
Design and Analysis of Fiber-optic Mach-Zehnder Interferometers for 

Highly Sensitive Refractive Index Measurement 

 

by 

Vahid Ahsani 

 

M.Sc., Aachen University of Applied Sciences, 2013 

     B.Sc., Azad University-Mashhad Branch, 2009 

 

 

A Dissertation Submitted in Partial Fulfillment of 

the Requirements for the Degree of 

 

DOCTOR OF PHILOSOPHY 

   in the Department of Mechanical Engineering 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Vahid Ahsani, 2020 

University of Victoria 
 

All rights reserved. This dissertation may not be reproduced in whole or in part, 

by photocopy or other means, without the permission of the author.



ii 

 

Supervisory Committee 

 
 
 

 

Design and Analysis of Fiber-optic Mach-Zehnder Interferometer for 

Highly Sensitive Refractive Index Measurement  

 

 

by 

 

Vahid Ahsani 

 

M.Sc., Aachen University of Applied Sciences, 2013 

 B.Sc., Azad University-Mashhad Branch, 2009 

 

 

 

 

 

 

 

 

 

Supervisory Committee 

 
Dr. Colin Bradley, Department of Mechanical Engineering, University of Victoria 
Supervisor 

 

Dr. Peter Wild, Department of Mechanical Engineering, University of Victoria 
Departmental Member 

 

Dr. Tao Lu, Department of Electrical and Computer Engineering, University of Victoria 
Outside Member 

 

Dr. Martin B. G. Jun, School of Mechanical Engineering, Purdue University  
Additional Member 

 



iii 

 

Abstract 

Supervisory Committee 

Dr. Colin Bradley, Department of Mechanical Engineering, University of Victoria 
Supervisor 

Dr. Peter Wild, Department of Mechanical Engineering, University of Victoria 
Departmental Member 

Dr. Tao Lu, Department of Electrical and Computer Engineering, University of Victoria 
Outside Member 

Dr. Martin B. G. Jun, School of Mechanical Engineering, Purdue University 
Additional Member 

 

 

The development of reliable, affordable, and efficient sensors is a key step forward in 

providing tools for efficient monitoring of critical environmental parameters. Fiber-optic 

sensors are already widely used in various industrial sensing fields. They have proven 

themselves reliable in harsh environments and can measure different physical quantities, 

such as temperature, pressure, strain, refractive index (RI), and humidity. Fiber-optic Mach-

Zehnder Interferometer (MZI) is a well-studied optical fiber interferometer that has proven 

capacity for sensing ambient refractive index.  

In this dissertation, we present Fiber Bragg grating (FBG) embedded in a microfiber 

Mach-Zehnder Interferometer designed for sensing temperature and refractive index. The 

MZI is constructed by splicing a short length of 40-μm-diameter microfiber between 

standard single mode fibers. A one-millimeter-long FBG is then written in the microfiber 

using a direct, point-by-point, ultrafast laser inscription method. The microfiber MZI shows 

only moderate sensitivity to ambient refractive index and temperature changes. In contrast, 

the microfiber FBG is insensitive to ambient refractive index change, while it exhibits typical 

sensitivity to temperature variation. These distinct characteristics of the FBG and MZI 

sensors enable the simultaneous measurement of refractive index and temperature as well as 
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temperature compensation in ambient refractive index measurement. 

Further, we report the use of a fiber-optic Mach-Zehnder Interferometer to measure core 

refractive index changes written by femtosecond laser irradiation. The core-offset 

interferometer was constructed by splicing a lightly misaligned stub of standard single-mode 

fiber between the device’s lead-in and lead-out optical fibers. When the core refractive index 

of an in-fiber interferometer is altered, that process changes the phase of the core light. Since 

the phase of light propagating in the cladding (reference arm) remains unchanged, the 

transmission fringe pattern of the interferometer undergoes a spectral shift. In the present 

research, that spectral shift was used to quantify the effective core refractive index change 

in a standard single-mode fiber.  

