sample is first separated into different parts according to their
affinity with the stationary phase material in the tube. Then each part is successively transported
into the mass spectrometry, where the gas sample is ionized for analysis of their mass-to-charge
ratio and plot of the mass spectrum, with which the species and their concentration can be confirmed.
Despite of the high sensitivity of this technique, it has limitations for field applications, due to the
time-consuming measurement process, large size and high price [14]. The electrochemistry
technique is the most prevalently adopted one for present commercial gas sensor. Although there
are lots of implementation models, such as fuel cells [15], semiconductor [16], and catalytic
combustion [17], each of them is based on the chemical reaction of the target gas species between

or mediated by the gas sensor with the resulting change of current, voltage or heat detected for

1
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determination of gas concentration. Those electrochemistry-based methods have the advantages of
small size, light weight and low price, but they all share the problems of low selectivity and

temperature sensitivity [18, 19].

Compared with abovementioned techniques, infrared laser spectroscopic method offers great
advantages in trace gas sensing [21, 22]. It is based on the unique transition lines of molecules,
which makes it highly selective. As the wavelength of excitation laser beam locates within infrared
band with low photon energy, the trace gas molecules would not be ionized or break down, so that
the gas sample is kept intact. Among the various kinds of infrared laser spectroscopic techniques,
the absorption spectroscopy is the most fundamental one, in which a beam of light with its
wavelength matching the transition line of the gas molecule is attenuated when propagation through

the gas sample. By monitoring the degree of attenuation of the transmitted light beam, the

<
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Fig. 1.1 Illustration of the primitive absorption spectroscopy. (a) A representative experimental
setup, (b) A typical solar spectrum. The dark lines are called as Fraunhofer lines which is due to

the absorption of solar atmosphere [20].
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concentration of the target gas species can be retrieved [23]. Before the appearance of laser, which
is first predicated by Einstein in 1917, later systematically founded by Townes and Schawlow in
1950s and finally built by Maiman in 1960, the primitive absorption spectroscopy technique uses
the broadband halogen or mercury lamps as the light source. To distinguish the unique absorption
line, a spectrometer such as the prism or grating is needed to resolve the spectrum [24], as illustrated
in Fig. 1.1(a). Due to the limited spectral resolution, the performance of traditional absorption
spectroscopy is circumscribed. As an example, Fraunhofer only discovered 570 dark lines in the
solar spectrum, with the relatively strong absorption lines denoted by the letters from A to K, as
shown in Fig. 1.1(b), while there have been thousands of lines discovered nowadays. With the
advent of narrow linewidth laser source, the absorption spectroscopy starts to boom with various
implementation configurations coming out, including cavity enhanced absorption spectroscopy [25,
26], cavity ring-down spectroscopy [27, 28] and modulation spectroscopy [29, 30], all with the aims
to enhance the signal amplitude or to reduce the noise and thus to increase the sensitivity. In regards
to the attempt to obtaining higher signal level, the cavity enhanced methods shows the most
straightforward benefits due to the much longer absorption path, according to the Beer-Lambert law

[24]:

AP(v) = Py(v) - (1 — e N@o®@2)  (1.1)

where, the Py(v) is the power of incident light beam, a(v) is the absorption coefficient, N is the

(a) (b)
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Fig. 1.2 Illustration of the (a) cavity ring-down and (b) cavity enhanced absorption spectroscopy.
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molecular density of the trace species and z is the length of absorption path. In the low
concentration range, the exponent Nayz is close to zero. So, by performing the Taylor expansion

to the exponential and taking the first two terms, the above equation is reduced to:

AP(v) = Py(v)Nay(v)z, (1.2)

As seen, the absorption signal is directly proportional to the P,(v) and z. So both the methods of
increasing optical power and interaction length, can effectively enhance the signal, just as what is
attempted to achieve by the cavity ring-down spectroscopy and the cavity enhanced absorption
spectroscopy, as shown in Fig. 1.2(a) and 1.2(b) respectively. On another hand, the sensitivity can
be improved by reduction in noise. Generally, the noise is quite large in the low-frequency range
and drops gradually with increased operating frequency. So, by applying a modulation to the light
beam, such as intensity modulation or frequency modulation at a relatively higher frequency and
then demodulating it after the interaction with the gas species, the interference from the relatively

large low-frequency noise would be suppressed.

For the infrared laser spectroscopy, besides the most basic one of direct absorption, there are also
kinds of indirect methods, such as photothermal and photoacoustic spectroscopy [31-34]. These two
techniques share the same origination that the absorbed energy by the trace molecules is released to

the surrounding, heating up the air, as shown in Fig. 1.3. The temperature change will generate

(Pu mp absorption)
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Fig. 1.3 Illustration of the generation of photoacoustic and photothermal effects.
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sound wave which can then be detected by the acoustic sensor resulting in photoacoustic signal
while the refractive index change can be probed and demodulated by another beam of light using
the interferometry technique and generate photothermal signal [35]. As the power of pump beams
in these two indirect methods can be set very high without the problem of power saturation for the

probe beam, high sensitivity in trace gas detection can be achieved.

All the above mentioned techniques can be combined with the fiber-optic technologies. Not only
will the combination keep the existing advantages as in free space, but it also embraces the intrinsic
benefits of fiber optics, such as flexible implementation, convenient multiplication, remote
interrogation and electromagnetic interference immunity [36-38]. The simplest hybridization
between the traditional free space absorption spectroscopy and the fiber-optics may be the
collimated lens pair structure with the fibers pigtailed for optical connection, as shown in Fig. 1.4(a)
[39]. Although the sensing part is still the free-space one, the fiber-optic connection in this scheme
alleviate the cumbersome task of optical path alignment as in traditional absorption spectroscopy
and thus makes the whole system flexible and compact. To improve the sensitivity, the strategy of
cascaded combination of the collimated lens pairs can be adopted to increase the total absorption

path, as shown in Fig. 1.4(b) [40]. Although these two kinds of schemes exhibit the advantages of

(a) (b)
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Fig. 1.4 Illustration of (a) Single Grin lens pair with fiber pigtails (b) Cascaded Grin lens pairs

(c) Side-polished D-shaped fiber (d) Tapered fiber.
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flexible implementation due to the combination with optical fiber working as the light transmission
path, they are still not all-fiber spectroscopic method, in which both the sensing element and
transmission line should be made up of optical fiber. In addition, stringent alignment of the Grin
lens pair is required in those methods. All-fiber direct absorption gas sensor can be realized in D-
shaped or tapered fibers [41, 42]. For the D-shaped fiber, one side of the cladding is abraded off, as
shown in Fig. 1.4(c). A portion of optical power extends outside the core propagating along the
silica-air interface in the form of evanescent field which is then attenuated by trace gas absorption.
As most of the light power keeps inside the silica, the effective absorption strength is commonly far
less than the free space. To deal with the problem of inefficiency, the D-shape fiber can be replaced
with the tapered fiber, whose portion of power in evanescent field can be as large as tens of percent
so that the effective strength can be on the same order as the free-space one, as shown in Fig. 1.4(d)
[43, 44]. However, due to the difficulties in fabrication and protection, the length of nanofiber is
commonly limited to several centimeters and the total absorption length is less than the free-space

one.

The invention of hollow-core photonic bandgap (HC-PBG) fiber is a milestone not only in fiber

optics but also in spectroscopy [45].The strong confinement for the propagating light beam in the

(a) (b)

i

Fig. 1.5 Illustration of the structure of HC-PBG fiber with (a) Top view (b) cross section.
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central hole remarkably increases the effective interaction strength of light and gas molecules, as
shown in Fig. 1.5. Besides the extraordinary achievements brought by this novel hollow-core optical
fiber in areas such as supercontinuum generation [46, 47], ultraviolet generation [48, 49], pulse
compression [50, 51], frequency comb generation [52, 53] and high-power delivery [54, 55], it also
offers new opportunities for fiber-optic spectroscopic trace gas sensing as it could naturally act as a
gas cell with long light-matter interaction path and compact size [56]. Direct absorption
spectroscopy [57], spontaneous Raman spectroscopy [58-60], photothermal spectroscopy [33, 61-
63] and stimulated Raman spectroscopy [64-66] based on this novel platform have been reported
with the straightforward enhancement in the signal amplitude due to the longer interaction length.
However, an obvious drawback of trace gas sensing by the HC-PBG fiber is the difficulty in
diffusion into the central hole for the gas molecules. Both the methods of cascaded connection for

sections of HC-PBG fiber by butt coupling and side-hole drilling by femtosecond laser have been

put forward to deal with this problem, but with the second method being preferred due to the much
less propagation loss introduced. Compared with the meticulous attempts in solving the problem of
long response time for HC-PBG fiber, the nanofiber based spectroscopic gas detection is inherently

free from this issue due to its exposed evanescent field ready for convenient light-matter interaction.

Tapering the commercially available optical fiber so that the propagating optical field previously

Fig. 1.6 The typical structure of a piece of fiber taper.
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constrained inside the core can extend out into the cladding and even into the air to couple with
another piece of fiber taper is a quite basic technique for the fabrication of the widely used fiber-
optic components such as coupler and mode splitter [67-69]. However, it was not until the year 2003
that the low-loss sub-wavelength optical nanofibers were first fabricated [70]. Although it is later
demonstrated that this first method was not only cumbersome but also incomplete, its ground
breaking success is, nevertheless, sufficient to ignite the research interest in nanofiber [71-73]. The
typical structure of a piece of fiber taper is depicted in Fig. 1.6, where the thinner waist is the zone
of nanofiber. The most straightforward advantage of the optical nanofiber is the strong confinement
of the optical field, which results in orders of improvement in the light intensity under the same
input power level [74]. Another benefit inherently offered by the nanofiber is the flexibility in
choosing its diameter by which the total dispersion can be tailored with large degree of freedom [75,
76]. These two advantages appeals well to the nonlinear optics and results in high-performance
nanofiber based supercontinuum generation [77-79], pulse compression [80, 81] and third-harmonic

generation [82-84].

On the other hand, due to the exposed strong evanescent field, convenient and enhanced light-matter
interaction can be achieved on this new platform. There have been a large quantity of elaborate
experiments using the evanescent field associated with the nanofiber to trap molecules or to
manipulate nano-particles [85]. In the molecule trapping experiments, two beams of light with their
wavelengths respectively red and blue detuned relative to the line central of the atomic absorption,
are launched from the two ends of the nanofiber pigtail to establish standing fields for both of the
two light beams. Due to the attractive and repulsive dipole force exerted by the evanescent field of
the red and blue detuned light beams, the atoms will be trapped at a spot near the nanofiber, where
the two anti-parallel force cancel each other and create a minimum potential well as the result of the
different decay length of the evanescent field of the two light beams used for trapping [86, 87]. The
molecular trapping on the nanofiber platform should be a hybridization between the quantum optics
and fiber-optics and may find its application in quantum communication in the future. Apart from

the manipulation on the molecular level, the nanofiber can also be used to control particles with the
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size up to micrometers. The particles can be either trapped around the nanofiber due to the optical
gradient force or propelled forward along the surface of nanofiber. This type of manipulation is
totally based on the principle of optical tweezers, in which the conservation of transverse momentum
for the refracted photons will push the particle towards the position with higher light intensity [88].
While for the propelling manipulation, it results from the transfer of longitudinal momentum from

the forward propagating photons to the particles.

Taking advantage of the easy access to the exposed evanescent optical field, nanofibers are also
widely used for substance sensing, including but not limited to the detection of humidity [89],
salinity [90], DNA strands [91] and gas molecules [92]. The sensing principles can be categorized
into either the adsorption induced absorbance or refractive index change. However, as the nanofiber
is primitively made of silica which is not an active material that can readily interact with the sensing
substance, post processing or functionalization to the nanofiber are generally needed. The surface
of the nanofiber can be modified by various coating materials, such as polymers [91], graphene [92],
gelatin [89] or even metallic films [93], to make it possible for the various substances to interact
with the nanofiber and modulate the propagating light beam. However, the coatings may not
exclusively interact only with the substance to be measured, which results in the widely existed
problem of cross-sensitivity and makes the nanofiber-based substance sensing barely satisfactory

with no exception for the functionalized nanofiber for trace gas molecules detection presently.

1.2 Motivation of this work:

Fast, sensitive and selective detection of trace molecules is very important. Nanofiber based laser
spectroscopy method may simultaneously satisfy these three requirements. The exposed evanescent
field makes it convenient for light-matter interaction, so it is inherently of fast response. In addition,
the spectroscopic nature, in which the molecular transition lines are unique for different species,
makes it highly selective. However, the nanofiber based spectroscopic gas detection is rarely

researched. The research interest may be discouraged by the preconception that the optical path in
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nanofiber cases are quite limited. However, if there exist mechanisms by which the light-matter
interaction strength in unit length can be enhanced compared with the free-space or HC-PBG fiber
cases, the limited length of optical path in nanofiber will not be as serious as its first sight. The
motivation of this work is to reveal and demonstrate that there do exist mechanisms to achieve
enhanced sensitivity in nanofiber based laser spectroscopy for the light-absorbing or Raman-

scattering molecules.

In the first part, we investigate the nanofiber enhanced photothermal spectroscopy. In both of the
traditional free space and the newly developed HC-PBG fiber setup, the photothermal signal
originates from the thermo-optic effect of the air, which has relatively low thermo-optic coefficient.
While in the case of nanofiber, the light beam is guided along the silica core, whose thermo-optic
coefficient is about one order larger than the air, resulting in much higher photothermal efficiency
under the same temperature modulation level. The introduction of the material property into the
photothermal spectroscopy to improve the phase modulation amplitude should be an interesting

research direction and could achieve high sensitivity in trace gas detection.

In the second part, we investigate the nanofiber enhanced stimulated Raman spectroscopy for the
Raman active molecules, especially for the homonuclear diatomic molecules such as hydrogen
which do not have strong absorption lines in the near infrared band. Due to the relatively small
scattering cross section of the molecules, the fiber-optic Raman spectroscopy are mainly preformed
in HC-PBG fiber which can confine both the optical field and the molecules in its central hole with
long interaction length. However, the Raman scattering efficiency can be greatly enhanced in
nanofiber by virtue of the tightly focused mode field and thus high intensity of the evanescent wave.
The high SRS efficiency of nanofiber makes it possible to achieve lower detection limit even with

a short piece of nanofiber.

In the third part, we step forward to reveal the more subtle problem of the line broadening effect in
nanofiber based laser spectroscopy. As the mode field of the nanofiber is tightly confined, the

interaction time between the randomly moving gas molecules and the evanescent field should be
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relatively short compared with traditional free-space and HC-PBG fiber-based spectroscopy. The
additional line broadening phenomenon in nanofiber originating from the limited interaction time

is called as the transit time effect and will be investigated both numerically and experimentally.

The high-performance laser spectroscopy based on nanofiber originates from its high efficiency for
light matter interaction, so enhanced physical change is achieved even with low concentration of
target gas molecules. Those physical changes are expected to be remarkable if the concentration of
trace molecules are greatly increased, which makes the nanofiber a promising platform for all optical
light manipulation. A interesting phenomenon of transient birefringence in nanofiber induced by
photothermal dynamics is observed and investigated, based on which a potential application of all-

optical polarization switching is proposed.

1.3 Thesis outline:

Chapterl reviews the common techniques of infrared laser spectroscopy and the development of
fiber-optic based spectroscopic trace gas sensing. It is demonstrated that the recently developed
novel optical fibers, including the HC-PBG fiber and nanofiber, offer the new opportunities for
spectroscopic gas sensing. The brief introduction of the nanofiber and its promising application in

trace gas sensing is presented, as well as the motivation of this work.

Chapter 2 introduces the fundamentals of molecular spectroscopy and the techniques of the
spectroscopic gas detection. The basic theory of optical nanofiber is also presented. The concepts

and principles presented in this chapter work as the basis of the following chapters.

Chapter 3 describes the nanofiber enhanced photothermal spectroscopy. The mechanisms of the
enhanced photothermal phase modulation amplitude in nanofiber is explained. The enhancement
effect is supported by the result of numerical simulations and is further verified by the experiments.
High-sensitivity trace acetylene detection is experimentally demonstrated. Much higher

photothermal signal is anticipated in nanofiber/waveguides made of materials with higher thermo-
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optic or thermal expansion coefficients, as supported by the simulations.

Chapter 4 presents the nanofiber enhanced stimulated Raman scattering for highly sensitive trace
hydrogen detection. The mechanism of the enhanced SRS efficiency mediated by nanofiber is
described. Experiments of trace hydrogen detection is demonstrated with high sensitivity as well as
fast response. The experimentally observed polarization dependent SRS gain is explored. The

problem of polarization drift and the potential solutions are discussed.

Chapter 5 studies the line broadening factors, especially the transit time broadening, in nanofiber
based spectroscopy. A description of the transit time effect based on the classical oscillator model is
first presented. The more general density matrix method is then adopted to systematically study the
transit time effect associated with the nanofiber. The theory is verified by experiments of nanofiber

based absorption spectroscopy for acetylene.

Chapter 6 studies the phenomenon of transient birefringence induced by dynamic photothermal
effect in a nanofiber. The numerical simulations explain the origin of this phenomenon. The

implementation of a polarization switch based on this transient birefringence effect is demonstrated.

Chapter 7 summarizes the works presented in this thesis and states the possible future works along

this direction.

12
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Chapter 2 Background knowledge

In this chapter, the fundamentals of molecular spectroscopy will be introduced. The molecules are
treated quantum mechanically with discrete energy eigenstates. Transition happens when the
frequency of incident light matches the differential energy between the lower and upper levels as
long as the selection rules are satisfied. For the infrared absorption spectroscopy, it is the ro-
vibrational transition that is of most concern. Due to the molecular random thermal motion,
collisions and the naturally limited lifetime of the energy levels, the transition lines are inevitably
broadened, which reduces the peak absorbance of the molecules. The methods in modulation
spectroscopy can reduce the noise level and thus improve the signal-to-noise ratio for trace molecule

detection. The basic properties of optical nanofiber will also be introduced.
2.1 Energy levels of molecules

2.1.1 Molecular Hamiltonian

A molecule is a multi-body system made up of nuclei and electrons, with the equation of motion for

the whole system governed by the time-dependent Schrodinger equation [94], as:
L d I
ih=- | (D) = (Ho+H)lY@®), (1)

where, |¥) is the quantum state which contains all the information that we can retrieve from the
molecule, H, is the Hamiltonian for the unperturbed molecular system which is independent of
time and H' is the external perturbation. When the total Hamiltonian is independent of time, the
—iEh~

time part of the wave function can be separated out as a factor of e 't leaving the remaining

part of the wave function an eigenfunction of the Hamiltonian operator with eigenvalue of E, as:

Ay(# 3)=E¥(# 5), (2.2)
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where the wave function only contains the spatial 7 and spin § variables. Apart from the classic

kinetic and coulombic potential contribution to the full Hamiltonian operator, there are also

additional energy terms that originate from the intrinsic spin magnetic moment of both the electrons

and nucleus and give rise to the spin-orbit coupling, spin-spin coupling, spin-rotation coupling and

et al. Not only will those spin-originated terms remove the degeneracy for the energy eigenstates to

a certain degree and thus introduce much more abundant and complex spectra lines, but also make

the precise computation of the line position in the spectrum quite heavy. However, as the

contribution from those terms are comparatively small, we may just neglect them in the molecular

Hamiltonian and keep track of the dominant parts. Then there is the so-called non-relativistic

Hamiltonian [95], as
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Fig. 2.1 The coulombic potential among the electrons and nuclei (only two electrons and nuclei

are depicted for demonstration).
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where, f is the reduced Planck constant, m, and e are the mass and charge of electron, 7; is
the space coordinate of the i-th electron, M;, R; and Z; are the mass, space coordinate and charge
of the i-th nucleus, €, is the vacuum permittivity. The first two terms are kinetic energy for the
electron and the nucleus respectively, the third term is the coulombic attraction potential between
the oppositely charged electron and nucleus, the last two terms are the coulombic repulsion potential
among the electrons and the nucleus respectively. For the convenience of writing, these five terms
can be denoted as T,, T,,, V.., V.. and V], in sequence. Depicted in Fig. 2.1 are the coulombic
potential among the electron and nucleus where the two purple and cyan circles represents electrons

and nucleus respectively, the V,, represents the coulombic potential between particle a and b.