In addition, we designed and developed a custom flame-based tapering machine that is 

used to fabricate miniaturized Mach–Zehnder interferometers (MZIs) using sharply tapered 

photonic crystal fiber (PCF). This technique produces sensors capable of highly sensitive 

ambient refractive index (RI) measurements. The sensor is fabricated by fusion splicing a 

small stub of PCF between standard single-mode fibers with fully collapsed air holes of the 

PCF in a splicing region. Tiny flame geometry enables the sharp tapering of the PCF, 

resulting in a short fiber length and high RI sensitivity. It appears that sharp tapering has a 

great impact on RI sensitivity enhancement, when compared with methods that decrease 

taper waist diameter. The tapering technique is further used to construct the Mach-Zehnder 

Interferometer-based fiber-optic refractive index (RI) sensor by uniformly tapering standard 

single mode fibers (SMF) for RI measurement. The fabricated MZI device does not require 

any splicing of fibers and shows excellent RI sensitivity.  
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Chapter 1    Introduction 

 

Fiber-optic sensors have absorbed a lot of attention as a hot research topic since low 

loss optical fibers were first introduced in the 1960s. Because of their outstanding 

properties such as compact structure, low loss, immunity to electromagnetic waves, and 

wide bandwidth, fiber-optic devices have been extensively used in numerous fields 

ranging from optical sensing to optical communication [1]. Over the past several decades, 

various types of fiber-optic structures were investigated with the help of development of 

sophisticated optical fiber fabrication techniques. Others include fiber Bragg grating 

(FBG), long period grating (LPG),  and photonic crystal fiber (PCF), as well as more 

targeted structures such as tapered optical fiber (TOF), side polished fibers, interference 

devices and rare earth doped fibers [2]. 

Fiber-optic refractive index (RI) sensors have been found as a reliable sensor for 

chemical and biochemical monitoring applications over the past couple of years [3, 4] 

due to their interesting characteristics such as: small size, high-resolution detection, 

excellent aging characteristics, ability to operate in chemically hazardous environments, 

and immunity to electromagnetic noise. Gratings and interferometers are the two main 

configurations studied for fiber-optic RI sensing [5]. Fiber gratings are usually fabricated 

by modifying the refractive index (RI) along the fiber axis. Various approaches have 

been developed to manufacture them: to name two, the phase mask technique and the 

point-by-point technique [6-8]. Although fiber gratings show numerous unique 

properties such as compact size, wavelength selectivity, and developed fabrication 
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technique, they have their own limitations, especially for high-precision sensing 

measurement [2]. Inscribed gratings could be damaged if the sensor works at high 

temperature, so industrial application is limited. Long period gratings (LPGs) are one of 

the broadly used RI sensors [9-13]. Writing gratings are usually expensive and function 

only in narrow wavelength bands due to fiber gratings phase matching phenomenon. 

Thus, in-fiber interferometers such as Fabry-Perot interferometer (FPI), Michelson 

interferometer (MI), and Mach-Zehnder interferometer (MZI) have been introduced as 

alternative and viable approaches for RI sensing [14]. Also, the combination of 

interferometers and gratings has been reported in the literature; for instance, MZI has 

been constructed based on a pair of LPGs to increase RI sensitivity further [14, 15]. 

Additionally, to increase sensing performance, research based on an integration of fiber 

grating structures, interferometers, and fiber taper techniques has been reported [15-18]. 

Compared with the abovementioned typical fiber structures, tapered optical fibers 

(TOF) can offer the following interesting features such as large evanescent field, strong 

mode confinement capability, and extra small diameter. Thus, TOFs show great potential 

in measurement of ambient RI [19, 20]. Initially, tapered optical fibers were used for the 

development of directional couplers. Two or more tapers are fused together, as they 

provide efficient light coupling between fibers [21]. Lately, tapered optical fibers have 

also found applications in sensor development [22], polarizers, submicron wire [5], light 

amplifiers [23], and near and far field microscopy [24]. 

Different types of tapering machines have been developed and investigated over the 

last two decades [25, 26]. They are mainly categorized into arc-based [27-29], laser-

based [30, 31], and flame-based machines [32-34]. Each design has its own advantages 



3 

 

and disadvantages. Arc and laser machines can provide a minuscule and fixed heating 

volume, which leads to a small tapering region, thus limiting fabrication of different 

sensor configurations [28, 29]. Heating the fiber with a laser beam is neither easy nor 

cheap [31, 35]. Another limitation with arc and laser-based tapering machines is 

temperature measurement and control [26, 36], which is a crucial parameter for an 

adiabatic tapering. To make an adiabatically tapered fiber and reduce the amount of 

losses, perfect control over the generated heat is required [37]. The temperature of the 

heating volume can be measured by a thermocouple with excellent accuracy when heated 

by torch [38]; however, this simple measurement is not feasible in arc or laser-based 

tapering machines [27, 39]. Another specific limitation of CO2 laser-based tapering 

machines is the complexity of directly heating the fiber when its diameter is less than 1 

µm because of the inverse square relationship between fiber radius and heating for a CO2 

laser [40]. This issue can be resolved by using a flame as a heat source, which has an 

inverse relationship with fiber radius. Thus fibers can be tapered down to smaller 

diameters with flame-based tapering machines [41, 42]. Controlling the temperature 

gradient and fiber geometry are the challenges when tapering fibers below 1 µm, due to 

the turbulence of the flame and convection [19]. It is even more challenging when 

miniature tapering with a flame smaller than 1 mm or tapering using oscillating flame is 

performed than a time arc or laser-based tapering machines are used [40].  

There are three main configurations in which flame-based tapering machines are 

typically set up for optical micro or nanofiber (MNF) fabrication: (i) Stacked pulling 

stages with a fixed flame [34], (ii) independent pulling stages with a fixed flame [43], 

and (iii) independent pulling stages and an oscillating flame [33, 44]. The idea of 
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designing a custom flame-based tapering machine based on independent pulling stages 

with fixed flames were considered to be able to fabricate RI sensors with better sensing 

performances. Thus, a dual flame-based tapering system with micro-scale nozzles was 

designed and developed. A shutter mechanism with millisecond-scale actuation time was 

integrated into the system to provide better control over the heat transferred to the optical 

fiber.  

This research started with the design and fabrication of an optical fiber sensor capable 

of simultaneously measuring RI and temperature [45]. Since MZIs are widely used as RI 

sensors in various industries, it is critical to ensure that the measurement of the RI change 

using an MZI sensor is accurate. Therefore, the inevitable problem of temperature and 

refractive index cross-sensitivity of MZI sensors were considered. The proposed MZI 

was fabricated by fusion splicing a stub of single mode microfiber between two standard 

SMFs. A femtosecond laser was then used to inscribe the Fiber Brag Grating (FBG), 

employing point-by-point inscription method to attain the required refractive index 

modulation in the fiber core. The constructed sensor was not only capable of measuring 

RI or temperature but also could measure temperature compensated RI changes [45].  

Since Femtosecond laser was used in the first research study, and core index 

modulation was done to fabricate FBG on microfiber, the question of how much in-fiber 

refractive index change occurred during FBG fabrication remained unanswered. 

Therefore, the idea of using fiber-optic MZI sensors to measure the effective refractive 

index change in the core of SMF was examined for the first time [46]. A stub of single 

mode fiber was spliced between two SMFs with a slight lateral offset to enable splitting 

and recombining of a light. This produced a Mach-Zehnder Interferometer (MZI). The 
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fringe shift of the MZI, due to the fiber core refractive index alteration caused by 

femtosecond laser pulses was used for measurement of effective refractive index change 

inside the core of the single mode fiber. 

The research continued with a focus on fabrication of MZI with enhanced RI 

sensitivity. Therefore, the potential for integrating photonic crystal fibers (PCFs) with 

optical fiber tapering technique was investigated. Thus, tapered PCF-based MZI sensors 

that revealed high ambient RI sensitivity were proposed [47]. With the help of the 

customized flame-based tapering machine, a short length of a PCF (3.88 mm) was 

sharply tapered from 125 µm to 65 µm. The fabricated sensor presented an RI sensitivity 

of ~1427 nm/RIU in the RI range of 1.3900 to 1.4200. In contrast, another PCF-based 

MZI sensor with the PCF length of 8 mm was tapered adiabatically from 125 µm to 50 

µm. This sensor showed an RI sensitivity of ~ 990 nm/RIU in the similar RI range. 

Therefore, a compact yet highly sensitive PCF-based MZI refractive index sensor was 

constructed [47]. 

In continuation of developing MZI for sensing ambient RI changes, the fabrication of 

simple, inexpensive, and yet ultra-high sensitivity RI sensor was investigated. The design 

and fabrication of an MZI refractive index sensor with a standard single mode fiber using 

the custom flame-based tapering machine was presented [48]. The tapering machine was 

controlled such that sharp taper transitions and a uniform long taper waist in an SMF 

were formed to construct the Mach-Zehnder Interferometer. A maximum RI sensitivity 

of 4234 nm/RIU was attained in the RI range of 1.4204 to 1.4408 for a taper waist 

diameter (TWD) 35.5 µm and taper waist length of 19.8 mm.  
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1.1. Dissertation Outline 

This dissertation includes the current introductory chapter that provides the context 

and framework to link the following Chapters in accordance to research and background 

information. This dissertation consists of four papers that have already been published in 

different peer-reviewed journals, and so far cited by other researchers more than 50 

times. Information on each publication is located at the beginning of each chapter. 