Although the energy contribution from the spin coupling part is neglected in the Hamiltonian, its
effect on the wave function cannot be omitted so the complete wave function should still have four
coordinates, three for the spatial distribution and one for the spin. The wave function for the fermion,
such as electron and hydrogen nucleus (the proton) should be anti-symmetric upon interchange,
while for the boson, such as the oxygen nucleus, it should be symmetric upon interchange. The
molecular Hamiltonian do not operate on the spin coordinate and thus the energy of the eigenstates
are influenced by the spin part, but the requirement from the spin factor on the eligible wave function
does have a fundamental impact on the molecular spectrum. On the other hand, the additional
degeneracy introduced by the spin factor determines the distribution of a cluster of molecules among
each energy states. However, we may still neglect the spin factor here, as it is unreasonable to talk
about statistics for a single molecule. Hiding the spin coordinate but still abiding by the symmetry
requirement with it, the wave function will only have the spatial part explicitly. Then the time-

independent Schrodinger equation is expressed as:
AY(7,R) = E¥(7,R), (24

where the 7; and ﬁi represent the spatial coordinates for all the electrons and nuclei, respectively,

with three coordinates required for each one.
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2.1.2 Born-Oppenheimer approximation

Although much simplification has been done by neglecting the spin factor, it is still nearly
impossible to directly solve the coupled spatial part. Fortunately, due to the large difference in mass
between the electron and the nucleus, the time scale of motion for the electron is much less than the
nucleus. For any change in the nuclear position, the electron can response fast and adjust their
distribution to seek the minimum energy for the instant nuclear framework. Then the wave function
can be separated into the nuclear and electronic parts, with the coordinates of nucleus being a
parameter for the later one. This separated treatment for the total wave function is known as Born-

Oppenheimer Approximation [24], under which, the Schrodinger equation and wave function can

be separated into electronic and nuclear parts, as:

Fo,e1

Fig. 2.2 A typical diagram for the molecular energy levels. The black dotted line is a quadratic
fitting of the potential curve.
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o =He+ _,,With{A He= 25)

(7, R;) = ¥, (% R) ¥ (R)) H,=T,+U(R) =T,

where, the electronic wave function, as well as the electronic energy depends parametrically on the
coordinate of the nucleus. As the H, contains the potential energy U, which depends on the
E, (ﬁl) meanwhile, the electronic wave function with a series value of ﬁi as the parameter needs
to be solved to get the E, (ﬁi), so that the potential energy curve U (ﬁi), which is the summation
of V,,, and E, (ﬁi), can be obtained to construct the H,. It should be mentioned that there are
always a bunch of potential energy curves U (ﬁi), each of which corresponds to a certain electronic
configuration. However, for the infrared laser spectroscopy, due to the relatively small energy of the
photons, the transition generally happens between the vibration/rotation energy levels with the same
electronic configuration, which is the ground one for almost all the cases. A typical potential curve
for a diatomic molecule is plotted in Fig. 2.2. As shown in Fig. 2.2, U, and U, are the potential
curves for the ground and the first excited electronic states with their minimum energy points 7g 4

and 1y, which are the equilibrium distance between the nuclei, not necessarily the same. E;;,

M, M

2

—
R ..

Fig. 2.3 Coordinate transformation from the absolute coordinate system (}_?)1, ﬁz) to the center

of mass internal coordinate system (ﬁ, 77).
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and E,,; represent respectively the energy levels of vibrational and rotational eigenstates. The
black dotted line represents a parabolic fitting for the real potential. For the nuclear wave function,
it can be further factorized into three basically independent modes of motion as the vibrational,

rotational and translational parts [96]:

q’n(ﬁi) = Vor = YeroinProe (2.6)

For a N-nucleus molecule, there are totally 3N degree of freedom, with three for the translational
motion, two or three for the rotational motional depending on whether the molecule is linear or not
and the remaining allocated to the vibrational motion. Each degree of freedom corresponds to one
quantum number. For demonstration of the principle, it is better to start from the simplest diatomic
molecule as depicted in Fig. 2.3, whose nuclear Hamiltonian is then:

— h? h? .

H,=——V3: ——V%2 +U(|R, — R,|), 2.7

n oM, ‘R T oM, 'R (| 2 1|) (2.7)
By the substitution of absolute coordinates ﬁl and ﬁz with the internal coordinates 7 = ﬁz - ﬁl
and the coordiante of center of mass R = (M; + M)t (Mlﬁl + Mzﬁz), the nuclear Hamiltonian
is transformed into:
~ h? h?

Hy=———Vi——V24U 2.8
=g VR g VU@, @28

where, the M, = M; + M, is the total molecular mass and u = M;M,(M; + M,)™? is the reduced

mass. As there is no coupling between the R and 7, the external (translational) and internal (ro-
vibrational) part of the nuclear wave function can be separated as:
— - h? h?
Hnwtr(R)lprv @) =|- Z_IWtVIZ? - Z

= (Etr + Erp)Per (ﬁ)wrv(ﬁ)v (2.9)

V2 + U@ | Yer (R) Yy ()

where, the translational energy E; and internal energy Ej,; are the eigenvalues of the separated
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Schrodinger equations for Y, and ., respectively:

h? - >
537 Viber(R) = Entper(R)
t . (2.10)

h? 5 .
[— ZV% + U(T)] wrv(r) = Ervlprv(r)

For the translational part, the Schrodinger equation is simply for the case of particle in box, in which
the R containes three spatial coordinates (x,y,z) representing the position for the center of mass
of the moleucle. In the translational Schrodinger equation, it is assumed that the molecule do not
experience position-dependent external force, which is reasonable for the electrically neutral single
molecule in dilute limit. The translational wave function can be further factorized based on the three
independent spatial coordinates as ¥, (ﬁ) = Y (O (V)P (2), And the boundary condition

force the E;, to be quantized with the final result turning out to be:

. <27Tn1x) . [(2mn,y\ . (27m3z)
Py = Sin L sin I sin L

iy i y
Hyher = Eqphey, with h2 ) (2.11)

Ey, = 2 (n% + n% + n%)
8M,V3

where, V is the volumn of gas container and n; are the translational quantum numbers.
Considering the extremely small value of the square of the Planck constant in the front coefficient,
the energy gaps between each translational energy levels will be too tiny to be sensible in common

situations, making the quantum mechanical treatment not necessary for the translational part.

2.1.3. Ro-vibrational energy modes

Then we try to separate the remaining part of the nuclear wave function into the rotational and
vibrational parts. It is much more convenient to work with spherical coordinate system rather than
the Cartesian one for the internal part of the two-particle system. Recalling the lower one in

Equ.(2.12) and expressing it in the spherical coordinate, we get:
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th(zd)+1a(_96)+1 62+2U() .60
2uldr " ar) Tsingaa \°" 96 sin?6 dg? r U@ (0,0

= rzEﬂﬂ/)rv(r: o, QD), (212)

The potential term solely depends on the r and thus is spherically symmetric. Reforming the above
equation, so that the radial and azimuthal dependent operators are put at the opposite sides of the
equation. Then the cultivated method would be assuming the ¥,.,(r, 8, @) separable into its radial
and azimuthal parts as Y, (r,6,9) = R(r)Y(0,¢). Following the method of separation of

variables, the above equation is reformed as:

[_h_zii(rz i) + U@+ r‘le]l R(r) = E;pR(r)

2ur?dr\’ dr
’ (2'13)
i I a<_ea)+ L 9 1y 6.0) = —a¥(6,0)
2ulsin6 96 \°*"™ 39) T sinzaag2 | P T ad

where the A is a constant. The operator before the azimuthal wave function turns out to be nothing
but just the —(2u)~'L?, where the L is the orbital angular momentum operator. The
eigenfunctions for the L? are simply the spherical harmonics Y]M (8,¢) with eigenvalues of

J(J + 1)h?, where ] is the total rotational quantum number and M is the quantum number for the

M
M,

Fig. 2.4 One dimensional harmonic oscillator simplification for the vibrational motion of the

nucleus around the equilibrium position.
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z-directional component. Classically, the rotational energy is related with the angular momentum as
E,o: = (21)71L?, where I is the rotational inertia. According to the correspondence principle, the
rotational Hamiltonian for a molecule still has the form as H,.,, = (2I)~'L?, with I = ur? for the
diatomic molecules. Then the lower one in Equ.(2.13) can be directly related with the rotational

eigenstates as:

_ Yroe(6,9) = Y]M @, 9)
HyotWrot = ErotWror, With JJ+ 1)le 2’ (2.14)
rot = o =14

The r721 in the upper one of Equ.(2.13) can be substituted by E,.,;, which can then be subtracted
from E,, with only E,; remained. Assuming a harmonic oscillator potential well U(r) =
271k, x? as depicted in the dashed parabolic in Fig. 2.2, which fits satisfyingly for the relatively
lower vibrational levels where the displacement of the nuclei from the equilibrium position is
limited. With variable substitutions of S(r) = rR(r) and x(r) = r — 1,, the differential equation
for vibrational part is simplified as:

h? d?

“pded T2 ke |S@) = EupSCo,  (215)

which is well-known as the Schrodinger equation for one dimensional harmonic oscillator, as
simplified in Fig. 2.4. Then the eigenfunctions and eigenvalues for the vibrational part of diatomic

molecule are:

Hviblpvib

1202
= Eviblpvib, with {wmb(r - Te) = T_ISU(T - re) = er_le[a(r - re)]e 2 e ’ (2.16)
Eyyp = (v + 27 Hhy,

where, N,, is the normalization coefficient, H, is the Hermite polynomial, ¢ and v, are

1/2 12

constants equalling to A~Y2(2muv,)/? and (2m)~1k,’“u=1/2, respectively.

In summary, the energy modes of the molecule have been separated into the electronic, vibrational,
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rotational and translation parts:

(ﬁele + ﬁvib + ﬁrot + I:I\tr)llu = (Eete + Eyip + Epor + E¢)¥

, (217)
¥ =YereVvivWrotPer

Although the illustration of separation of the electronic, vibrational and rotational modes is
presented with the example of diatomic molecule, the same ideal is shared for treatment of other
molecules. Generally, only the vibrational and rotational modes are involved in the infrared
spectroscopy. However, the dependence of the nuclear wave function on the internal potential
energy makes the solution of electronic wave function still necessary. For the handling of the
vibrational levels in polyatomic molecules, the technique of normal mode analysis can be used for
simplification, in which the molecular vibration is decoupled into a set of independent simple
harmonic oscillators. It should be mentioned that the quadratic potential in simple harmonic
vibration is just a second order approximation for the Morse potential, which is even also an
approximation for the real potential. The vibrational anharmonicity will cause inequality in the gap
of vibrational levels as well as the overtone transition. For the rotational modes, the rigid-rotor
treatment above neglects the rotational centrifugal stretching effects, which increases the bond
length as well as the rotational inertia for higher rotational levels and is nonnegligible for more

satisfying approximation.

2.2. Light-matter interaction:

2.2.1. Transition dipole

Light is a kind of electromagnetic wave, which is first theorized by Maxwell and then conclusively
verified by Hertz. Although the modern quantum theory generalizes the electromagnetic field as
photon, the classical theory of electromagnetic wave is enough to describe the absorption of light
by molecules. So the description of light-matter interaction here is semi-classical, that is the
molecules are treated quantum-mechanically and thus are only allowed to be in the discrete energy

levels as demonstrated in the previous section, while the light is treated classically as the oscillating
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electric and magnetic field. As the electric dipole transition is the dominant type for light absorption,

the perturbation Hamiltonian may just contain this single term as [97]:

A =—p-27E[exp(—iwt) + c.c.], (2.18)

where, E is the electric field of light which oscillates over time but is assumed to be spatially even
on the scale of molecular size, i =Y, q;7; is the electric dipole moment operator. Without the
external perturbation, the molecule can reside in any eigenmode of the unperturbed Hamiltonian.

So the total wave function is a linear combination of all the energy eigenstates as:
W= Culbmexp(—iond),  (219)
m

where, C,, is the time-independent probability amplitude whose square is the probability that the
molecule can be found in the m-th energy eigenstate, 1, is the m-th energy eigenfunction and
Wy, = h™1E,,. The light field will perturb the probability amplitude, which process is governed by

the time-dependent Schrodinger equation as:
. d | o
i) ) 2 [Cn(0) exp(—iwmD] = D" Cn(®) exp(—iwmt) (Ao + A) ), (220)
m m

where, H' is given in Equ.(2.20) above. Multiplying (| each side and taking the orthonormal
property of (W, |W,) = 8,m, the time derivative for the slow-varying probability amplitude of the

n-th level C,(t) will be:

. 1 ~ ~
Ca0) = 2 )" [Cn(®) exp(i(@n = 0p)0) - (b ' [hm)] with (1" [11)

= =27 - (Yl lpm)lexp(—iwt) + c.c.],  (2.21)

The probability amplitude C,(t) can be gotten by time integration from t, =0 to t. The
transition probability from n-th to m-th level or reversely is found to be proportional to the square

of the transition dipole moment (i,,|2|,,), which can be denoted as [i,,y,. For the infrared laser
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spectroscopy, the transition happens between different ro-vibrational levels with the same electronic

states.

2.2.2. Ro-vibrational transition

The pure rotational transition happens mainly in the microwave band, due to the small energy gaps
between the rotational eigenstates. It is required that a molecule should have a permanent electric
dipole moment for it to be rotational transition active. The general selection rule is:

A =]"—] = +1

i %0 . (222)

where, the double and single primes represent respectively the upper and lower levels in transition.

In infrared laser spectroscopy, the rotational transition is rarely taken but only appears

1'=4 7 7
J“:3 A A A
v'=1
=2
=1 1
J=0 -
=4
J=3
=2 v'=0
=1
=0

R branch Qbranch P branch

Fig. 2.5 Energy diagram for ro-vibrational transitions. The R-, Q- and P-branch denote the

transitions with A = 1, 0 and —1, respectively.
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accompanying the prevalently adopted vibrational transitions, which requires:

Av=v"—v' =%1
N =]" =) =41

<d_ﬁ) . , (2.23)
aQ; Q=0

where, Q; is the displacement of nuclei in the normal coordinate. For the ro-vibrational transition

H

to occur, the derivative of the molecular dipole moment with respect to the nuclear motion during
vibration should not be zero. Accompanying the vibrational transition, there is also associated
change in rotational eigenstates, in which the quantum number of J can either plus or minus one
(A] =1 or A] = —1), resulting in the so-called R- and P-branch in the spectrum, as shown in Fig.
2.5. The vibrational selection rule of Av = 1 is strict only for the simple harmonic oscillator
model. Due to the realistic anharmonicity of inter-nucleus potential and the coupling between

vibrational modes, overtone and combination band transitions are ubiquitous in infrared

In equilibrium Vi

«— — «— -
V2 V3

! !
.\.2‘\. .\.E./.
} }

Fig. 2.6 Normal modes of vibration for acetylene. The v, and vs modes are doubly degenerate,

with the molecules in the other two orthogonal modes moving perpendicular to the plane.
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spectroscopy. As an example, the strong absorption lines of acetylene at the communication band
originates from the v; + v; combination band as shown in Fig. 2.6, where all the five vibrational

modes are presented.

The transition lines of v; +v; band of pure acetylene at atmospheric pressure from the
wavenumber range of 6460 to 6640 cm™1 (corresponding to wavelength range of 1506 to 1548
nm) are plotted in Fig. 2.7. There are two distinct groups of transition lines, one is from the odd
rotational level, as already annotated, and the other is from the even rotational levels, whose strength
is about one third of the odd groups. This distinction originates from the nuclear spin statistics of
the two hydrogen atoms in the acetylene molecule, which requires the total molecular population

number among all the odd and even rotational levels to be 3:1 [24].

For homodiatomic molecules, such as hydrogen, neither is there a permanent molecular dipole nor

08 ' v . , ' . ' , .
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P11 pg 1] ras
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IO P15 i [ R
e 05} ; 4
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Fig. 2.7 Position of the transition lines and their absorption coefficients of the v; + v; band for

pure acetylene at atmospheric pressure in the wavenumber range of 6460 to 6640 ¢m™1.
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a non-zero derivation of the dipole during vibration. Therefore the hydrogen molecule is infrared
absorption forbidden. However, there are still the mechanism of scattering for it to interact with
light. The distribution of electrons within the molecule will be perturbed by the external electric
field, then the molecule is said to be polarized with the generation of an induced electric dipole
moment fl;,y = @ E, where @ is the molecular polarizability tensor [98]. In a classical view, this
induced electric dipole oscillates with time and thus emits light in a quite similar way as an antenna.
While quantum mechanically, the parameter for evaluation of the strength of scattering, just like the
transition dipole in absorption process, is the transition polarizability, defined as (,,|@|y;,) and
the scattering probability is proportional to the square of it. There are also selection rules for Raman

transition. For the pure rotational Raman scattering, it is required that:

Aj=]"=]"=4%2, (2.24)

where, the transitions with Aj = +2 and AJ = —2 are known as the anti-Stokes and Stokes
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Fig 2.8 Positions and the relative forward scattering coefficient of the Stokes beams generated in
pure rotational Raman scattering of hydrogen. The number in the bracket denotes the lower

rotational level of transition.
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rotational Raman scattering respectively. The energy of rotational levels are proportional to
J(J + 1) as indicated in Equ. (2.14), so the frequency shift of the Stokes beams from the pump
beam is proportional to 4]" + 6. Shown in Fig. 2.8 is the pure rotational Raman transition lines of

hydrogen.

For the vibrational Raman transition, apart from the selection rule, there is an additional requirement

on a non-vanishing derivative of molecular polarizability during vibration as:

Av=v"—-v =%1
N =]" =] =012

=0
dQ; Qi=0

Different from its counterpart of electric dipole transition, the Raman scattering allows pure
vibrational transition with AJ = 0. It should be mentioned that, if both the Av and A] are zero,

the scattering process can still happen, which is known as the Rayleigh scattering.

2.3. Lineshape and broadening effects

For the absorption spectroscopy, the larger the absorption coefficient a(v), the larger the signal
amplitude, as demonstrated in Equ. (1.2). The amplitude of absorption coefficient depends not only

on the transition dipole fi¢4, but also on the lineshape function fihgpe (V) as [97]:

a(v) & g(T)ﬁtdfshape(V)N: (2-2 6)

where, g(T) is the factor accounting for the molecular population among the energy eigenstates
and is soly determined by temperature, N is the trace molecular density. The severer the
broadening effect, the smaller the amplitude of fihqpe at the line center vy, although the spectral
integral over the whole transition line is a constant, i.e., the broader the linewidth, the smaller the
peak absorption. Typical broadening effects are natural broadening, collisional broadening, Doppler

broadening and the transit time broadening. The last one is usually covered by the Doppler
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broadening and only show up in the Doppler-free spectroscopy. However, as will be shown in
Chapter 6, its broadening effect can be comparable with the Doppler one in nanofiber case due to

its unconventionally narrow mode field.

The natural broadening originates from the limited lifetime of the upper energy level, which through
the time-energy uncertainty principle results in a finite width of the transition line. Without
intermolecular interactions, the number of molecules decays exponentially from the upper to the
lower energy level with the decay constant equal to the spontaneous emission rate Ag. This
exponential decay over time results in a Lorentzian lineshape function in spectrum (frequency
domain) with the half width half maximum (HWHM) linewidth being (47)~14,. However, usually
the natural linewidth is too thin to be seen in infrared spectrosocpy which is dominated by either the

collisional or the Doppler broadening effects in high or low pressure range, respectively.

The interaction between one molecule and the light beam can be perturbed by other molecules in
presence. If the light-molecule interaction process is interrupted by the molecular collision, the
linewidth will be broadened due to the reduced coherent time. The higher the molecular density, the
higher the collisional frequency and thus the severer the broadening effect. In addition, the distance
between molecules are decreased with increased molecular density, making the influence of
intermolecular potential nonnegligible for the internal energy eigenstates. So the energy gap
between the eigenstates will be modified, which results in a shift in transition line. The pure
collisional broadening effect is homogeneous (independent of molecular velocity and position) and

can be described by a Lorentzian lineshape, just like the natural broadening effect, as:

1 rcol .
fcol(v) = _FZ with I, = yp, (2.27)

w2 + (v —vy)?’

where, y is the collisional broadening coefficient, p is the pressure, I,; isthe HWHM linewidth

of the collisional broadening.

In the low pressure range, the collisional broadening effect is suppressed, making the linewidth
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Fig. 2.10 Illustration of the random thermal motion of the gas molecules within the mode field of
a light beam. The magenta, yellow and purple represents the transversal, longitudinal and total
velocity of the molecule with the length representing the magnitude. The bluish padding

represents the intensity distribution for the propagating probe beam.

Doppler-limited, by which molecules with different velocity components along the light beam
experience different frequency of absorption. Due to the velocity selectivity, the Doppler broadening

is inhomogeneous and follows the one-dimensional Maxwell-Boltzmann distribution as:

1 1
n2 \2 , In2 ] 2N,kTIn2\2
fdop (V) = Fdzop exp —(V - VO) ?Op , with Fdop =7 (T) , (228)

where, o, is the HWHM linewidth of the Doppler broadening, N, is the Avogadro constant, k
is Boltzmann constant, M is molecular mass. The Voigt lineshape, which is a convolution between
the Lorentzian and Gaussian profile, can be used to describe the overall lineshape for the infrared
absorption spectroscopy. A comparison between Lorentzian, Gaussian and Voigt lineshape can be
seen in Fig. 2.9, where the HWHM linewidth of Lorentzian and Gaussian functions are set equal

and the Voigt lineshape is a direct convolution of these two functions.

In nanofiber-based spectroscopy, the transit time broadening may not be omitted which originates

from the limited time of the molecule staying within the optical mode field. As shown in Fig. 2.10,
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both the Doppler and the transit time broadening effects originate from the random thermal motion
of the gas molecule, whose velocity magnitudes (represented as the length of purple arrow)
statistically follow the Maxwell-Boltzmann distribution. The longitudinal motion (yellow arrow) of
the molecules with different velocity leads to the Doppler broadening, while the transverse motion
(magenta arrow) makes the molecule fly through the optical field eventually and thus results in an
unavoidably limited interaction time. For a fixed environmental temperature, the molecular velocity
follows a constant distribution. So, the narrower the beam diameter, the shorter the light-matter
interaction time. For nanofibers, the region of evanescent field is only about one micron wide, which

means the interaction time is quite limited in room temperature.

Different from the Doppler broadening, the transit time effect is homogeneous. Although molecules
with different transversal velocity has different linewidth, they share the same line center of
transition. The faster the transverse velocity of the molecule, the shorter the interaction time with
the light beam and thus the severer the transit time broadening. The issue of transit time broadening
may become critical in nanofiber-based spectroscopy and will be systematically discussed in

Chapter 5.

1 T T T T T T T T

Lorentzian lineshape |
Gaussian lineshape
Voigt lineshape
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Fig. 2.9 Comparison between the normalized Lorentzian, Gaussian and Voigt lineshape functions.
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2.4. Wavelength modulation spectroscopy

In laser spectroscopy, modulation is generally required, which can shift the operating frequency
towards a higher-frequency band to achieve lower noise level and thus higher sensitivity. The
principle of wavelength modulation spectroscopy (WMS) is that the wavelength of the laser beam
is sinusoidally modulated at a high frequency with its central position slowly swept across the

absorption line of the molecules. The instant wavelength v can be expressed as:

v =7+m- [, cos(2mv,t), (2.29)

where, v is the central wavelength, which is swept at low rate, m is the modulation depth, I,
is the linewidth of Lorentzian lineshape and v,,, is the modulation frequency. Different from the
intensity modulation, as it is the lineshape that the WMS method measures, any spectrum
independent absorbance will not contribute to the signal [99]. The optimal frequency of wavelength
modulation depends on the system response. In photothermal scheme, it should not exceeds the heat
generation or thermal relaxation time. The optimal amplitude of wavelength modulation is about 2
times of the linewidth of absorption and for a Lorentzian shape the value equals to 2.2. The detected
signal contains a group of harmonics, which makes the lock-in amplifier necessary for
discriminating a certain one out. The waveforms of the first four orders of harmonics with different

detuning are shown in Fig. 2.11.

Although the first-harmonic has the largest signal amplitude, which is defined as the peak-to-peak
value of the waveform, it is quite sensitive to the linear baseline drift, which results in large
background signal. Because, mathematically, a linearly increasing curve has a non-zero first-order
derivative, but other orders of derivative are vanishing. In addition, all the odd-harmonics have their
maximum signal position away from the center of absorption line, which is undesirable [100]. So,
commonly, the second-harmonic is preferred in WMS. To obtain the full WMS waveform, the
central wavelength needs to sweep across the whole transition line. It should be mentioned that

WMS method is not always the first choice in improving the signal-to-noise ratio. Compared with
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Fig. 2.11 First four orders of harmonics of Lorentzian lineshape with the same modulation depth

of m=2.

the intensity modulation, it is quite inconvenient for the WMS method to recover the real lineshape.
So, the WMS method is generally adopted in cases of high-performance trace gas sensing but is not

suitable for investigation of the details of spectrum, such as molecular lineshape measurement.

2.5. Optical nanofiber

A variety of methods have been used to fabricate the optical nanofiber, but all of them are based on
the same principle of heating and tapering [73]. The taper-drawn nanofiber consists of three parts,
i.e., two SMF pigtails, two transition regions and a waist with a sub-wavelength diameter as shown
in Fig. 2.12. For low loss transmission, the transition region should be as smooth as possible so that
no radiation mode is excited (the so-called adiabatic condition). The calculation of mode field for
nanofiber has been well established. The nanofiber can only support one propagating mode, i.e., the

fundamental HE;; mode, when the V-number satisfies [74]:
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Fig. 2.12 A typical geometric structure of an optical nanofiber. The segment a is the waist zone
for light-matter interaction, segment b is the transition region for low loss mode conversion and

segment ¢ is the SMF pigtail for optical connection.

V=kp /nf +n3 <V, = 2.405, (2.30)

where, k = 2mAg? is the wavenumber of the light beam in vacuum, p is the radius of nanofiber,
n,; and n, are the refractive index of silica core and air cladding respectively, V. is the cut-off V-
number. For incident light beam with wavelength of 1550 nm, the silica nanofiber will be single-
mode when its diameter is less than about 1140 nm. The propagating constant 8 can be calculated

from the eigenfunction as:

Jothp) _ _ni+ni Ki(gp) 1
haj;(hp) 2nf qak,(qp) (hp)?

ni-n? Kj(ap) \* B2 [ 1 1y
_J< 2n? qul(qp)> +n%k2<(hp)2+(qp)2)’ (231)

where, h = (n?k?— ?)'/? and q = (B> —n2k?®)Y/?, The J, and K, are respectively the

Bessel functions of first kind and the modified Bessel functions of second kind. Commonly, it is the
electric field rather than the magnetic field in the light beam that interacts most strongly with the
molecules. So , we may hereby just focus on the electric one. The x-, y- and z-directional

components of the electric field inside the nanofiber (r < p) are given by:
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E, = —i 2 [(1— 5)Jo(hr) cos g — (1+ () cos (29 — 90)]

Ey = —i2[(L =)o) sin g — (1 + )]a(hr) sin(2 — o))
E, = J1(hr) cos(¢ — ¢o)

(2.32)

For the evanescent field (r > p), the three components of electric field are given by:

_ —iﬁh(hp)

8 2q K, (qp)

E = —iﬁh(hp)
Y 2q K (qp)

[(1 = s)Ky(qr) cos o — (1 + 5)K,(qr) cos(2p — @o)]

[(1 = s)Ky(qr) singy — (1 + s)K,(qr) sin(2p — @y)],  (2.33)

_ J1(hp) _
E, = K.(ap) K1(gr) cos(¢ — @o)

where, @, is the azimuthal angle of the polarization and the parameter of s is give as:

1 1 ] Jithp)  KiGp) |7

= @z Tl |pnmp T k@ 0 3

For absorption spectroscopy as well as molecular trapping, the light-matter interaction strength is

Fig. 2.13 The peak normalized z-directional Poynting vector (color surface) and transverse
electric field (red arrows) of the fundamental modes (a) HE7; and (b) H Ely1 for light beam with

wavelength of 1550 nm propagating along a 600-nm-diameter silica nanofiber.
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determined by the evanescent field that extends outside the nanofiber. For a linearly polarized
incident light beam with wavelength of 1550 nm along a 600-nm-diameter silica nanofiber, the z-
directional Poynting vector (energy flux) as well as the transverse electric fields of the two

fundamental modes HE}, and HE;, are shown in Fig. 2.13.

For light-matter interaction on the nanofiber platform, the larger the portion of evanescent field, the
better the interaction efficiency. Thinner diameter appeals to more evanescent field, but may reduce
the light intensity, which is undesirable for nonlinear light-matter interaction as well as
photothermal/photoacoustic spectroscopy. Shown in Fig. 2.14 are the portion of evanescent field
and the mode field area for light beam with wavelength of 1550 nm in nanofiber of different
diameters. As seen, with reduced diameter, there will be higher portion of evanescent field, while
the mode field area does not keep decreasing monotonically but soars up when the diameter of

nanofiber is less than about 500 nm. This phenomenon originates from the weaker ability of mode
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Fig. 2.14 The portion of power in the evanescent field and mode field area for light beam with

wavelength of 1550 nm propagating along silica nanofiber with different diameters.
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confinement for thinner nanofiber and will result in much reduced intensity of the evanescent field.
There should be an optimized diameter where a balance between the portion of power in the

evanescent field and the mode field area can be achieved, depending on the specific application.

2.6 Summary

The basics of molecular spectroscopy are given. The separation of the molecular motion into
electronic, vibrational and rotational modes bring great convenience for the near-infrared
spectroscopy, in which only the ro-vibrational transition is involved. Line broadening effects are
annoying for spectroscopic gas sensing, because it not only reduces the peak absorption, but also
make the discrete transition lines overlapping with each other and thus hard to discern. The
technique of WMS is demonstrated, which is a common but powerful method to increase the SNR
in spectroscopy. Finally, the optical nanofiber is introduced as well as its potential advantages for

spectroscopic gas sensing.
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Chapter 3  Nanofiber based photothermal

spectroscopy and the enhancement effect

In this chapter, the photothermal spectroscopy based on nanofiber is presented. Firstly, the basic
principle of nanofiber based photothermal spectroscopy is described. A simulation-based
comparison of photothermal phase modulation efficiency between the platforms of nanofiber and
the commercial HC-1550-02 fiber under the same pumping condition clearly demonstrates the
enhancement effect. Secondly, the PT phase modulation coefficients for nanofiber with different
diameter are experimentally measured and the optimal size of nanofiber for most efficient PT phase
modulation is predicted. Then, experiments of trace acetylene detection based on the nanofiber
enhanced photothermal interferometry spectroscopy are implemented. Finally, based on numerical
simulations, it is anticipated that higher enhancement can be achieved in nano-waveguides made of

materials with larger thermo-optic and thermal expansion coefficients.

3.1. Mechanism of enhancement effect in nanofiber based

photothermal spectroscopy

Photothermal interferometry (PTI) spectroscopy has long been proven a highly sensitive method for
trace gas sensing [101]. The typical scheme for PTI spectroscopy is that a pump beam with its
wavelength matching an absorption line of the trace gas is used to excite the trace molecules into
their higher energy level, following which the relaxation process will release the absorbed energy
into heat and modify the refractive index (RI) of the surroundings, as shown in Fig. 3.1(a). Then the
phase of a probe beam propagating through the heated region with wavelength away from the

molecular transition lines will be modulated as:

do 21 A 2T | 3.1)
—_— = n < nagc , .
dz Aprobe Aprobe 0% pump
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Fig. 3.1 Principle of PTI spectroscopy. (a) Illustration of the pump induced RI change, (b) The

main steps in PTI spectroscopy.

where, An is the RI change, A,,,p. is the wavelength of probe beam, 7 is the thermo-optic
coefficient of air, a is the absorption coefficient of 100 % concentration of the target gas, ¢ is
the gas concentration, Iy, is the intensity of the pump beam. By demodulating the amplitude of

phase perturbation, the concentration of trace gas can then be retrieved, as shown in Fig. 3.1(b).

The traditional free-space PTI spectroscopy has already achieved excellent sensitivity down to
parts-per-billion (ppb) level using high-power pump laser [102]. In recent years, our group proposed
and demonstrated HC-PBG fiber enhanced PTI spectroscopy method for high-sensitivity trace gas
detection [33, 103, 104]. By virtue of the small mode field area and thus the high pump intensity as
well as the long interaction length, this HC-PBG fiber enhanced PTI spectroscopy method is able
to achieve ppb level trace gas sensing with only milliwatt pump level at the near-infrared optical
communication band, where the strength of combination band/ overtone transition is much weaker
than the mid-infrared. However, both the traditional free-space and the newly proposed HC-PBG

fiber enhanced PTI spectroscopy are based on the RI change of air, whose thermo-optic coefficient
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Non-radiative relaxation
Gas temperature rise
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Gas RI
change

(Probe beam phase change)

Fig. 3.2 Principle of nanofiber enhanced PTI spectroscopy. (a) Illustration of the pump induced
physical changes and (b) Main processes and effects in nanofiber enhanced PTI spectroscopy.
The grey filled diagrams represent the processes in common for both the conventional free-space
PTI and the nanofiber enhanced PTL, while the blue filled diagrams are the unique processes for

the latter one.

is relatively low compared with the solid materials. The novel nanofiber enhanced PTI spectroscopy
is intended to achieve higher PT phase modulation efficiency taking advantages of higher light

intensity as well as the larger thermo-optic coefficient of the waveguide.

The basic principle of nanofiber enhanced PTI spectroscopy is shown in Fig. 3.2(a). The trace
molecules surrounding the nanofiber absorb the pump light through its evanescent field and then
release the energy into heat. Then, due to heat conduction, the temperature of silica nanofiber will
also increase, which results in change of both the RI and the dimension of nanofiber through the
thermo-optic and thermal expansion effects. All of the three factors as RI change of air, RI change

of silica and the dimension change of nanofiber contribute in the overall phase modulation. Fig.
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3.2(b) summarizes the main processes for nanofiber enhanced PTI spectroscopy method. In the next

section, the detailed description of calculation of PT phase modulation efficiency will be presented.

3.2. Method of numerical simulation

The numerical simulation is performed with the aid of the commercial finite element method (FEM)
software Comsol Multiphysics and can be divided into three steps. The first step is to get the mode
field of the pump beam, which can be calculated using the electromagnetic mode analysis module.
The second step is to get the evolution of temperature distribution under the time-dependent pump
power, which is assumed to be in the sinusoidal pattern in all the simulations. The third step is to
calculate the degree of thermal expansion of the nanofiber and the effective mode index change

under the temperature fluctuation.

The evolution of temperature distribution in both the air and nanofiber is governed by the heat

transfer equation [105], as:

dT .
paCaE + V- (=kVT) + poCotiy - VT = Q(1,0,1)
dT ) (3'2)
pSCSE +V-(—=kVT) =0

where, the upper and lower equations in Equ.(3.2) describe the heat transfer in the surrounding air
and in the nanofiber, respectively. The p, C, k and U are respectively the density, heat capacity,
thermal conductivity and velocity field, with the subscripts a and s representing the air and silica
material respectively. The heat source Q(r, 6,t) only exists in air and is related with the evanescent

field as:
Q(r,0,t) = a(c)PpumpA;flfIne(r: 8)g(t), (3.3)

where, a is the absorption coefficient of the surroundings and is proportional to the concentration

of trace acetylene ¢, Pyymp is the power of incident pump and is assumed to be a constant along
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propagation as long as the nanofiber is made with low loss, A;}f is the effective mode field area,
I,0(r,8) is the normalized intensity distribution of the evanescent field of the pump beam, g(t) is
the time-dependent power modulation function for the pump beam. The refractive index distribution

is determined by the instant temperature, as:

dn,

na(r: 9! t) = [Ta (T', 9! t) - TO] dT + Ng (TO)
o . (34)
ns(r,0,6) = [Ts(r,0,6) = To] —= + ns(To)

where, the dn,/dT and dn,/dT are respectively the thermo-optic coefficients of air and silica
material, and approximately equal to —0.9 and 9 X 107 K1 at room temperature. Although the
transverse dimension is also changed due to temperature modulation through the thermal expansion
effect, its influence in determining the mode index has been checked to be much smaller than the
refractive index change. Hence, the modification of mode index n,,, can be regarded as solely RI

dependent as:

Anmo (t) = Mmo [na(r: 9, t), ns(r: 9: t), Aprobe: S(T‘, 9)] - neff(To): (3-5)

where, S(r, 0) is the geometrical shape of the nanofiber. Both of the Equ.(3.2) and (3.5) can be
numerically solved with the FEM by Comsol. In addition to the mode index change, the contribution
to the phase modulation from longitudinal dimension change of the nanofiber cannot be neglected,

which is caused by thermal expansion effect as:

AL(t) = L(t) — Ly = Lye AT, (t),  (3.6)

where, L, is the length of nanofiber and e; is the thermal expansion coefficient of silica. Then the
overall phase modulation will be the combination of effective mode index change and the

longitudinal dimension change as:

2 _ 2
LO[Anmo () + neffeSATS(t)] =

Ap(t) = Lo(Ang, + Ang,), (3.7)

lprobe lprobe
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It would be convenient hereby to define the first and the second term in Equ.(3.7) as the effective
RI modulation due to thermo-optic and thermal expansion effects denoted as An;, and Ang,,
respectively, while the summation of them can be defined as the total effective RI modulation and

denoted as Ang;.