Chapter two presents the research and development of an optical fiber sensor for 

simultaneous measurement of an ambient refractive index and temperature changes. The 

proposed sensor was constructed with Fiber Bragg Grating (FBG) embedded in a 

microfiber Mach-Zehnder Interferometer. The fabricated sensor can be characterized for 

use in an environment where refractive index and temperature are changing, so that each 

variable can be measured separately.    

Chapter three focusses on the studying and finding a measurement technique to 

measure the amount of in-fiber refractive index change during the ultrafast laser 

irradiation on the core of an optical fiber. Ultrafast laser is widely used for fabrication of 

Long Period Grating (LPG) or Fiber Bragg Grating (FBG). A fiber-optic Mach-Zehnder 

interferometer (MZI) device was used to measure the effective refractive index change 

in the core of a standard SMF during the index modification performed by a 120 

femtosecond laser. 

Chapter four details the fabrication techniques used to create a miniaturized Mach-

Zehnder Interferometer using sharply tapered photonic crystal fiber (PCF) for ambient 

refractive index measurement. The custom flame-based tapering machine was presented 

and its unique fabrication capabilities were discussed. The fabricated compact MZI 
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sensor exhibited a high RI sensitivity of about 1426 nm/RIU within the RI range of 

1.3917 to 1.4204. The chapter further discusses the effect of sharply tapering PCF in 

comparison to a smooth and adiabatic tapering. 

Chapter five illustrates the continuation of the research toward improving the 

sensitivity of the MZIs for ambient refractive index measurement. Fabrication of an MZI 

using one standard single mode fiber without any fusion splicing is shown. The unique 

properties of the custom fame-based tapering machine essential for fabrication of the 

ultra-high sensitivity MZI based RI sensor are presented. 

Finally, Chapter six summarizes the main results and contributions of the present 

research work and also suggests directions for possible future research. 

1.2. Research Contributions  

The presented research in this dissertation shows a gradual development in fabrication 

techniques used to produce highly sensitivity fiber-optic Mach-Zehnder Interferometers 

for ambient refractive index sensing. The main objectives of the research work were to 

focus on inexpensive, simple, highly sensitive, reliable, accurate, repeatable, and custom 

manufacturing techniques for fabricating fiber-optic MZI sensors that measure RI 

changes. The main contributions of this dissertation are summarized as follows: 

1. After reviewing existing tapering machines, and in particular flame-based ones 

[40], the parameters were defined for designing and developing a unique and 

inexpensive flame-based tapering machine, which has the capability to taper 

optical fibers with wider ranges of taper lengths than has been previously achieved. 

The machine was designed to enable simple nozzle exchange, and various micro 
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nozzles were designed and laser-machined to have different flame sizes. 

Moreover, a novel flame shutter mechanism was designed and integrated into the 

system to provide excellent accuracy in the geometry of tapered profile when 

tapering very short lengths of fiber. The current design of the machine provides 

the capacity for adiabatic and uniform tapering of optical fibers with a broad range 

of lengths (from 0.8 mm to a couple of centimeters). 

2. This research sought to design and fabricate a fiber-optic sensor that concurrently 

measures RI and temperature changes with moderate sensitivity, while keeping the 

sensor package compact, robust, and cost-effective. An MZI sensor with an 

embedded Fiber Brag Grating on a 4 mm microfiber with a diameter of 40 µm was 

fabricated and characterized for simultaneous RI and temperature sensing. 

3. Having studied the design of a compact and highly sensitive RI sensor, I then 

considered possibilities for combining alternative fiber-optic material into an MZI 

configuration. Also, I wanted to utilize the designed tapering machine to further 

enhance the RI sensitivity of the fabricated RI sensor. The custom tapering 

machine was controlled so that a short length (3.8 mm) of photonic crystal fiber 

was tapered with a sharp tapering angle (from 125 µm to 65 µm in diameter). This 

process generated an MZI sensor with RI sensitivities of 334.03 nm/RIU, 673.91 

nm/RIU, and 1426.70 nm/RIU within the RI ranges of 1.3327 to 1.3634, 1.3634 

to 1.3917, and 1.3917 to 1.4204, respectively. 