To quantitatively evaluate the enhancement of PT effect on the nanofiber platform, the simulations
are performed under the conditions of 1% acetylene in air with absorption coefficient a =
1.05cm™1 at Apump = 1532.83 nm, corresponding to the P(13) transition line of acetylene (J' =
12 - J"" = 13 for v; + v3 vibrational combination band). There are several reasons for choosing
the P(13) transition line. First, it is one of the several strongest absorption lines in the near-infrared
band, as can be seen in Fig. 2.7. Second, there are basically no or little other absorption lines with
week strength in its two wings, which results in a clear absorption profile when the pump
wavelength is swept across it. Third, there are powerful pump sources with narrow linewidth, such
as, DFB laser combined with EDFA, as well as mature optical apparatus near the target wavelength,
which greatly enhances the performance of the system. For the selected transition line, the absorbed

L. ppm™1. As an example,

pump power Pypsorpeq for the trace acetylene will be 1.05P,ym,, cm™
for a 100 mW pump beam transmitting through a one meter absorption path in trace acetylene with
concentration of 100 ppm, the overall absorbed pump power that contributes to the photothermal
effect will be 1.05 mW. In our simulation, the pump power P,y is assumed to be 40 mW with

an intensity modulation function of g(t) = 27[1 + sin(2nft)]. The wavelength of probe beam

Aprobe 18 chosen to be 1553 nm, where the acetylene is transparent for the probe beam.

A comparison of the resulting temperature distribution between a 800 nm-diameter nanofiber and
HC-1550-02 fiber under pump modulation frequency f, = 50 kHz is shown in Fig. 3.3. The
optical modulation frequency, at which the signal-to-noise ratio should be the highest, may not the
50 kHz. However, the parameter of 50 kHz in simulation is a reasonable choice for comparison,
in consideration of the previous work related to photothermal spectroscopic acetylene detection,

where tens of kilohertz modulation frequencies are used basically [33, 61, 62]. It also worth
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Fig. 3.3 Temperature distribution under the same pumping condition of 50 kHz intensity
modulation for the cases of (a) 800 nm-diameter nanofiber and (b) HC-1550-02 fiber. The core
diameter of the hollow fiber is 10.5 um. The mode field diameter at the pump and probe

wavelength are the same and equals to 6 pm.

mentioning that higher modulation frequency is generally beneficial to lowing the system noise, but
the amplitude of photothermal signal is also reduced due to the less heating and cooling time in one
period. In the time slots of 0 to 10 us and 20 to 30 ps, there are tiny temperature spikes close to
the nanofiber, as is marked by the dashed circle in Fig. 3.3(a). The ting spikes appearing in the pump
on stage originates from the evanescent field heating and heat sink effect of the silica nanofiber. Due
to the positive differential temperature between the air and the surface of nanofiber, the heat flows

into the nanofiber and increases its temperature. The temperature modulation amplitude at the center
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of the nanofiber and HC-1550-02 fiber are 88 and 194 mK respectively. This temperature
fluctuation will cause modulation in the mode index. For the HC-1550-02 fiber, this can be
calculated with the perturbation method [106], as:

d
A _ [fanE?ds I gpATE*ds
tmi =T Rrgs ([ Eds

(3.8)

where, the E is approximately in Gaussian shape for the fundamental mode of the hollow core fiber.
However, for the nanofiber case, it is more precise and convenient by the numerical method offered
by the mode analysis module in Comsol to calculate the mode index change, as described in Equ.

(3.5). The amplitude of mode index modulation can be defined as the difference in mode index at

Fig. 3.4 The temperature distribution for the nanofiber case at the time point of (a) 30 pus and (b)

40 ps, at which the mean temperature are the highest and lowest, respectively.
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the time of 30 and 40 ps, where the mean temperature is the highest and lowest respectively.
Shown in Fig. 3.4, are the temperature distribution for the nanofiber case at these two time points.
The mode index modulation amplitude for the nanofiber and HC-1550-02 cases are then calculated
tobe An;, = 3.8 X 1077 and —1.05 X 1077 respectively. While for the nanofiber case, apart from
the mode index modulation, there is also contribution to the phase shift from the thermal expansion
effect, whose amplitude is calculated to be An,, = 3.9 x 1078, Then the total effective RI
modulation amplitude for the nanofiber case is calculated to be An,, = 4.19 X 1077, according to
the Equ. (3.7). As seen, compared with the HC-PBG fiber, the PT efficiency of 800 nm-diameter
nanofiber is about 4 times higher under the conditions of f,, = 50 kHz and 4,5 = 1553 nm. o
normalize the factors of pump level and the trace acetylene concentration, it is better to define the
normalized effective RI modulation coefficients as 71;,, 1t and 1, in which both of the pump
power and the acetylene concentration are divided from the Ang,, An;, and Ang;, respectively.
Then, the dimension of those normalized effective RI modulation coefficients will be ppm™=1 - W1,
The 74, Nee and 7, in the abovementioned nanofiber case are then calculated to be 9.5 X 107%,

0.98 x 10™* and 10.5 X 10™* cm - W1, respectively.

Following the method introduced above, a group of simulations with different diameter of the
nanofiber ranging from 1200 to 400 nm are performed. It is found that the 7 of nanofiber enhanced
PTI highly depends on the diameter of the nanofiber, as shown in Fig. 3.5(a). For the diameters
larger than 750 nm, the effective RI modulation coefficient due to thermo-optic effect 1, (depicted
as the dot dashed line) increases with decreasing diameter and reaches its peak value around 750
nm. However, for the further reduced diameters, the 7, drops rapidly and even becomes negative
for diameters less than 550 nm. While for the thermal expansion effect originated effective RI
modulation 7, (depicted as the dashed line), it basically increases monotonically with reduced
diameter in the range from 1200 nm to 400 nm. The total effective RI modulation coefficient 1,
which is the sum of 7., and 7, has the largest value around 700 nm for A,,p, = 1553 nm. So,
for the nanofiber enhanced PTI operating in optical communication band, the optimal performance

can be achieved in nanofiber with diameter of about 700 nm.
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To explain the variation of effective RI modulation coefficients with different diameter, a group of
simulations are performed, in which the fraction of the evanescent field for the light beams as well
as the peak normalized ratio of surface pump intensity over the cross-sectional area of the nanofiber

are calculated, as presented in Fig. 3.5(b). The evanescent field of pump beam serves as the heat
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Fig. 3.5 Numerical result for nanofiber enhanced PTI with 1553 nm probe beam. (a) Effective RI
modulation coefficient for nanofibers of different diameter. (b) Portion of the evanescent fields

(Repq) and the relative value of the surface pump intensity over cross-sectional area of the

nanofiber ().

47



Chapter 3

source, while the silica nanofiber is the substance to be heated with the required energy proportional
to its cross-sectional area. When the diameter of nanofiber is reduced, the cross-sectional area keeps
decreasing which favors the heating process, as there will be less volume of silica material to heat.
However, if the diameter is excessively reduced, the surface intensity and thus the power density of
heating drops rapidly due to the largely expanded mode field area that reduces the temperature
modulation efficiency. In addition, with reduced diameter, there will also be more exposed mode
field for the probe beam, which experiences the negative RI modulation of the air and thus
counteracts the positive RI modulation experienced by the other part of probe beam that remains in
the core of nanofiber. The overall mode index modulation amplitude is then compromised by the
competitive effect between the core field and evanescent field of the probe. For diameters less than
about 550 nm, the evanescent field of the probe dominates over the core field and reverse the sign

of 1., as seen in Fig. 3.5(a).
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Fig. 3.6 Numerical result of effective RI modulation coefficients for nanofiber enhanced PTI with

the different wavelength of probe beam.
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To relieve the counteracting effects between the core and evanescent parts of the probe beam, the
fraction of its evanescent field should be reduced which can be achieved by adopting probe beam
with shorter wavelength. This strategy is then verified by a group of numerical simulations, as
shown in Fig. 3.6. By reducing the wavelength of the probe, not only does the optimal diameter
move to thinner diameter, but also the peak effective RI modulation coefficient is much improved.
For the scheme with 632 nm probe beam, there is an additional five times improvement in PT phase

modulation amplitude compared with 1553 nm probe beam.

3.3. Experimental calibration of normalized effective RI modulation

coefficients

The nanofibers are fabricated from the standard single mode fiber(SMF) with the flame brushing
technique [73] using the homemade fiber taper machine in our group. Pure hydrogen generated from
the water electrolysis works as the source of flame. The hydrogen flame heats and softens the silica
fiber with two stepping motors pulling and tapering it meanwhile. The samples are all made with
the same waist-length of about 12 mm, determined by the flame scanning range of the taper machine.
After fabrication, each sample is sealed in a glass gas cell for robust packaging as well as prevention
from dust pollution. There are two holes drilled and installed with gas valve, so that the gas samples

can be filled in or flushed out. The two pigtails are left outside for optical connection.

To calibrate the overall effective RI modulation coefficient 7, for a piece of nanofiber, the 3x3
Sagnac interferometer system is used [107], which is more convenient for plug and play compared
with the MZI system, especially when there are multiply samples to be calibrated. The 3x3 Sagnac
interferometer system is passively stabilized and do not require an active quadrature-point locking
apparatus. The setup of the 3x3 Sagnac system is shown in Fig. 3.7 [103]. A laser diode with a center
wavelength of 1553 nm and 3 db bandwidth of 1.2 nm works as the broadband probe source, so that
the interference noise due to the backward Rayleigh scattering can be well suppressed. The

polarization controller is used to optimize the polarization state for highest signal amplitude. After
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Fig. 3.7 The setup of 3x3 Sagnac system for calibration of 7,,. BBS: broadband source; C1: 3x3
coupler; PC: polarization controller; C2: 5:95 coupler; PZT: piezoelectric fiber stretcher; F1, F2
and F3: optical filters; BPD: balanced photodetector; Lock-in: lock-in amplifier; DFB: distributed
feedback laser; EDFA: erbium doped fiber amplifier; AOM: acousto-optic modulator. The inset

shows the image of the gas cell with sealed nanofiber.

going through the loop, the clockwise (CW) and counterclockwise (CCW) probe beam recombine
and are then detected by the balanced photodetector (BPD) with the signal demodulated by a lock-
in amplifier. The optical filter F1 and F2 are used to eliminate the pump light. The pump beam is
offered by a distributed feedback (DFB) laser centering at 1532.8 nm and is then amplified by an
erbium doped fiber amplifier (EDFA). The optical filter F3 is for elimination of the amplified
spontaneous emission (ESA). Before injected into the probe loop through the 95% port of the
coupler C2, the pump beam is intensity modulated by the acousto-optic modulator (AOM) with the
pattern as g(t) = 27[1 + sin(2nft)]. The peak and mean power injected into the nanofiber is

kept at 40 and 20 mW respectively.

An example of the calibration process for a 800 nm-diameter and 12 mm-long nanofiber is given as
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follow. Firstly, the signal for pump beam tuned to 1532.8 and 1533.0 nm with pure nitrogen filled
in the gas cell are recorded and denoted as 0, and o0,, respectively. Then inflate 0.75 % acetylene
balanced by nitrogen into the gas cell, and measure the signal still at these two wavelength and
denoted as 03 and o,, respectively. In the ideal case, there should not be photothermal signal when
the pump is tuned off the absorption line to 1533.0 nm, which means both the 0, and o, should
be zero. However, due to the pump absorption of nanofiber itself and the adsorbed aerosol on the
surface of the nanofiber, there is a background absorption that results in non-zero 0, and o,. This

background photothermal signal should be subtracted and the pure PT signal will be:
spr = (03 = 04) — (01 — 02), (3.9)

where, both the Kerr effect and the inequality of pump power for the on- and off-line wavelength
are compensated by Equ.(3.9). Then a sinusoidal wave of the same frequency from the signal
generator is used to drive the piezoelectric fiber stretcher (PZT). Tune the amplitude of the electric
driving signal until the detected optical signal equals to spr and record the electric amplitude as
Apr. Then the real amplitude of phase modulation corresponding to the spr measured above is

calibrated by PTZ to be:

A
W, = %-n, (3.10)

n
where, A, is the amplitude of the electric signal when the phase modulation amplitude reaches
7 rad, which can be readily discerned from the oscilloscope due to its unique waveform [108]. In
the experiment for a 800 nm-diameter, 12 mm-long nanofiber under 50 kHz sinusoidal intensity
modulation with 40 mW peak pump power, the measured values for 0, 0,, 03, 04, Spr, Apr, Ax
are 10.44, 10.42, 13.23, 10.04, 3.17, 22.8 and 5.8 X 103 mV respectively. Then the Wpr is calculated
to be 12.4 mrad, resulting in a total effective RI modulation coefficient as:

3 1.24 x 1072 rad - 1553 nm
T 0.04W - 0.75% - 1.05cm™! - 2w rad - 12 mm

Nee =81x10*em-Ww™,  (3.11)
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Table 3.1 Experimentally measured and numerically simulated values of total effective RI

modulation coefficient 1., for nanofibers of different diameter.

Diameters (nm) | ng;7 (cm-W™Y) | ni¥™ (cm- W)
1120 2.5x107* 3.5x107*
1060 3.8x107* 4.6x107*
900 6.2 x 107* 8.1x107*
800 8.1x107* 10.5 x 1074
670 5.0x 107* 9.8 x 107

Following the method fully described above, the 71;; for nanofibers of different diameter are listed
in Table 3.1, with the theoretical values by simulation also given. The deviation of experimental
values from the numerical ones are within 30 %. There could be three reasons for the smaller
experimental results. First, due to the background absorption of nanofiber, its temperature cannot
be assumed as room temperature but should be higher. Then through thermal diffusion, the necessary
is much heated which results in less air density as well as the number of light-absorbing acetylene
molecules. Second, the scattering loss at the surface of nanofibers are neglected in the simulation.
Third, the diameter is measured at the middlemost position, which is the thinnest. The diameter at

other positions within the waist region is little bit higher.

The modulation frequency also has an impact on the PT signal due to a quite straightforward reason
that the longer the heating time, the larger the temperature and thus the RI modulation amplitude.
Both the numerical and the experimental results, as shown in Fig. 3.8 where the experiment is
performed with the same piece of 800 nm-diameter nanofiber, demonstrate that the signal amplitude
can be improved at the low frequency range. However, the noise are generally also increased in
lower frequency band. So, there should be a balance between the signal amplitude and the noise
level in choosing the modulation frequency, so that the highest signal-to-noise ratio (SNR) can be

achieved.
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Fig. 3.8 Numerical and experimental result of the amplitude of PT signal with different
modulation frequency.
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Fig. 3.9 Experimental setup of MZI for trace acetylene sensing. ECDL: external cavity diode
laser, C1, C2: optical couplers; F1, F2: optical filters; PD: photodetector; LPF and HPF: low- and

high-pass electric filter; WDM: wavelength division multiplexer.

3.4. Trace acetylene sensing

Having verified the enhancement effect of PT in the well-designed nanofiber both theoretically and

experimentally, the trace acetylene sensing experiment is then performed based on the wavelength
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modulation spectroscopy (WMS) still with the 800 nm-diameter and 12 mm-long sample. The
experimental setup is now a MZI as shown in Fig. 3.9, which has a relatively higher phase detection

sensitivity compared with the 3x3 Sagnac system in our lab [109].

The source for probe light is an external cavity diode laser (ECDL) with 300 kHz linewidth, 1557
nm wavelength and 1 mW output power. The probe light is split into two beams at the coupler C1
with the upper beam for phase locking through the PZT and the lower beam for phase detection.
The optical filter F1 centers at 1557 nm to eliminate the pump light. The detected signal of probe
beam is divided into two parts, one is for the servo controller to lock the interferometer at the
quadrature point and the other is sent to the lock-in amplifier for second-harmonics demodulation.
The pump beam centers at the P(13) line of acetylene (1532.8 nm) and is from the DFB laser which
is wavelength modulated at 31 kHz through the injection current driven by the lock-in amplifier.
The reason for choosing the 31 kHz pump modulation frequency is that its second harmonics is at
62 kHz where the PZT has its lowest noise level. The wavelength modulation depth is selected to
be ~2.2 times the linewidth of P(13) transition line. Apart from the fast wavelength modulation,
the pump beam is also simultaneously ramped across the absorption line with low rate from 1532.74
nm to 1532.92 nm, corresponding to a detuning range of £90 pm with respect to the line center.
Shown in Fig. 3.10(a) is the second harmonics output for different concentration of acetylene as 450,
525, 600 and 675 ppm balanced by nitrogen under 50 mW pump. It should be mentioned that there
is a relatively large background signal as well as a certain degree of distortion in the output
waveform which could originate from the absorption of the adsorbed dust on the surface of nanofiber.
In addition, the asymmetric waveform with respect to zero detuning should originate from the
spectrum dependent absorption of either the nanofiber itself or the particles attached on its surface.
The PT signal is defined as the peak-to-peak value of the output waveform and can be found to be

basically linear with the acetylene concentration, as shown in Fig. 3.10(b).

The results of second harmonic output and linearity of the PT signal under different pump power

with fixed concentration of 750 ppm acetylene are shown in Fig. 3.11(a) and (b), respectively.
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Fig. 3.10 Experimental result of nanofiber based trace acetylene sensing with different
concentration. (a) Second harmonic output with fixed pump power of 50 mW. (b) Linearity of

the PT signal with different concentration.

Shown in Fig. 3.11(b) is also the result of the noise level, which is determined as the standard
deviation of the second harmonic output over a period of one minute with the center wavelength of
pump beam tuned 90 pm away from the line center and a fixed pump power of 88 mW. As seen, not
only the PT signal but also its background signal are proportional to the pump level, which further
verified our supposition that it is the substance attached on the surface of nanofiber causes the

relatively large background PT signal. The background absorption from the nanofiber itself should
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not be spectrum dependent within the amplitude of wavelength modulation, so it is readily
subtracted in the peak-to-peak value. However, the spectrum-independent absorption may not be
guaranteed for the various kinds of aerosol or particles adsorbed on the surface of the nanofiber.
Ideally, is better to fabricate the nanofiber in a cleanroom and seal it immediately into a cell with
dust-filtering apparatus at the inlet. As to the noise level, although it also increases with the pump
power, the slope is lower than the signal, which means the SNR can be effectively improved with
higher pump power. The trace acetylene detection limit for this 800 nm-diameter and 12 mm-long
nanofiber is evaluated by the experimental result achieved with 88 mW pump and 750 ppm
acetylene, in which the signal, noise, SNR and noise equivalent detection limit are found to be

156 uV, 123 nV, 1270 and 600 ppb respectively.

The direct heating of the nanofiber itself is actually an annoying problem, especially when the
absorption is spectrum dependent. First, it makes the wavelength sweeping process quadrature but
not optional. If there is no background absorption like in the scheme of free space or hollow-core
fiber, the pump can be fixed at the center of absorption line and the measured photothermal signal
is still proportional to the gas concentration. However, when there is background photothermal
signal, as in the nanofiber case here, the pump wavelength should always sweep across the
absorption line and take the peak-to-peak value as the real photothermal signal so that to substrate
the background level. This sweeping process is time consuming, especially for high precision
requirement, where larger averaging time is needed. Second, it results in excessive temperature rise
of both the nanofiber and the ambient air, which reduces the air density and thus the number of light-
absorbing molecules. This effect will be exaggerated when higher pump power is used. As to the
stability and possibility of real-time measurement, the prevention of pollution to the nanofiber
should be the key point. A good protection needs to eliminate both the dust and aerosols contained
in the sample gas, which can result in both transmission degradation and higher background
photothermal signal. The stability of the system depends on the temperature fluctuation,
environmental vibration and the ability of quadrature point locking in the interferometer. The real

application needs further investigation.
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Fig. 3.11 Experimental result of nanofiber based trace acetylene detection with different pump
power. (a) Second harmonic output under different pump level with fixed acetylene concentration

of 750 ppm. (b) PT signal and noise level with different pump power.

3.5. Further enhancement

The nanofiber enhanced PTI spectroscopy has been demonstrated both numerically and theoretically
in the previous four sections. However, there could be further tremendous enhancement by

switching to nano-waveguides made of materials with large thermo-optic or thermal expansion
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Table 3.2 Thermal and optical parameters relevant to the PTI spectroscopy for air, silica, CYTOP and

silicon.
Properties Air Silica CYTOP Silicon
Transparent window
UVtoIR | 02~22[110] | NIR[I11] | 1.1~65[110]
/um
Refractive index 1.0003 [112] 1.445[113] 1.345[114] 345][115]
Density
g 1205[110] | 2203[110] | 2030[116] | 2330[110]
/Kg+-m™3
Heat capacity
e 1005[110] | 703[110] 861 [116] 714[110]
/- Kg~ 1K1
Thermal conductivity | ot | 1aspio] | oa2[i16] | 140[110]
/W -m™1K™? ) ' '
Thermo-optic coefficient o o1 rio1y | opi13] 50 [117] | 175[115]
/1076 K1 '
Thermal expansion
_ o NA 40[118] 740 [117] 26 [110]
coefficient /1077 K~1

coefficients, such as polymer and semiconductor material. The thermal and optical parameters for
two promising materials, i.e., the cyclic transparent optical polymer (CYTOP) and the silicon, are

listed in Table 3.2, with those for air and silica also listed for comparison.

As seen from Table 3.2, the thermal expansion coefficient of CYTOP and the thermo-optic
coefficient of silicon are several orders of magnitude larger than the silica. It is anticipated that
optical nano-waveguides made from these two materials can achieve orders of magnitude higher
effective RI modulation coefficients than the silica nanofiber not to say the traditional free-space
scheme. This idea is theoretically verified by numerical simulation with nano-waveguide made of
CYTOP and silicon as shown in Fig. 3.12(a) and (b) respectively. In the simulation with CYTOP,
all the pumping parameters are kept the same as those in the simulation with silica. While in the
simulation for silicon nano-waveguide, there is only one change that the pump beam centers at
3.03 um, corresponding to the R(9) absorption line, where the absorption coefficient is about 20

times larger than the P(13) line. For the nanofiber made of CYTOP, the dominant effective RI
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modulation comes from the positive thermal expansion effect but not the negative thermo-optic
effect. The 7, increases first but then drops with reduced diameter of the CYTOP nanofiber when
it is less than about 500 nm. This phenomenon is still caused by the variation of § as has been
demonstrated in the silica nanofiber case. The total effective RI modulation coefficient 7, for the
CYTOP nanofiber drops with reduced wavelength of the probe, which is different from the silica
nanofiber. The reason is that the shorter the wavelength of the probe beam, the larger the portion of
the probe beam remains inside the CYTOP material, whose thermo-optic coefficient is much larger
than the air, and hence the more negative RI modulation will be experienced by the probe beam. As
the negative thermo-optic effect counteracts the dominant positive thermal expansion effect, probe
beam with longer wavelength is preferred whose more exposed evanescent field in air results in less
negative 1., and thus larger positive 7;. Numerical results for silicon nano-waveguide with
different size are shown in Fig. 3.12(b). The waveguide has a fixed height-width ratio of 2 and is
supported by a silica wedge with the width of contact area fixed to 20 nm to suppress the heat flow
from the silicon waveguide to the silica substrate. The amplitudes of 7;,, 1:e and 1 with the
reduced size of the nano-waveguide follows the same trend as in silica nanofiber case due to the
same reason and will not be re-explained here. Due to the much larger thermo-optic coefficient of
silicon material as well as the larger absorption coefficient of acetylene at 3.03 pm, the PT RI
modulation efficiency can be about 800 and 8000 times larger than the silica nanofiber and HC-
1550-02 fiber, respectively. On the other hand, the tremendously enhanced PT effect in silicon nano-
waveguide for trace gas sensing appeals well to the emerging research of spectroscopic detection of
trace molecules on chip, which has the attractive prospect of integrating the laser source, sensing

element and photodetector compactly on a piece of photonic chip.

3.6 Summary

The nanofiber enhanced PTI spectroscopy is demonstrated. The numerical simulation with silica
nanofiber demonstrated the higher enhancement of the PT phase modulation amplitude compared

with the HC-1550-02 fiber. The results of numerical simulation for the silica nanofiber also work as
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Fig. 3.12 Numerical result of effective RI modulation coefficients for nano-waveguide made of
(a) CYTOP and (b) silicon with different size of the waveguide and different wavelength of probe

beam. Insert: geometric dimension of the silicon nano-waveguide [119].

the guidance in determining the optimal diameter of nanofiber. The experimentally measured
effective RI modulation coefficients for silica nanofibers with different diameters verified the theory
of nanofiber enhanced PTI spectroscopy. The trace acetylene sensing experiment is performed with
a 800 nm-diameter and 12 mm-long silica nanofiber. A noise equivalent detection limit of 600 ppb

is achieved with 88 mW pump power. Based on the numerical simulation, it is anticipated that by
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switching to nano-waveguides made of materials with much larger thermo-optic or thermal
expansion coefficients, such as CYTOP and silicon, further tremendous enhancement in PT phase

modulation efficiency can be achieved.
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Chapter 4 Nanofiber enhanced stimulated Raman

spectroscopy for high sensitivity hydrogen sensing

Homodiatomic molecules, such as hydrogen, oxygen and nitrogen, are infrared transition forbidden
and thus has basically no absorbance throughout the whole infrared band. The only effective method
of spectroscopic detection may be the Raman scattering, which is intrinsically a nonlinear process
and thus inclined to higher light intensity. In this chapter, the highly efficient stimulated Raman
scattering (SRS) on the nanofiber platform and its application in high sensitivity trace hydrogen
detection will be demonstrate. Firstly, a qualitative demonstration of the advantage of nanofiber
based Raman interaction in comparison with the traditional free space as well as the newly
developed HC-PBG fiber counterparts will be given. Then a series of systematic trace hydrogen
sensing experiments are performed. The experimental results clearly manifest the nanofiber based
SRS a highly sensitive and fast-response method for trace hydrogen detection. Finally a theoretical
simulation is performed which explains the polarization dependent amplitude of the Raman signal
and serves as the guidance for further improvement of the experimental system for more stable

operation.
4.1 Introduction of nanofiber enhanced SRS

4.1.1 Basics of Raman spectroscopy

Raman spectroscopy has long been used for substance detection as well as spectroscopic imaging
due to its ability to distinguish different vibrational or rotational motions that are uniquely associated
with a specific type of molecule. For the trace gas molecule detection applications, there are
typically two kinds of Raman scattering used, one is the spontaneous Raman scattering and the other

is SRS as depicted in Fig. 4.1(a) and (b), respectively.
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Fig. 4.1 A comparison between the processes of (a) spontaneous Raman scattering and (b)
stimulated Raman scattering. The v,, and v, are the optical frequencies of the pump and Stoke
beams. The s;, s, and s, represent the lower, upper and virtual states of transition, respectively.

The energy separation between the lower and upper states corresponds to an Raman shift of Q.

The spontaneous Raman scattering is much weaker but is also simpler in realization compared with
the SRS as only one pump beam is required. A bunch of Raman transitions can be simultaneously
excited by the pump light, which makes the spontaneous Raman scattering quite convenient in
obtaining the whole Raman spectrum of the substance under test. In addition, by measuring the ratio
between the perpendicularly and parallelly polarized scattering components with respect to the
polarization direction of the incident pump beam, the information of molecular symmetry can then
be retrieved. The HC-PBF based spontaneous Raman scattering for trace gas detection has been
reported [58-60]. Compared with the free space setup, the HC-PBF can substantially improve the
Stokes signal due to the much longer interaction path as well as the larger Stokes photon collecting
angel. However, for a certain transition line, the sensitivity of spontaneous Raman is limited, not
only by the relatively small scattering efficiency but also by the less freedom in choosing modulation

method, which, as illustrated in Section 2.4, can greatly enhance the SNR and thus sensitivity.

In order to improve the Raman scattering efficiency, method of SRS can be adopted, in which two
beams of light called as pump and Stokes with their frequency difference matching the Qp are
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injected into the sample simultaneously. The pump photons are converted into Stokes photons
mediated by the molecular Raman transition with the differential energy left inside the molecule.
Hence there will be a spectra-dependent gain or loss in the transmitted power of the Stokes or pump
beam, which phenomena are known as the stimulated Raman gain (SRG) and stimulated Raman
loss (SRL), respectively. Compared with the SRL, it is the relatively low-power Stokes beam that is
detected in the gain method, so the SRS spectroscopy are commonly implemented based on the
technique of SRG. The HC-PBF based SRS spectroscopy have been reported [64, 66]. The
interaction between the molecules and the light beam with high intensity over long path is
guaranteed by the HC-PBF fiber, resulting in much higher SRS signal compared with free space
setup. However, the HC-PBF fiber based SRS spectroscopy has some inevitable drawbacks, such
as the relatively large coupling loss between the HC-PBF fiber and the SMF transmission line [120],
the difficulty in gas infusion [121] and the additional mode interference noise from the cladding
modes [57]. Those problem are absent in nanofiber based SRS due to the adiabatic transition of the
taper with low loss, the exposed evanescent field for convenient light-matter interaction and the

single-mode operation.
4.1.2 Principle of nanofiber enhanced SRS

The detection scheme is based on seeded SRS but not noise-initiated SRS, so there is no threshold
for SRS to happen. The SRG for the Stokes beam is proportional to the intensity of the pump beam,
which under the assumption of constant pump intensity for trace Raman-active molecule can be

expressed as [122]:

Al 1
l—~ngL x aA""B,NL, (4.1)
s0

where, g is the Raman gain factor; Alg, I, and I, are the increased Stokes beam intensity after
transmission, initial Stokes beam intensity and pump beam intensity, respectively; L is the length

of interaction; « is the fraction of the light power that can interact with the gas molecules and is
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assumed to be the same for pump and Stokes beam; A is the mode field area of pump beam; B, is
the incident pump power; N is the molecular density. As seen, for the fixed pump level and

interaction length, the SRS efficiency is directly proportional to the factor of aA™?.

A comparison of @ and A™! among the cases of free space, HC-PBG fiber and nanofiber assuming
a fixed interaction length of 1 cm should contribute to a more concrete understanding. In the
following, we only focus on the SRG technique with the case of S, rotational Raman transition of
hydrogen molecule, which has a Raman shift of 354.4 cm™1. The notation of Sy, may be described
in detail that the symbol of ‘S’ means the difference in rotational quantum number AJ = 2, the first
subscript represents the difference in vibrational quantum number and the second represents the
initial rotational level. There is generally no need to give the initial vibrational level, as it is basically
always the vg level governed by the Maxwell Boltzmann distribution. Then the notation of Sgq
represents the pure rotational Raman transition from /' = 0 to /" = 2. For the free space Gaussian
beam, it Rayleigh length can be regarded as the interaction length, in which the pump beam
propagates without suffering from excessive divergence, as depicted in Fig. 4.2(a). The 1 cm

Rayleigh length corresponds to a waist diameter d, of > 100 um at the near infrared band,

(a) (b) (c)

do~ 10 dom b
0~ 10 pm a>60%
do ™~ 100 um a>95% ’

a=100%

> b

Fig. 4.2 Tllustration of the SR spectroscopy in (a) free space Gaussian beam, (b) HC-PBG fiber,

(c) optical nanofiber.
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according to the relation as [123]:

Azg

dO =2 , (4'2)

T
where, zg is the Rayleigh length. For the case of HC-PBG fiber shown in Fig. 4.2(b), both the pump
and Stokes beams can be strongly confined in the central air hole with mode field diameters (MFD)
of ~10 um and less than 5 percent of power leaked into the silica cladding [124]. So, compared
with the free space, the HC-PBG fiber can offer at least two orders of improvement in Raman
efficiency. It should be mentioned that although only a small portion of the light resides inside the
cladding, it can still excite the Raman scattering of the silica material, which has a broad spectrum

extending to ~1000 cm™!

and may bring significant background signal from silica for the HC-
PBG fiber based method, especially for the measurement of rotational Raman scattering, which has
smaller Raman shift and thus overlaps with that from silica [58]. However, this problem may only
exist in the scheme based on spontaneous Raman but not in the SRS one, because the wavelength
modulation method can be readily adopted in the latter one to distinguish the sharp Raman line of
gas molecules from even the overwhelming background, as will be demonstrated in detail later for
the experimental part for nanofiber based SRS. For the nanofiber case, the MFD is further reduced.
With properly chosen diameter of the nanofiber according to the wavelength of light beams adopted,

the fraction of evanescent field can be over 60 % with the MFD less than 1 ym as shown in Fig.

4.2(c), resulting in another 2 orders of enhancement in Raman efficiency.

For the case of nanofiber, a balance between the portion of evanescent field and the light intensity
which is inversely proportional to the mode field area should be taken into consideration for optimal
Raman efficiency. Shown in Fig. 4.3 is a demonstration of the diameter dependent strength of SRS
in nanofiber with different wavelength of pump beam as well as a demonstration of the much higher
Raman efficiency in nanofiber over the state-of-the-art HC-PBG fibers. For a fixed set of pump and
Stokes beams, a reduction in the diameter of nanofiber is always in favor of larger portion of

evanescent field a. However, for much reduced diameter, the nanofiber would be too thin to
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Fig. 4.3 Illustration of the enhancement of SRS efficiency in nanofiber over the HC-PBG fibers.
The marked wavelength are for the pump beams and the corresponding wavelength of Stokes
beams are all 354.4 cm™?! longer to match the Sy, transition. The @A~ of HC-PBG fibers at
those wavelength are calculated based on the datasheet of the HC-1550-02, 1060-02, 800-02,

580-02, and 440-02 from NKT Photonics with the MFDs of 9, 7.5, 5.5, 5.3 and 4 um,

respectively.

constrain the mode field and there will be a rapid increase in MFA A and hence a sharp drop in light
intensity. So the Raman efficiency in nanofiber rapidly decrease for diameters less that the optimal
one. The mode field areas of nanofibers are calculated using the Electromagnetic Waves module in
Comsol Multiphysics, while the ones of hollow-core PBG fibers are obtained from the datasheets
released by NKT Photonics. The aA™?! of light beams propagating along the nanofiber are much
larger in the visible band than in the NIR band, due to the more tightly confined evanescent field
and thus smaller A for shorter wavelength. However, in consideration of the commercialized high
performance laser source and abundant optical components in the communication band as well as

the advantages of fiber-optic sensing, experiments of nanofiber enhanced SRS spectroscopy are
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still performed in telecom band.

4.2 Experiments of nanofiber enhanced SRS for trace hydrogen

sensing

The silica nanofiber is still fabricated from the standard SMF (Corning SMF-28) using the flame
brushing technique. The nanofiber has a diameter of about 700 nm and a waist length of 48 mm.
The total transmission loss is less than 0.3 db. After fabrication, the nanofiber is immediately sealed
into a gas cell, which has two vents installed with valves for gas inlet and outlet. The two pigtails
of the nanofiber are left outside the gas cell for optical connection. The experimental setup is based

on the method of SRG, as shown in Fig. 4.4.

The pump and Stokes beams are offered by the DFB laser and ECDL with their central wavelength
of ~1532.83 and 1620.76 nm, respectively. The FWHM linewidth of pump and Stokes laser are
5 MHz and 300 kHz respectively, which are substantially less than the linewidth of SRS gain profile

of the trace hydrogen of ~300 MHz. The differential frequency matches the Sy, rotational Raman

Gas Cell

Fig. 4.4 Experimental setup of nanofiber enhanced SRS spectroscopy for hydrogen detection. F1,
F2: optical filters; PC1, PC2: polarization controllers; DF: dust filter, which is used to eliminate
the possible particles present in the gas mixture and prevent them from pollute the nanofiber

sample; MFC: mass flow controller.
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transition of hydrogen. Accompanying the slow ramp of the central wavelength of the pump beam
across the transition line, there is also a fast sinusoidal wavelength modulation, which is quite
necessary for distinguishing the sharp Raman transition line of hydrogen from the broad silica
background, as depicted in Fig. 4.5. It should be mentioned that the silica background is a severe
problem in the HC-PBG fiber enhanced spontaneous Raman scattering for trace gas sensing.
Although there is only a small portion of the guided pump power residing inside the silica cladding,
the meters long interaction path still results in considerable background signal from silica, which
can totally submerge the Raman signal from the trace gas with low Raman shift. Inserting a pinhole
between the output end face of the HC-PBG fiber and the photodetector can effectively reduce the
background level, but it also attenuates the Raman signal from trace gas a lot [60]. However, the
method of nanofiber enhanced SRS combined with WMS used here can effectively eliminate the
background without a compromise in signal amplitude. The technique of WMS can also be used in
HC-PBG fiber based SRS to eliminate the background Raman signal from the silica lattice cladding

and hence to improve the SNR.

. S0 1 2
— H; lineshape of
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Fig. 4.5 The technique of wavelength modulation for the pump beam to distinguish out the sharp
Raman transition line of hydrogen. Inset: other rotational Raman transition lines of hydrogen and

the Raman spectrum of silica in a broader spectra range.
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The optical filter F2 centers at the wavelength of Stokes beam to eliminate the pump light. The
detected Stokes signal is then sent to the lock-in amplifier for second harmonic demodulation. Two
polarization controllers are used to adjust and optimize the polarization states for both the pump and
Stokes beams to achieve the largest amplitude of SRG signal. Gas samples with different

concentration of hydrogen are obtained by mixing pure hydrogen and nitrogen through the mass

(

27
—_—

Second Harmonic Output {uV)

(b)

SRS Signal {uV)

0.01 0.1 1 10 100

H, Concentration (%)

Fig. 4.6 Experimental results of (a) the second harmonic output and (b) SRS signal with different

hydrogen concentration.
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flow controllers (MFC). The smaller the flux of hydrogen, the lower its concentration. The dust
filter (DF) installed at the inlet is for prevention of the possible particles mixed in the gas sample

from contaminating the nanofiber. All the experiments are performed under atmospheric pressure.

The second harmonic output from the lock-in amplifier, whose time constant and roll-off are fixed
respectively to be 10 s and 18 dB/Oct, for different concentration of trace hydrogen balanced by
nitrogen under the same pump level of 305 mW are shown in Fig. 4.6(a). The wavelength of the
pump beam is swept in a range of +6 pm with respect to 1532.83 nm at which the frequency
difference between pump and Stokes beams matches the Raman shift of Sy, transition. The peak-
to-peak value of the second harmonic output is defined as the SRS signal, which is found to be linear
with the hydrogen concentration not only in the range of 0.2 % to 0.4 % but also in a much larger
range extended to about 50 %, as shown in Fig. 4.6(b). The deviation of the SRS signal from linearity
in the higher concentration range originates from the reduced intermolecular collisional broadening
effect which results in larger SRS gain coefficient. The noise level is evaluated as the standard
deviation of the second harmonic output when the pump laser is swept across the transition line in
the atmosphere of pure nitrogen, depicted as the pink line in Fig. 4.6(a). For a transmitted probe
power of 0.38 mW, the noise is measured to be 0.25 pV. Compared with the measured SRS signal
of 115 pV for the 0.4 % hydrogen, the SNR and noise equivalent lower detection limit are
evaluated to be 460 and 8.7 ppm, respectively. In consideration of the 100 % upper limit of

detection, a dynamic range as high as 5 orders has been achieved under a 305 mW pump power.