4. The research outline above raised the question of how to quantify the amount of 

RI index modulation on the core of standard single mode fiber (SMF) during the 

laser irradiation process. A basic MZI device seemed a promising solution, and 
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one was constructed using a stub of an SMF spliced with a slight lateral offset 

between two SMFs. On the core of standard single mode fiber, several identical 

small sections of the fiber core within the MZI were scanned with different pulse 

energies to study the influence of femtosecond laser pulse energy, which can be 

used for FBG and LPG fabrication. For the first time, the amount of gradual 

spectral shift in the MZI signal was considered as a means for quantifying the laser 

pulse energy and, thus, the effective refractive index change on the fiber core. 

5. Research on fabricating ultra-high sensitivity RI sensors for the measurement of 

ambient refractive index changes has advanced through this project. It successfully 

investigated the idea of controlling a tapering machine so that it can produce an 

MZI sensor using a standard single mode fiber. This process results in low levels 

insertion loss, requires low cost, and produces mechanically robust and easy to 

fabricate sensors. The best sensors fabricated showed the remarkable RI sensitivity 

of 4234 nm/RIU in the RI range of 1.4204 to 1.4408. 
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Chapter 2   Bragg Grating Embedded in Mach-Zehnder Interferometer for 

Refractive Index and Temperature Sensing 

 

This paper was published in Journal of IEEE Photonics Technology Letters in 2016. 

Farid Ahmed, Vahid Ahsani, Akram Saad, and Martin B. G. Jun. “Bragg Grating 

Embedded in Mach-Zehnder Interferometer for Refractive Index and Temperature 

Sensing”, IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 28, NO. 18, 

SEPTEMBER 15, 2016. 

Abstract 

Fiber Bragg grating (FBG) embedded in a microfiber Mach-Zehnder interferometer 

(MZI) is presented for sensing multi-parameters such as temperature and refractive 

index. The MZI is constructed by splicing a short length of 40 µm diameter microfiber 

between standard single mode fibers. A millimeter long FBG is then written in the 

microfiber using direct point-by-point ultrafast laser inscription method. The microfiber 

MZI shows moderate sensitivity to ambient refractive index and temperature changes. In 

contrast, the microfiber FBG is insensitive to ambient refractive index change while it 

exhibits typical sensitivity to temperature variation. These distinct characteristics of the 

FBG and MZI sensors enable simultaneous measurement of refractive index and 

temperature, and temperature compensation in ambient refractive index measurement. 

2.1   Introduction 

Measurement of ambient temperature and refractive index (RI) is crucial to many in-

situ environmental monitoring applications. Temperature cross-sensitivity in fiber-optic 

sensors may lead to incorrect quantification of ambient RI. It is therefore essential to 
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measure both temperature and RI simultaneously and unambiguously. Novel fiber-optic 

measurement systems have been constantly offered to achieve application specific 

quantification of these parameters. Interferometric fiber-optic sensors have been widely 

studied due to their excellent RI sensitivity and moderate temperature sensitivity [49, 

50]. Diverse Mach-Zehnder interferometers are constructed using structures such as core 

offset [51, 52], tapered fiber [53], and multimode microfiber [54] for simultaneous 

measurement of temperature and RI. Various configurations of MZI combined with fiber 

Bragg grating have also been explored to measure ambient refractive index and 

temperature simultaneously, including peanut-shape and core-offset structure [55], and 

only core-offset MZI [56]. Formation of MZI has also been illustrated using a pair of 

long period gratings [57] and splicing a piece of photonic crystal fiber between single 

mode fibers [58]. However, extended sensor length reported in some work may provide 

inaccurate sensing location and is undesirable in concurrent measurement of parameters. 

Miniaturization of optical sensors is highly desirable in point-sensing of temperature 

and RI. Direct inscription of miniature FBG in microfiber is presented recently for 

enhanced temperature sensitivity [59]. A compact femtosecond laser micromachined 

cavity in single mode fiber is proposed to form a MZI for sensing ambient RI [60]. A 

miniature MZI embedded in fiber Bragg grating is also reported for simultaneous RI and 

temperature measurement [61]. Although the sensor demonstrates good sensitivity, the 

fragile structure and fabrication complexity make it difficult for many applications. 

Besides, it is challenging to remove solution residue from the narrow in-fiber cavity and 

reuse the sensor without hassle. In general, the key sensing characteristics such as 

moderate RI and temperature sensitivity, compactness, and robustness are hard to 
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achieve simultaneously.  