The linearity between the pump power and SRS signal is verified, as shown in Fig. 4.7(a). The SRS
signal is measured under fixed hydrogen concentration of 0.4 % with the pump level varied from
115 mW to 305 mW. The noise level are also evaluated under each pump power. It is found that the
amplitude of signal is proportional to the pump power but the noise is increasing at a shallower
slope, so increasing the pump power should be an effective method to achieve higher SNR. The
stability and ultimate sensitivity of current system is evaluated by analysis of Allan deviation. The

pump wavelength is fixed at the line center with pure nitrogen inflated into the gas cell. The second
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harmonic output of the lock-in with 100 ms time constant are recorded for two hours for analysis of
Allan deviation. As shown in Fig. 4.7(b), the ultimate detection limit of 3 ppm can be achieved for
an integration time of 260 s, beyond which the drift of the system makes further averaging no sense.
The drift could originate from the variation of polarization states of both the pump and Stokes beams.
The polarization sensitivity will be demonstration theoretically in later section as well as its possible

solutions.
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Fig. 4.7 Experimental results of (a) the second harmonic output under different pump level (b)

Allan deviation analysis for evaluation of the noise equivalent lower limit of detection.
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Another advantage of nanofiber based light-matter interaction is the easy accessibility to the
evanescent field of the light beam which is exposed outside the silica core. It is expected that this
nanofiber based hydrogen sensor should have fast responsibility. To measure the response time, the
pump wavelength is fixed at the 1532.83 nm, whose differential frequency with respect to the Stokes
beam corresponds to the center of Sy, rotational transition. Then gas samples with hydrogen
concentration of 0, 2, 4 and 0 %, which is obtained by adjusting the flux of hydrogen through the
MFC with the one for nitrogen fixed meanwhile, are inflated into the gas cell successively. The

detected SRS signal is shown in Fig. 4.8.

L or e~ for the inflation or recovery process)

The response time (at which the signal reaches 1 — e~
is measured to be less than 10 s, which is only limited by the size of the gas cell and the length of
the gas pipe. A comparison of performance in regards of the lower limit of detection (LOD), Upper
limit of detection (HOD) and response time can be found in Table 4.1. It can be found that the
nanofiber one may be the most all-round technique. For the metallic coating based method, the
larger response time results from the relative slow rate of chemical reaction. While for the hollow-

core fiber based method, the small central core with diameter of several micrometers and meters-

long fiber to be filled limited the response time when gases are loaded from the two ends.

SRS Signal (arb. unit)

Fig. 4.8 Experimental results of response time measurement.
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It is found in experiments that the SRS signal is polarization dependent, so two polarization

controllers are used to optimize the polarization states as shown in Fig. 4.4. The slow drift of

polarization states are always present due to the inevitable fluctuations in ambient temperature as

Table 4.1 A comparison of the performance in hydrogen sensing between the existing techniques and

the nanofiber one in this work.

Techniques Functional material Sensing elements LOD (ppm) UOD (ppm) Response time
MZI [125] Palladium Coated SMF 2 102 <8 min
LPG [126] Palladium Coated LPG 5 x 102 1.6 x 105 <7min
FBG[93] Palladium Coated FBG 103 4 x 10% <7min
FPI[127] Palladium Coated FPI 32 5x 10* <70s
SPR [128] Palladium Coated MMF 8 x 103 106 <5 min
EWA [129] Palladium Coated MMF 2 %103 6 x 103 <60s
SRSTL[130] None Thermal lens tube 9 5x 105 N. A.
SRSPA [130] None Acoustic tube 46 5.6 x 10* N. A
SR [59] None NKT HC-580-02 fiber 47 5% 10* <3 min*
SRG [64] None NKT HC-1550-02 fiber 17 106 <4 h*
This Work None Silica nanofiber 3 106 <10s

LOD, lower limit of detection; UOD, upper limit of detection; MZ, Mach-Zehnder interferometer; LPG, long

period grating; FBG, fiber Bragg grating; FPI, Fabry-Perot interferometer; SPR, surface plasma resonance; EWA,

evanescent wave absorption; SRSTL, stimulated Raman scattering based on thermal-lens; SRSPA, stimulated

Raman scattering based on photo-acoustic; SR, spontaneous Raman scattering; SRG, stimulated Raman gain

spectroscopy. MMF, multimode optical fiber * The response time is obtained according to the dynamics of gas

flow under the condition of 1 bar differential pressure between the two side holes [131].
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well as the vibrations. This drift may be the main reason for a limited upper integration time of only

260 s. In the next section, this problem will be studied.

4.3 Polarization dependent SRS

The polarization sensitivity in the stimulated rotational Raman scattering has long been known. For
the plane wave in free space, the ratio of rotational SRS gain for hydrogen among counter-
directional circularly, parallelly, orthogonally and co-directional circularly polarized configuration
is 6:4:3:1 [132]. While for the nanofiber case, due to the presence of the transverse components, the
linearly or circularly polarized incident beams will not be purely transverse and thus the ratio of
SRS gain among each polarization configuration is expected to be reduced, which may help suppress
the polarization sensitivity. The imaginary part of the nonlinear polarization density could be

expressed as [133]:

4 2mreiny U + DU + 2)y5dN
€7 15n,(2) + 1)(2] + 3)AT ,(4.3)

ﬁ(‘I)TSn = _ACEPZ(ESI?S + Esoﬁsg), Wlth

where, wg is the angular frequency of the Stokes beam; E,, and E are the optical field amplitudes
of incident pump and Stokes beams respectively; E;, is the field amplitude of the other
fundamental mode generated from the Raman interaction and is orthogonal to the one excited by
incident Stokes beam; &, is the vacuum permittivity; n, and n, are respectively the RI of pump
and Stokes beams in air; J is the rotational quantum number of the initial state and thus equals zero
for Syg Raman transition; yyq is the off-diagonal element in the polarizability matrix of the
hydrogen molecule; AN is the differential molecular density between / = 2 and J = 0 levels and
is temperature dependent; h is the Planck constant; I' is the HWHM linewidth and is concentration
dependent; é,, € and &, are respectively the normalized vector fields of the pump and two
degenerate Stokes beams. The polarization dependent gain originates from the term of v;, which
has different value for different polarization configuration of pump and Stokes and is the largest

when both the é, and é; are circularly polarized but with opposite direction. Getting the
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polarization density into the wave propagation equation for Stokes beams, a coupled wave equation

is obtained as:

JE; w? 2
E = —Zﬁsgocg (CS,SES + CSO,SESO)EPAC ) J.,U (ﬁl . é]*)ds
OF w? yWithc; j = ~ 12 ,(44)
2= (CSSOES + Cso soESO)EzAC ﬂejl ®
0z ZﬂSSOCg ' ' g

where, B is the propagation constant of Stokes beam, ¢, is the vacuum light speed; A, is a factor
as defined in Equ. (4.3); p is the radius of nanofiber. The wavelength of the pump and Stokes beams
are selected to be 1532.8 and 1620.7 nm respectively, which matches the experimental parameters
as in previous section. The simulation result is shown in Fig. 4.9:

1

The dimension of the gain coefficientis cm™! - W ™1 - ppm ™1, means the incremental power of the

output Stokes beam over the input one, per centimeter long nanofiber, per watts of incident pump
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Fig. 4.9 Theoretically calculated result of the normalized SRS gain for various value of nanofiber

diameter with four different configurations of the polarization states of pump and Stokes beams.
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power, which is assumed to be a constant along propagation, per ppm hydrogen surrounding the
nanofiber. It is found that the ratio of gain between the four different polarization states are diameter
dependent and are 3:2.1:2:1, 3.3:2.4:1.9:1 and 5.6:3.8:2.8:1 for diameters of 1000, 700 and 400 nm,
respectively. It can be seen, for larger diameter the polarization dependence of SRS gain is less,
while with reduced diameter, the situation gets worse. For the nanofiber of 400 nm diameter, the
ratio are quite close to 6:4:3:1 as in the free space case. This is quite reasonable as the thinner the
nanofiber, the closer its mode field property approaches the free space one. The overall polarization
states of the guided modes in the nanofiber can neither be a pure linearly nor circularly polarized
state, but is a mixed one. This fact, to a certain degree, helps to relief the polarization dependent
gain. For the 700 nm-diameter nanofiber, although the polarization sensitivity is about two times
reduced compared with free space, the slow drift of polarization states of pump or Stokes beams
can still cause a variation in the signal amplitude as large as 300 % at most, as is observed in
experiments when the polarization states of both the pump and Stokes beams are adjusted by the
two polarization controllers. So, for real application, besides the nanofiber degradation should be
prevented, both the power and polarization states of the pump and Stokes laser are required to be

kept stable.

It is worth mentioning that the nanofiber itself should not be the source of polarization drift.
Nanofibers tapered from the circularly symmetric standard SMF with waist of centimeters long can
preserve the polarization state of the input light beam, as long as it is pull straightly. Actually, even
an obvious bending in the nanofiber still has a limited influence on the polarization of the

propagating light beam [134].

The dominant stress in a bending fiber is the longitudinal one denoted as a,, which has respectively
a tensile and a compressive effect on the outer (x > 0) and inner side (x < 0) of the bent cylinder,
as shown in Fig. 4.10(a). However, due to the odd-function property of the a,, it does not modify
the effective RI of the guided fundamental mode, but contribute to the bending induced

birefringence through the Poisson effect that a longitudinal strain is always accompanied with
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(b)

Fig. 4.10 Geometric deformation of bent nanofiber in the (a) top view and (b) front view.

transverse ones as o, and o,. For a bended fiber, its cross section, as shown in Fig. 4.10(b), tends
to contract and expand in the outer and inner parts, respectively. The quadruple symmetric y-
directional transverse strain o, has no contribution to the birefringence for the same reason as a,,.
However, the o, is an even function across the section and finally modifies the refractive index.

The resulting birefringence due to bending is expressed as [134]:

1
Angsr = Wneffng (P11 — P12) (A + V)12, (4.5)

where, R is the radius of curvature, ng is the RI of silica, p;; and p;, are the strain optic
coefficients and equal to 0.11 and 0.25 respectively, v is the Poisson ratio and equals 0.15 for fused
silica, r is the cross-sectional radius of nanofiber. For a 700 nm-diameter nanofiber operating at
1.55 pm and bent in a curvature of 1 cm, the An,s is calculated to be only 1.5 X 10710, which is
basically negligible. However, for the bare SMF curved with the same radius of 1 cm, the An,sf is

6.7 X 107,

Although the polarization is barely changed during propagation along the nanofiber even under

severe curvature, the polarization of the relatively long SMF link still cannot be guaranteed. There
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may be two possible solutions, one is to use a polarization scrambler to perturb the polarization state
of the pump or Stokes beam so that the polarization dependent gain can be averaged out, and the
other is to replace the circular shaped nanofiber with a highly-birefringent (Hi-Bi) one. However, if
the second method is adopted, all the optical components in the system should also be replaced with
the polarization maintaining counterparts. Although the nanofiber is not sensitive to the stress
birefringence, it does sensitive to the shape birefringence, which is just the opposite to the weakly
guiding SMF. As an example, for the given 1 % core ellipticity of a 700 nm-diameter nanofiber and
SMF, the An,¢ of the two orthogonally polarized fundamental modes for a 1.55 um propagating
light beam are 6.1 X 10™* and 7.8 x 1078, respectively. Based on the shape birefringence
sensitivity, Hi-Bi microfibers have been successively fabricated from either a polarization
maintaining fiber or a non-circular SMF with parts of the cross section cut away using the

femtosecond laser or ablated by CO2 laser [135, 136].

4.4 Summary

The nanofiber enhanced SRS for high-sensitivity and fast-response hydrogen sensing is
demonstrated. The high-sensitivity originates from the large SRS gain as well as the single-mode
operation of the nanofiber. With a piece of 48 mm long and 700 nm-diameter silica nanofiber, the
trace hydrogen detection limit as low as 3 ppm is achieved. Benefit from the exposed evanescent
field, the response time of the nanofiber hydrogen sensor is as short as several second, which can
be further reduced by more compact design of the gas cell. The problem of polarization sensitivity
is investigated, which will cause long-term drift of the system. It is anticipated that by using the
polarization scrambler to average out each polarization states or by replacing both the nanofiber and

optical link with hi-bi ones, the problem of polarization drift may be solved.
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Chapter 5 Line broadening effects in nanofiber based

spectroscopy

In this chapter, the transit time broadening effect is studied, which may not be an important issue in
free space but does become prominent in the nanofiber based spectroscopy. At first, a qualitative
description from the view of a single molecule is given. Then, the quantitative treatment by the
density matrix method is demonstrated. The theory is verified by the experiments of nanofiber based
absorption spectroscopy of pure acetylene. The conclusion is made that for trace acetylene detection
at the atmospheric pressure, the transit time broadening in the nanofiber is of the same order as the
Doppler broadening and is negligible compared with the dominant collisional broadening. However,

the situation becomes quite different for the nanofiber based stimulated Raman spectroscopy.

5.1 A qualitative description — based on the classical oscillator

Intuitively, the transit time broadening can be an analogy of the time-bandwidth product in the
optical pulses or the delay-bandwidth product in the communications, in both of which the shorter
the duration of a signal the larger the bandwidth in frequency domain. In a classical view, the
molecule inside the light beam could be viewed as a forced oscillator driven by the optical field [97],

as:
¥ +yx + wix = ¢rEge't, (5.1)

where, x is the displacement of electron or nucleus within the molecule, y is the damping
constant, w, is the natural frequency of transition, ¢ is the force constantand E is the amplitude
of the optical field. This forced oscillation with damping has the well-established solution in the
iwt

form as x = xy(w)e'®*, where the x,(w) is the amplitude of oscillation. The magnitude of the

real and imaginary part of the complex amplitude xy(w) in response to the different driving
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Fig. 5.1 Real and imaginary part of the complex amplitude of a damped oscillator under different

driving frequency.

frequency are depicted as the blue and orange line in Fig. 5.1 respectively.

For the absorption spectroscopy, the real part, which is responsible for the dispersion, can be just

dropped, and the remaining imaginary part is then expressed as:

yw - ¢rEy
2 _ w2)? +y2w?

xXg () = ® o (B2)

As seen in Equ. (5.2), the response is related to both the damping constant and the detuning of the
incident light relative to the center of transition line. For a molecule with transverse velocity v,
traversing through the waist of a Gaussian beam which has a spatial field distribution of E; =

Eoe_rz'w_z, it will feel a time dependent amplitude of the driven field as:

_v_fzrtz
E= Ee w®, (53)

where, the distance r in Gaussian field is just replaced by v;,.t. Then the constant field amplitude

Ey in Equ. (5.1) should be substituted by Equ. (5.3). However, this new form of field amplitude
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cannot be directly solved, which makes the Fourier series expansion necessary, where the time

dependent driving electric field is decomposed into a series of single frequency signal with

2
frequency of w;, and amplitude of exp (— :/7 a)fr), as:
tr

E= Eqw Jexp <—W—2(u2 )ei‘""t dw (5.4)
Zﬁvtr 4vtzr i i .

Then the response of the single molecule driven by the optical field, taking into consideration the

transversal movement through the mode field can be written as:

wzw?r)
4vp,
Wi — (0 + wy)?]? + 72 (0 + 0y )?

Gy + o) exp (-

W@ = -

dwgy, 55
2\/E'l7tr tr ( )

The absorption line shape function ¥ (w) is just proportional to the x{ (w)Ey 1cf_ 1 as given in
Equ. (5.5). It can be seen that the above equation is nothing but just a convolution between the
Lorentzian and the Gaussian line shapes, which describes the collisional/natural broadening and the
transit time broadening in the Gaussian field, respectively. Considering the fact that the optical
frequency w and w, are basically much larger than these two broadening factors ¥ and v ,w™1,

the line shape function is then simplified as:

2,2
cry exp (— w 2")

w J 4vf,
8V wg ) [wo — 0 — Wy ]* + y2

Y(w) = dw,,  (5.6)

It should be mentioned that the Gaussian shape in the integral above originates from the limited
time of light-matter interaction for the molecule traversing the waist of the Gaussian beam, rather
than from the Doppler effect. Moreover, what we are discussing is the lineshape of a single molecule
and it is unreasonable to talk about the Doppler broadening, which naturally is a description of the
behavior of an ensemble of molecules with a range of velocity distribution in the direction of light
propagation. The convolution above can be much simplified under two conditions, i.e., the

collisional broadening dominant and the transit time broadening dominant, for both of which, the
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two line shapes are decoupled. When the collisional broadening dominates, i.e., ¥ > v,w™!, the
Lorentzian shape is regarded as a factor and thus can be extracted out of the integral, leaving a
simple integration of the Gaussian, as:

1 Y
4wy (wyg— w)2 +y?%’

Y(w) = (5.7)

which is actually the same as described by Equ. (5.2). For the other case where transit time
broadening dominates, i.e., ¥ < v, w1, the Equ. (5.6) can then be expressed as:

2

bw) = -exp(—f?(wo—w), (5:8)
tr

An illustration of the pure transit time broadening effect experienced by a molecule which has a

constant transverse velocity of 300 m - s™1

and traverses through the one-dimensional Gaussian
beam with different waist diameter is shown in Fig. 5.2. As seen, the narrower the beam diameter,
the wider the linewidth. For a single molecule traversing the one-dimensional Gaussian beam with

negligible collisional broadening, the expression for the transit time linewidth can be expressed as:
L.=2"\V05m2, (5.9)
T onw

where, [}, is the HWHM linewidth in Hz, which is proportional to the transverse velocity of the
molecule as well as the inverse of the mode field diameter. Although it is the case of Gaussian beam
based on which the transit time effect is discussed, the degree of transit time broadening for
arbitrarily shaped mode field, including the evanescent one, is enough to be estimated. For the gas
molecules probed by the light beam with mode field diameter of d, at which the intensity drops to

-2

e™? of the maximum, the pure [}, is around 0.5vp,,d™*, where vy, is the most probable

velocity.

The method based on the classical model works well for the case of singe molecule. However, when

there are bunch of molecules present, the classical model would not be as simple as its first sight.
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Fig. 5.2. Illustration of transit time broadening effect for a molecule traversing through the optical

field with different mode field diameter.

In the next section, the more capable density matrix method is adopted, so that the collisional,

Doppler and transit time broadening effects can be systematically included.

5.2 A quantitative treatment — based on density matrix method

A two-level system, as shown in Fig. 5.3, is used to describe the absorption. A specific case can be

the P(13) line ofthe v, + v5 vibrational transition at 1532.83 nm. If there is no optical field, the
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level, b

E(t)

level, a

Fig. 5.3. Illustration of a molecular two-level system.

molecules are unperturbed and stay in either the lower level [|i,) or the upper level [,),
definitely, with the population determined by MB statistics. While the presence of the optical field,
with w = h™1(E, — E,), perturbs the molecular Hamiltonian and results in a superposition of the
two eigenstates. According to Equ. (2.19), the total wave function is then a linear combination of

these two eigenstates with time dependent coefficients as:

¥ = a(®),) exp(—iwgt) + b(O)|p) exp(—iwpt),  (5.10)

where, the normalization requires that aa® + bb* =1 and the angular frequency w, and wy

equals E,A™1 and E,hA~1, respectively. Then the density matrix can be expressed as:

*

[ aa ab* exp|—i(w, — a)b)t]]
ba* exp[—i(wy, — wy)t] bb* ’

(5.11)

=lone n

where, the diagonal terms aa® and bb* are the probability that the molecule is found to be in the
lower and upper level, respectively. The evolution of p, taking into consideration of the molecular

movement, is governed by the equation of motion as [137]:

d — ~
th (E +- V)p = [Hy+7,p) + ihR(p — po),  (5.12)

where, ¥ is the molecular velocity, H, is the unperturbed molecular Hamiltonian, V is the

perturbation from optical field, R is the relaxation rate, p, is the unperturbed diagonal density
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matrix, with the off-diagonal elements representing the relative population between the two levels.

It is the first order perturbation of the off-diagonal elements pc(l? and plg? that is responsible

for the linear absorption. Actually, the two off-diagonal elements are a complex conjugation pair, so

only one of them needs to be handled. Therefore only the p((l? is of concern, which could be

expressed as:

d . . (1) , W _ ipy-17 B .
(3+7°7)6% = ~Oa + 0a)py) — () M EnapF@),  (513)

where, y,;, is the collisional dephasing rate and is proportional to pressure, [y, is the transition
dipole, E is the two dimensional mode field, ngp 1S the differential population density between
upper and lower levels, F(¥) is the MB velocity distribution function. According to the rotating

wave approximation, the above equation is then simplified as:

ﬁtr : Vtrpc(l};) = i(wp — Wgp — kzvz)pé? - Vabpé? - (ih)_lﬁabﬁnabF(ﬁ): (5-13)

where, w, is the angular frequency of the incident probe beam, ¥y, is the transversal velocity, k,
is the wave vector of the z-directional propagating probe beam. In the optical field with a detune of

Wy, — Wqp, for each group of molecules with a specific velocity of (vx, vy, vz), there will be a unique

®

ap » the integration of whose multiplication with the optical field over the

spatial distribution of p
mode field area is proportional to the power attenuation of the propagating beam. The partial
differential equation above can be numerically solved using, such as the finite difference method or
the finite element method, with the boundary condition as zero pc(l},) at the surface of nanofiber. For
a single molecule, its velocity and direction is unpredictable, but the velocity distribution for the

whole molecular system follows the MB distribution indicated as F(¥) in Equ.(5.13). The

dephasing rate y,;, is related with the pressure in bar p as:

Yap = 21¢p,  (5.14)
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where { is the self-collisional broadening coefficient and equals to 4.3 GHz - bar™? for the P(13)

line of acetylene.
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Fig. 5.4. Simulated line shape function for nanofibers of different diameters with collisional

dephasing rate of (a) 20 GHz and (b) 2 GHz, respectively.
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A series of simulations are performed on silica nanofiber with diameters ranging from 400 to 1400
nm in pure acetylene atmosphere at the room temperature. As shown in Fig. 5.4 are the results of
line shape functions with y,;, = 20 GHz and 2 GHz, corresponding to a pressure of 741 and 74.1

mbar, respectively.
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Fig. 5.5 Illustration of the different decay rate of the evanescent field associated with the silica
nanofiber of different diameter. The curves in (b) is the normalized amplitude of the optical field

along the arrow in (a).
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It is seen from Fig. 5.4 (a) that for the relatively larger pressure range, the collisional broadening
effect dominates, and the line shape is basically a Lorentzian with barely seen diameter dependent
linewidth. However, when the pressure drops to 74.1 mbar, the line shape function for nanofibers
with different diameter deviate from each other, as shown in Fig. 5.4 (b). The line width decreases

with reduced diameter, which is reasonable and can be demonstrated with the aid of Fig. 5.5.

As seen in Fig. 5.5(b), the larger the diameter of the nanofiber, the tighter the evanescent field is
attached to the surface. In the more tightly confined evanescent field, a molecule with constant
velocity approaching or leaving the silica surface will then feel a faster change of the electric field,
which results in a broader line shape. According to Equ. (2.28), for the P(13) line of acetylene at
room temperature, the HWHM Doppler linewidth I5,, is calculated to be about 240 MHz. The
collisional broadening can be suppressed by reducing the pressure. The pure Doppler broadening
effect is only determined by the z-directional molecular movement and should not depends on the
geometric configuration. So the change of line shape function with different diameter of the
nanofiber is solely caused by the transit time effect. The collisional broadening free lineshape is

investigated under the pressure of 10> bar, on which condition the inter-molecular collisional
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Fig. 5.6 (a) The lineshape and (b) FWHM linewidth of the collisional broadening free case for

nanofibers with different diameters.
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broadening is negligible. The simulated lineshape and the full-width-half-maximum (FWHM)

linewidth for nanofibers of different diameters are shown in Fig. 5.6.

If it is supposed that the transit time effect is basically negligible for the 400 nm-diameter nanofiber,
then the ratio between the contributions from the Doppler and the transit time effect is evaluated to
be about 3:1 for a 1000-nm silica nano/microfiber. So, for the nanofiber based absorption
spectroscopy as well as the photothermal and photoacoustic ones, the transit time effect is negligible

in ambient conditions. The pure transit time broadened lineshape can be obtained by setting the z-
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Fig. 5.7 Simulation results of the pure transit time broadening for a 700-nm-diameter nanofiber.
(a) Peak normalized relative absorption contribution for different transverse velocity and
detuning, (b) Slices of (a) with different detuning, (c) Slices of (a) with different velocity, (d)

Pure transit time broadened line shape for an ensemble of molecules.
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directional molecular velocity as zero. Each transverse molecular velocity sub-group v =
Jv# + v will has different distribution of p((;;) as well as different contribution to the total

attenuation to the guided probe beam. Shown in Fig. 5.7(a) is the peak normalized relative
absorption contribution from different transverse molecular velocity sub group with varied detuning
relative to the center of the transition line. The larger transverse velocity groups contribute more to
the absorption for larger detuning relative to the center of transition line, as shown in Fig. 5.7(b) and
5.7(c). The overall lineshape due to the pure transit time broadening for the 700-nm-diameter

nanofiber is shown in Fig. 5.7(d).

The linewidth of transit time broadening is reduced for thinner nanofiber due to the enlarged mode
field and thus the increased light-matter interaction time. The simulated lineshape and FWHM
linewidth of the pure transit time broadening for nanofibers of different diameter is shown in Fig.

5.8(a) and 5.8(b), respectively.

The sharp lineshape of the transit time broadening is quite different from the typical Lorentzian or

Gaussian functions, and was experimentally observed by Hendrickson, et al in the experiments of
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Fig. 5.8 Simulation results of (a) lineshape and (b) FWHM linewidth of pure transit time

broadening for different diameter of nanofiber.
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nanofiber based two photon absorption, which is of Doppler free so that the pure transit time

broadened lineshape can be directly observed [138].

5.3. Experimental measurement of linewidth of acetylene

The above simulation is verified by experiments based on measurement of the P(13) line of
acetylene at 1532.83 nm. The experimental setup is shown as Fig. (5.9). A single frequency, narrow
linewidth (< 5 MHz) probe beam is offer by the DFB. An optical attenuator is used to prevent
saturation of the photodetectors. It is then split into two beams with power ratio of 1:1 by the optical
coupler C1. The upper beam is for measurement of absorption. Intensity modulation with frequency
of 30 kHz is used to improve the SNR and thus the precision of measurement. After probing the
acetylene gas sample, it is detected by the photodetector PD1, with the signal demodulated by the
lock-in amplifier afterwards. The signal generator (SG) is used to generate the driving signal for
AOM and offer the reference frequency for the lock-in amplifier. Accompanying the intensity

modulation, the central wavelength of DFB is slowly swept across the P(13) line so that the whole

Gas Cell

| AOM |<—| SG |—>| Lock-in

Fig. 5.9 Experimental setup for measurement of the line shape of pure acetylene with different
pressure. C1: 1:1 optical coupler; PD1: photodetector 1 for signal detection; PD2: photodetector
2 for signal normalization. OA: optical attenuator, typically 10 db; VP: vacuum pump; PG:

pressure gage.
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line shape can be obtained. The lower beam is used to monitor the spectrum dependent output power
of the DFB. The absorption signal dividing this reference one helps eliminate the non-uniform
spectrum background. Pure acetylene is inflated into the gas cell through the dust filter, which is
actually not necessary but does help eliminate any potential pollutant and thus make the system
more reliable. A mechanical vacuum pump (VP) is used to change the pressure inside the gas cell,
which is monitored by a pressure gage (PG). The lowest pressure that can be achieve in this system
is about 0.2 kPa. For a 1020nm-diameter nanofiber, the measured absorption profile with different

acetylene pressure can be seen in Fig. 5.10.
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Fig. 5.10 The experimentally measured normalized absorption profile for a 1020 nm-diameter

optical nanofiber in the (a) lower and (b) higher pressure range.

The experimentally measured results of the linewidth of acetylene with 1020, 770 and 580 nm-
diameter nano/microfiber under different pressure in shown in Fig. 5.11. For comparison, the results
of linewidth measurement in free space based on a collimator pair with beam diameter of 0.5 mm
is also presented. As seen, in the higher pressure range (30 kPa), the linewidth will be collisional
broadening dominant which is proportional to the pressure and there will be no difference between
cases of nano/microfiber and free space. While in the lower pressure range, the linewidth will be
Doppler and transit time broadening limited. For the free space case, there is generally no transit

time effect due to the orders of larger size of the beam waist. So the difference in linewidth between
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Fig. 5.11 The experimentally measured (dots) and simulated (solid lines) linewidth of P(13) line
of acetylene in cases of 1020 , 770 and 580 nm-diameter nanofiber and free space. NF1, NF2 and

NF3 are nanofibers with diameter of 580 , 770 and 1020 nm.

the cases of nanofiber and free space setup in lower pressure range, should originate from the transit

time effect.

The Doppler broadening can be much alleviated using the Doppler-free saturation absorption
spectroscopy (DFS) [139-141]. Generally, a pair of counter propagating light, i.e., pump and probe
beams, with same frequency is adopted in DFS. These two beams will act on the same groups of
molecules with the molecular longitudinal velocity approaching to zero when the optical frequency
is turned to the line center. Then the high power pump causes saturation for the probe beam which
is indicated as a reduction of absorbance around the line center. However, the DFS is not capable to
reduce the transit time effect. The most straightforward method to alleviate the transit time

broadening is by expanding the mode field area [142]. However, this method is contradictory with
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Table 5.1 Collisional broadened linewidth in air for the relatively strong transition lines of

common gas molecules around telecom band [143].

Molecule Line position (nm) Line strength (r#:cm_z) I airatm (GHz)
C,H, 1532.83 1.04 x 10720 231
H,0 1364.69 1.86 x 10720 2.83
HF 1304.53 5.50 x 1072° 252
HCN 1528.04 7.06 x 10721 323
NH; 1501.75 415 x 10721 3.05
CH, 1650.96 1.52 x 10721 1.92
H,S 1578.13 1.40 x 10722 248
co, 1432.04 6.03 x 10723 226
N,0 1517.12 2.38x 10723 232

co 1568.03 2.16 x 10723 1.80
NO 1358.90 9.76 x 10725 1.68

one of the most important advantage of using nanofiber, i.¢., the high intensity due to the constrained
evanescent field. Fortunately, the absorption coefficient of common gas species at atmospheric
pressure in telecom band is mainly determined by the collisional broadening, whose magnitude is

orders higher than the transit time effect associated with the nanofiber.

Listed in Table 5.1 are the collisional broadened linewidth of the relatively strong transition lines of
some common molecule at the telecom band. As seen, the collisional linewidth for the trace
molecules in air at atmospheric pressure is of several gigahertz, which is about one order higher
than the Doppler effect, not to say the transit time effect. However, the situation may not be the
same for the stimulated Raman spectroscopy on the nanofiber platform especially for the hydrogen

molecules.

5.4 Transit time effect in SRS of hydrogen

In the previous chapter, the nanofiber enhanced SRS for high-sensitivity hydrogen sensing has been
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demonstrated under atmospheric pressure. There are some unique properties of hydrogen making
its pressure dependent SRS linewidth more complex compared with the absorption spectroscopy of
acetylene, as introduced above. First, hydrogen is the lightest molecules, which means its thermal
velocity is the highest. Compared with the acetylene, the hydrogen is 3.6 times faster in mean
velocity. So, the pure transit time broadening ;7 for hydrogen may be just roughly scaled up and

thus estimated to be 150 MHz for a 700 nm-diameter nanofiber.

However, this faster thermal velocity does not result in higher Doppler broadening. Different from
the absorption spectroscopy, in which the molecule only interacts with one beam of light, there are
two beams of light adopted in SRS and it is the differential wave vector between the pump and
Stokes that the Raman active molecule feels. Then, the HWHM Doppler linewidth in forward SRS
is expressed as [144]:

I"H _ Vp
dop —

— Vs (ZNAlenZ

1
= )2, (5.15)

c

Where, v, and v, are respectively the optical frequency of pump and Stokes. For the Sy,
rotational Raman transition of hydrogen at room temperature, the I d’f,p is calculated to be about 46

MHz, which is about 5 times less that the P(13) line of hydrogen.

In addition to the character of high thermal velocity, the rotational Raman transition of hydrogen is

1

of very low self-collisional broadening coefficient {.,;, which is only 42 MHz - bar ™" resulting in

a narrow collisional linewidth I'2, of 42 MHz at the atmospheric pressure. Actually, the Doppler
broadening for hydrogen is much suppressed when the pressure is larger than 0.1 bar, due to the

Dicke narrowing effect. A analytical expression for the combination of Doppler and collisional

broadening is as [145]:

2,,2
4m*vg Dy

L‘Z + {Colpl (5-16)

where, vy is the differential wavenumber between pump and Stokes beam, and equals to
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354 cm™?! for Sy, Raman transition for hydrogen; D, is the self-diffusion coefficient and is
1.19 ¢cm? - bar - s~! at room temperature. So, the combination of Doppler and collisional
broadening linewidth I’ is evaluated to be 48 MHz, which is about three times less than the pure
transit time broadening I} in a 700 nm-diameter nanofiber. So, different from the absorption
spectroscopy, the transit time effect is not negligible but the dominant broadening factor in SRS. A
preliminary experiment with a 700 nm-diameter nanofiber indicates that the linewidth is increased

to 119 MHz under atmospheric pressure.

5.5 Summary

The transit time broadening in nanofiber is investigated. Due to the tightly confined mode field
associated with the nanofiber, the molecules traverse the evanescent field fast with limited light-
matter interaction time. It is found that the transit time effect diminishes with reduced diameter of
the nanofiber. Generally, for the direct absorption spectroscopy based on optical nanofiber, the
transit time broadening is at least three times less than the Doppler broadening in the near-infrared.
As the collisional broadening dominates over the Doppler effect at atmospheric pressure for the
common infrared-active molecules in this band, the transit time effect can be neglected for practical
sensing application. However, the situation is much different for the SRS of hydrogen in nanofiber.
The combination of faster molecular velocity, intrinsically low collisional broadening and the
suppressed Doppler effect for the rotational Raman transition makes the transit time effect the

dominant broadening factor on the nanofiber platform even at the atmospheric pressure.
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Chapter 6 Transient birefringence induced by

photothermal dynamics in nanofiber

In this chapter, the transient birefringence originating from the photothermal dynamics in nanofiber
is studied. In the first section, the mechanism of the photothermal dynamics induced transient
birefringence in nanofiber is described. Then the theory is verified by the numerical simulation.
Based on the theory, an application of all-optical fast polarization switching is demonstrated.

Presented at last is the discussions about methods of enhancement of the switching time.

6.1 Mechanism of the photothermal dynamics induced transient

birefringence in nanofiber

In chapter 3, the nanofiber enhanced PTI spectroscopy was studied, where the energy absorbed by
the surrounding trace molecules from the evanescent field of the pump beam will be released into
heat which then results in a temperature rise of the waveguide and thus modulates the phase of the
propagating beam. The experiments were performed with modulation frequency of tens of kilohertz
to achieve the optimal SNR and thus the sensitivity. However, the relatively low modulation
frequency makes the transient phenomena associated with heat generation as well as the thermal
conduction inaccessible. Actually, the heat is generated in the surrounding air, while the dominant
phase modulation originates from the heated silica. The linearly polarized fundamental mode of the
pump has a two-fold rotational symmetric intensity distribution, which means the heat source and
thus the initial temperature rise are not circularly symmetric, as shown in Fig. 6.1. This non-circular
temperature distribution will then result in birefringence through the thermo-optic effect. Due to the
negative thermo-optic coefficient of air, the change of temperature and RI are on the contrary. So,
the direction where the overall intensity of the pump is higher corresponds to the fast axis, while the

other corresponds to slow axis, as shown in Fig. 6.1(b).
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(a) (b)

Fig. 6.1 Illustration of the mechanism of the photothermal dynamics induced transient
birefringence in nanofiber. (a) The normalized intensity distribution of the HE;; ,, fundamental
mode, where the mode field inside the silica has been omitted. (b) The unevenly distributed whole
temperature field caused by the two-fold rotational symmetric heat source. The mean RI along

the x-direction is lower than the y-direction, resulting in a fast and slow axis.

(LP pulsed pump input)

v
Absorption of the two-fold

symmetric evanescent field [omommTmmTommoomsoomoommsomsmmoes !

i Transient birefrigence !

\ 4 i i

Gwo-fold symmetric temperature ris_ i

A 4 ! !

Heat conduction equalize the \
temperature distribution !

Fig. 6.2 Diagram of the main steps of generation of transient birefringence induced by the

dynamic PT in nanofiber.
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As the thermal conduction is inevitable, the temperature gradient tends to be smoothed gradually,
which then results in a decrease in the birefringence. So, intuitively, the dynamic photothermal
induced birefringence can only exist in the pulsed mode. It can be speculated that the rising time of
the birefringence is limited by the thermal relaxation (heat generation) rate of the molecule. The
magnitude of the birefringence should be determined by the maximum differential temperature
between the two axes. While the falling time is limited by the rate of heat conduction. The diagram
for the main processes in the transient birefringence induced by the dynamic PT in nanofiber is
shown in Fig. 6.2. In the next section, series of numerical simulations are performed to verify the
theory of transient birefringence following the same methodology as given in section 2 of chapter 3

but with a moderate modification to fit the pulsed mode of operation.

6.2 Numerical simulations for the transient birefringence in nanofiber

There are still three main steps to get the transient birefringence due to the PT effect in the nanofiber.
First, the fundamental mode of the pump is calculated whose evanescent field serves as the heat
source. Then the temperature evolution is obtained by solving the heat transfer equation for pulsed
pump excitation. But different from the simulations in chapter 3 where the low-frequency sinusoidal
modulation makes the thermal relaxation process not necessary, the temperature evolution under
pulsed mode as adopted here is highly dependent on the relaxation time. The heat source Q in Equ.

(3.2) should then be modified as:

Q(r,0,) = @Ay} 1no (1, 6) J Pump(EDR(E — ) -dt, (6.1

where, the convolution above is the heat generation function, Py, (t) is the time dependent

power of the pulsed pump, h(t) is the thermal relaxation function, which can be expressed as:

t
h(t) =1, te ™, (6.2)

where, 7, is the vibrational relaxation or heat generation time and equals to 74 ns for the
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acetylene under room temperature and atmospheric pressure [146]. It should be mentioned that the
T, isinversely proportional to the pressure with fixed temperature. For the rectangular shaped pump

with width of t,,, the heat generation function S(t) has a simple analytical expression as:

S0 - 4( Byump [1 —exp (— %)], for0<st<t,

tw t—ty, ’
kaump [1 —exp (— E)] exp (— o ), fort>t,

(6.3)

An illustration of S(t) for a rectangular shaped pump with the unitary pump power and a fixed

pulse width of 10 ns, but different relaxation time t,, is shown in Fig. 6.3.

As seen in Fig. 6.3, the faster the thermal relaxation, the more concentrated in time for the heat
source. Generally, the transient birefringence prefers a faster thermal relaxation, so that the
nonuniform temperature distribution can be established without suffering much from the heat

conduction process, which tends to eliminate the nonuniformity in temperature distribution as time

Heat generation funciton with different relaxation time

T T T T T

0.35

7,=10ns
v

03+ 15 ns i
20 ns
25ns
0.25 30ns 8
35ns
40 ns

02r 45 ns 4
50 ns

S(t)

0.15

0.1
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0 10 20 30 40 50 60 70 80 90 100
time (ns)

Fig. 6.3 Response of the heat generation function S(t) with time under different thermal

relaxation time T,,.
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goes by.

With this modified heat source, the RI evolution can be gotten from the change of temperature
distribution along time, from which a pair of non-degenerate fundamental modes are resulted. In the
following part of this section, the simulation will be performed by assuming the heating gas as pure
acetylene with its P(13) line at 1532.83 nm adopted for optical excitation. The pump beam has a
rectangular time domain waveform with a fixed pulse energy of 5 nJ but variable pulse width and
an accommodated peak power. The nanofiber is assumed to have a waist diameter of 600 nm with
negligible propagation loss. The linearly polarized pump beam will only excite one of the degenerate
HE;; mode. Considering the pure acetylene used here, the absorption coefficient a in Equ. (6.1)
should only be determined by the pressure. However, because the collisional broadening is the
dominant one for the relatively high pressure range as will be adopted here, the increase in
absorbance due to the presence of more absorbing molecules is just neutralize by the decrease in
absorption cross section per molecule, which results in an basically unchanged absorption
coefficient with pressure of 0.57 cm™1. However, although the absorption coefficient and thus the
power of heating source is unchanged, the higher pressure still appeals to higher birefringence due

to the faster heat releasing speed.

The first series of simulations is conducted with pure acetylene of 10 bar. The pulse width is assumed
to be 10 ns and thus the pulse power is set to 0.5 W, corresponding to a pulse energy of 5nJ. The
distribution of the change of temperature AT at the time points of 5, 10, 15, 20, 30 and 40 ns are

shown in Fig. 6.4.

It should be mentioned that the simulation of temperature evolution has excluded the silica core,
which is represented by the transparent circle in the center. The interface between the acetylene and
silica is just assumed to be of constant temperature, making the silica core working as a simple heat
sink. This simplification is valid considering such a short piece of time of concern that there is no

enough time for the silica core to be heated up. A rough estimation is enough to demonstrated this
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Fig. 6.4 The evolution of the temperature distribution at time point of 5, 10, 15, 20, 30 and 40 ns

after the pulsed pump is on.

simplification. Supposing a constant differential temperature AT of 5 K between the acetylene and
silica, then the rate of temperature rising for the silica under a typical heat transfer coefficient of

h=50W - -m=2K~! for the interface will be:
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_ h-AT - 2mrg

oT,
° nrd - ps - Cs

=11x103K-s7!,  (6.4)

where, 15, ps and Cs are the radius, density and specific heat capacity of the silica nanofiber
respectively. Then for the time interval of 100 ns of concern, the temperature rise of the silica is at
most of ATy = 0.11 mK, which is negligible. In addition, due to the fast heat conduction within the
silica, the core of nanofiber is basically of a uniform temperature, making its contribution to the
birefringence even less. So, the silica core is just treated as out of the domain of definition with a

constant temperature boundary condition defined on the surface.

Some qualitative explanations for the results as shown in Fig. 6.4 can be given here. Considering
the pulse width of 10 ns, the optical excitation ceases at the time point when the Fig. 6.4(b) is
snapshotted. However, the overall temperature keeps rising until 30 ns, as shown in Fig. 6.4(c) and
(d). This originates from the time delay between pump absorption and vibrational relaxation, and it
is the latter one that causes temperature rise. Due to the inevitable thermal conduction, the heat spot
expands and the maximum differential temperature on a circle embracing the nanofiber decreases
with time. Another interesting point is that accompanying the expansion of heat spot, the highest
temperature point gradually moves far away from the nanofiber. This should originate from the heat
sink effect of the silica nanofiber. Although the heating power is maximal near the surface of the
silica, the heat loss rate is also the highest there, due to the largest temperature slop, especially when

the overall temperature has reached a high level.

Actually, it is only in the region tightly surrounding the nanofiber that the temperature change
contributes to the modification of the mode index. In addition, it is only the differential temperature
on a circle surrounding the nanofiber that contributes to the birefringence. A qualitative method for
evaluation of the birefringence is to find the amplitude of temperature variation on a circle that is
just close to the surface of silica. Plotted in Fig. 6.5 is the relative temperature variation (with the

DC part removed) on a circle that is 0.257; (75 nm) away from the surface of the nanofiber, at the
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Relative temperature variation on a circle at different time points

t=5ns
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Fig. 6.5 Relative temperature variation on a circle 0.257; (75 nm) away from the surface of

nanofiber at time points of 5, 10, 15, 20, 30 and 40 ns after pulse on.

time points corresponding to (a) to (f) in Fig. 6.4.

It is quite clear from the Fig. 6.5 that it is basically when the pulse is shut down that there is the
highest temperature variation on a circle close to the nanofiber and thus the highest birefringence
approximately. This further affirms the proposition that the transient birefringence is basically

irrelevant to the size of the heat spot as well as the overall temperature rise.

It should be mentioned that the relation between temperature and RI is no longer linear for large

temperature change. It is better to directly use the gas density to calculate the RI change:

14

n=1+my—1) (6.5)
I

0
where, ny and p, are the RI and density at atmospheric pressure as well as room temperature and
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equal to 1+55x107* and 1.1kg-m™3 for the pure acetylene, respectively. The density
distributions at the time point of 5, 10, 15, 20, 30 and 40 ns, corresponding to the (a) to (f) in Fig.

6.4 are shown in Fig. 6.6.

pip_o pip_0
fim T T T Eim .
2 L 2k L
140 10
1.5 4 15} <
9.98
1 - 5.99 1k -
. 9,96
0.5 1 5.98 0.5 A .
o ( ) 4 ok ) i a4
9.97 9.92
-0.5 - 0.5 -
a 4 9.96 atk ] =
9.88
1.5 E .65 15} E
2,36
-2 < 2k <
L . . :
2 0 Lim fi Lm
(c) (d)
pip_o pip_o
L T T T Fim T
2 4 zf 1
10 10
15 4 15} g
5.98 9.98
1 1 9.96 ir T 9.95
0.5 4 .94 05F T 9.94
0 ‘ ’ - s.82 of ( ) g 9.92
05 = | 9.9 osl ] 9.9
.88 X 9.88
1 J atk ]
@85 9.86
1.5 4 4 15} g
1.5 9.84 9.84
-2 4 .82 2k g 9.82
1 1 1 1
-2 0 Lim Q Lm
(e) (f)
plp_o pip_0
Ll T T T Lm T T
2 b . 2 .
10 10
151 — 15 ~
9.98
1F . i 1 4 9.98
9,96
- 4 0.5 4
05 0.5 5,96
ok J 9,94 o i
- 9.92 9.94
o5t 4 9.92 0.5 4
alk - 9.9 1 E 9.92
1.5F s 9.88 -1.5 .
9.9
2 I 1 9.86 2 T
1 L 1 1 L
2 i} Hm o fm

Fig. 6.6 The evolution of the density distribution at time point of 5, 10, 15, 20, 30 and 40 ns after

the pulsed pump is on.
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From the density distribution as shown in Fig. 6.6, the RI change can be directly obtained according

to Equ. (6.5). Then still using the FEM method, the mode index of the two fundamental modes for

a 1620 nm light beam guided along the 600 nm-diameter nanofiber can be calculated, as listed in

Table 6.1.

Table 6.1 Parameters of mode index for a 1620 nm light beam propagating through the 600 nm-

diameter nanofiber modified by transient PT effect.

Time Sns 10 ns 15 ns 20 ns 30ns 40 ns

Nerrx 1.0227135 1.0226967 1.0226865 1.0226850 1.0226892 1.0226942

Negry 1.0227147 1.0226997 1.0226902 1.0226883 1.0226913 1.0226956

ANggs 1.2x10°° 3.0x10°°¢ 3.7x10°° 33x10°° 2.1x10°° 1.4 x10°°
Ly (cm) 134 54 44 50 76 116

4 «10% Atypical birefrigence response curve by simulation

Time (ns)

35+ X
>‘K X
3 *
20 %
15- |
| X
% AN
1] 'S
X S
0 ‘ ‘ ‘
0 20 40 60 80 100

Fig. 6.7 Simulated birefringence response for acetylene of 10 bar and pump width of 10 ns.

A maximum birefringence of 3.7 X 107° is obtained around the time of 15 ns. The rising and

falling time denoted as 7, and 77 are defined as the time required for the birefringence rises and
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drops to the 90 % and 10 % of the maximum value. Then for the above case, it is found that the 7,

and 77 are respectively 11 and 70 ns, according to the fitted response function of birefringence

shown in Fig. 6.7.

6.3 All-optical polarization switching

The transient birefringence induced by the photothermal dynamics can be applied for all-optical

polarization switching, in which the birefringent nanofiber works as a wave retarder with the Jones

matrix representation denoted as [(1) e(i)¢]' Listed in Table 6.1 is also the polarization beating

length L,. The L, is just the double of the polarization switching length Lg, which is the length
. o . . . 1 . o 1 .

required for the 45 linearly polarized input beam [ 1] switched to 135 [_ 1] with respect to

the x-axis. In this situation, the birefringent nanofiber working as a half wave retarder with the phase
retardation ¢ = m. For the maximum birefringence achieved at 15 ns, the switching length and thus
the waist length of nanofiber is as high as 22 cm, which is quite impractical. However, as long as
the gas pressure is sufficiently high, the relation between the pump level and the amplitude of the
transient birefringence is approximately linear, so the switching level can be proportionally reduced
by improving the pump level. For example, still with the pure acetylene of 10 bar and pump width

of 10 ns but improving the pump level to 10 W, the AN,; at 15 ns for the same 1620 nm beam is

Fig. 6.8 The experimental setup for the nanofiber based polarization switch. Both the waist and
transition region of the nanofiber are sealed in a gas chamber filled with pure acetylene, depicted
as the blue area embraced by the dashed line. PBS: polarization beam splitter. F: optical filter for

elimination of pump beam.
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found to be 4.9 x 107>, resulting in a switching length of only 1.7 cm, which length is quite

common for an optical nanofiber.

The experiments are performed with a 15 mm long and ~600 nm-diameter nanofiber taper-drawn
from the SMF with transmission loss less than 0.3 db. The experimental setup is shown in Fig. 6.8.
The pump beam is of 1532.83 nm corresponding to the P13 absorption line of acetylene while the
probe beam is at 1555 nm, where there is basically no absorption. The pump beam is initially offered
by a DFB laser of 3 MHz linewidth and then shaped by an AOM into pulsed output with width of
~15 ns. After being amplified by an EDFA, it is then injected into the system as depicted by the
purple marked arrow. The probe beam is offered by an ECDL with 300 kHz linewidth. The pump
and probe beams are combined by a WDM and injected into the nanofiber together. After passing
through the nanofiber, the pump beam is eliminated out by a filter, leaving only the probe beam
entering the polarization beam splitter (PBS). As the output power from the two ports of the PBS
are complementary with each other, the signal from only one beam needs to be monitored. The peak

power of the pulsed pump is measured to be ~30 W before entering the nanofiber. At the beginning

50 Birefrigence response with acetylene of 3 bar

20

Switching efficiency (%)

0 50 100 150 200 250
Time (ns)

Fig. 6.9 Birefringence response in pure acetylene of 3 bar, under pulsed pump with different

polarization state.
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of each group of experiments, the polarization state of the probe beam is adjusted and then fixed so
that there is no portion of the probe getting out from the port 2 or in another word, the probe beam
is totally transferred to the port 1. Then any birefringence change in nanofiber can be reflected as

the power change monitored by the photodetector.

(a)

70 Birefrigence response with acetylene of 3.5 bar
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Fig. 6.10 Birefringence response in pure acetylene of (a) 3.5 bar and (b) 4 bar, under the pulsed

pump with different polarization state.

The first group of experiments are performed with pure acetylene of 3 bar, as shown in Fig. 6.9,
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where the pulsed pump is on at fixed time point of 40 ns. The different trace correspond to the
different polarization states of the pump beam. The blue trace is the one where the highest
birefringence can be achieved. It can be seen that under the pressure of 3 bar, the 30 W pulsed pump
is not enough to result in a complete polarization switch. However, instead of increasing the pump
power, pressurization should be a more convenient way to enhance the maximum birefringence and
thus to realize a complete switch. As illustrated in the previous section, the higher the pressure, the
faster the nonuniform temperature distribution will be established. This proposition is verified by

the experimental results as demonstrated in Fig. 6.10.

As seen from the Fig. 6.10(a) and 6.10(b), the maximum switching efficiency as well as the
birefringence are improved from 40 % to 60 % and 90 % respectively, by increasing the acetylene
pressure to 3.5 and 4 bar. For the last group with acetylene of 4 bar, the switch-on and switching-
off time are determined to be 11 and 37 ns, respectively. Compared with the simulation results, the
experimentally measured switching-on time matches well but the switching-off time is nearly two
times shorter. The experimental results match well with the theoretical ones in stage of birefringence

generation but has a higher drops rate in the erasing process. The mismatch should come from the

Birefrigence response in pure nitrogen
T T T T
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Fig. 6.11 The largest Birefringence response in pure nitrogen.
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neglect of convection in the simulation. In the thermal convection, the heated gas goes up due to the
buoyancy and making the elimination of the inhomogeneous temperature distribution faster.
Experiments are also conducted where the acetylene is replaced with nitrogen to confirm that the
switching effect does originate from the pump absorption of the ambient acetylene. It is found that
the maxima switching efficiency for nanofiber in pure nitrogen is about 4%, as shown in Fig. 6.11.
This residual transient birefringence does not originate from the direct absorption of the nanofiber

itself, but comes from the Kerr effect, in consideration of the fast drop in the trailing edge.

6.4 Summary

The phenomenon of transient birefringence induced by the photothermal dynamics in the nanofiber
is described and studied. This transient birefringence originates from the 2-fold rotational symmetric
density distribution of the gas molecules excited by the linearly polarized input pump beam, as
verified by the numerical simulation. Based on this effect, an all-optical polarization switching is
demonstrated. With a piece of 15 mm long and 600 nm-diameter nanofiber in pure acetylene of 4
bar, a polarization switch with efficiency of 90 %, switching -on and -off time of 11 and 37 ns is
achieved, under a 15 ns pulsed pump with peak power of 30 W. It is found that the switching
efficiency depends not only on the pump power, but also on the pressure and the relative polarization
configuration between the pump and the signal beams. Further reduction of the switching time as
well as improvement of the efficiency can be realized by either pressurization or inflation of buffer

gas with higher thermal conductivity, such as hydrogen.
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Chapter 7 Conclusions and future works

7.1 Conclusions

The nanofiber based spectroscopic gas sensing is presented as well as the potential ability of light

manipulation. The main contributions of this thesis are summarized as follow:

The nanofiber enhanced PTI spectroscopy for trace gas sensing is demonstrated with the clearly
explained principles by both numerical simulation and experiments. The absorbed evanescent field
of pump results in the temperature rise of the air surrounding the nanofiber. Through thermal
conduction, the temperature of the nanofiber is also increased as well as it RI. The much higher
thermo-optic coefficient greatly enhances the phase modulation amplitude compared with the free-
space and HC-PBG fiber counterparts. Using a piece of 15 mm long and 800 nm-diameter silica
nanofiber, trace acetylene detection limit of 600 ppb has been achieved. In addition, it is anticipated
that by replacing the silica with materials that has much higher thermo-optic coefficients for
fabrication of the nano-fiber/waveguide, even further tremendous enhancement in photothermal

signal could be achieved.

The nanofiber enhanced SRS for highly sensitive trace hydrogen detection with fast response is
presented. The enhancement effect originates from both the higher SRS efficiency due to the highly
intensive evanescent field associated with the nanofiber and the low noise level thanks to the single-
mode operation. Using a piece of 48 mm long and 700 nm-diameter silica nanofiber, trace hydrogen
detection limit of 3 ppm has been achieved with fast response less than 10 s. The influence of
polarization states of both the pump and Stokes beams on the Raman signal is also investigated. The

polarization change is the main reason for long term drift.

The transit time broadening effect in nanofiber based spectroscopy is presented. Different from the
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traditional free space and the HC-PBG fiber platform, the mode field area of nanofiber is much
reduced, making the transit time broadening effect promoted. For the gas sensing application which
is basically performed at atmospheric pressure, the transit time effect for the light absorbing
molecules at near infrared band is actually negligible and the overall linewidth is determined by the
collisional broadening. However, for the SRS of pure hydrogen, the dominant broadening factor is

the transit time effect for the Sy, rotational transition, even at the atmospheric pressure.

The phenomenon of transient birefringence in nanofiber which originates from the photothermal
dynamics is studied. When absorbed by the ambient gas molecules, the two-fold rotational
symmetric evanescent field will excite a transient temperature distribution in the similar shape,
which then leads to birefringence in the nanofiber. An application of all-optical nanofiber
polarization switching based on the transient photothermal effect is demonstrated. With a piece of
15 mm long and 600 nm diameter nanofiber, the polarization switch with switching efficiency of

90 % and switch-on and off time of 11 and 37 ns has been realized.

It should be mentioned that there are still some limitations of nanofiber based spectroscopic gas
detection for real-time applications. First, the nanofiber needs to be well protected from pollution,
so the dust or even water vapor filter are required to prolong the operating lifetime. Second, different
from the hollow-core fiber, where there is basically no light power within the silica, the silica
material at the waist region needs to withstand the highest light intensity in the whole system. The
reliability of long-term operation, especially with a relatively high power cw beam, deserves further

investigation.

7.2 Future works

It has been demonstrated that the nanofiber is a good platform for spectroscopic gas sensing. Some

suggestions for the future works are given as follow:

1) Considering the much larger thermo-optic and thermal expansion coefficients of the polymer
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materials, nanofibers made form polymer should have much larger phase modulation and thus

photothermal signal compared with the currently adopted silica nanofiber.

2) The polarization drift is inevitable in the present system which makes the reliability in real
application. For realization of polarization insensitivity, either the polarization scrambler that
averages out all the polarization states or highly birefringent optical nano/microfiber combined with

polarization maintaining transmission link may be adopted.

3) The remarkable transit time broadening in SRS of hydrogen on nanofiber platform may be
suppressed by pressurization which reduces the mean free path and thus increases the time that the
hydrogen molecules stay in the evanescent field. This should be an analogy of buffering gas

narrowing in atomic spectroscopy, but the buffering gas is the hydrogen itself in the nanofiber case.

4) In the nanofiber photothermal based polarization switch, the switching on and off time could be
further reduced by buffering gas. Especially for the latter one, by adding buffering gas with much
higher thermal conductivity, such as hydrogen, the switching off time could be remarkably

shortened.
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