In this study, we present an in-fiber sensor that incorporates a 1 mm long FBG in a 4 

mm long MZI structure for measurement of both RI and temperature. The MZI is 

constructed by simply fusion splicing a single mode microfiber between standard SMFs. 

Pulsed femtosecond laser radiation is then used to inscribe the FBG employing point-by-

point inscription method to achieve desired index modulation in fiber core. Because of 

inherent good RI sensitivity of MZI [60, 62] and RI insensitivity of FBG, while both are 

moderately sensitive to temperature, a simultaneous and unambiguous RI and 

temperature measurement can be achieved. The sensor is also used to demonstrate 

temperature compensated ambient RI measurement.   

2.2   Sensor Fabrication 

Fabrication schematic of the combined MZI and FBG sensor is shown in Figure 2.1. 

The MZI structure was fabricated by splicing a stub of single mode microfiber (core 

diameter: 3.75 µm, cladding diameter: 40 µm) between two standard SMFs as shown in 

Figure 2.2. The Fujikura (FSM 40PM) fusion splicer was used to splice standard SMF to 

microfiber with an arc power of 5 bit exposed for 1000 millisecond. Afterward, a FBG 

was inscribed in the microfiber using a femtosecond pulsed laser.  
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Figure 2.1 Schematic of integrated MZI and FBG sensor: Structural con figuration 

of the sensor (a) and schematic of point -by-point fabrication of FBG in microfiber 

spliced between SMFs (b).  

 

 

Figure 2.2 Microfiber sandwiched between SMFs to construct MZI. Inset shows 

the splicing of microfiber with SMF. 
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Figure 2.3 MZI transmission spectrum before and after inscription of FBG in 

microfiber.  

The femtosecond laser system operates at center wavelength of 800 nm, pulse duration 

of 120 fs, and repetition rate of 1 kHz. Using an iris diaphragm, the laser beam diameter 

was reduced to 1.5 mm (initial diameter: 6 mm). The beam was focused by an achromatic 

objective lens (Numerical aperture: 0.75) into a small focal volume to elevate pulse peak 

power necessary for writing filamentary voids in fiber core. The fiber was coupled with 

a broad band light source and a spectrum analyzer to monitor and record the in-situ 

growth of FBG’s transmission valley during fabrication. The 1 mm FBG was fabricated 

by scanning the microfiber with the kilohertz pulse train (pulse energy: 42.5 µJ) along 

its propagation axis. The scanning speed of 0.534 mm/sec was used to achieve the index 

modulation period of 534 nm necessary to form FBG’s rejection band at 1550.28 nm. 

Both the transmission spectra before and after the inscription of FBG in microfiber MZI 
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is shown in Figure 2.3. The overall change in core refractive index in FBG inscription 

process alters the existing phase difference between core and cladding modes of the MZI 

that accounts for the spectral shift in Figure 2.3. 

2.3   Results and Discussion 

2.3.1   Ambient RI and temperature characterization 

In ambient refractive index measurement, temperature cross-sensitivity plays a 

significant role, because the RI of most solutions is a function of temperature. Therefore, 

it is crucial to measure both RI and temperature of a system to get rid of the effect of 

temperature in RI measurement. This work proposes a compact fiber-optic sensor which 

was fabricated by integrating a microfiber FBG in microfiber MZI for both RI and 

temperature measurement applications.  

As illustrated in Figure 2.1 (a), the incident light when interacts with the first interface 

(SMF and microfiber), it splits into both core and cladding of the microfiber and then 

recombines at the second interface (microfiber and SMF). Therefore, the core and the 

cladding of the microfiber act as the two arms of a typical MZI. The core mode is 

confined in the core while the propagation characteristic of the cladding modes depends 

on the RI difference at cladding-ambient interface. Small fiber diameter allows the 

cladding modes to extend much closer to the surrounding solution; hence, the MZI sensor 

shows good sensitivity to any change of RI in the surrounding environment. In contrast, 

the FBG couples light from forward propagating core mode to the backward propagating 

core mode in the microfiber. The core mode cannot reach out to the cladding and ambient 

interface and that explains FBG’s very low sensitivity to ambient index change. 
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Figure 2.4 Characterization of the sensors to ambient refractive index change. The 

MZI shows significant RI sensitivity while the FBG is insensitive to ambient RI 

change. 

The shift of interference pattern as a function of surrounding RI change was monitored 

for the MZI length of 4 mm. The sensor was characterized with different concentration 

of glycerin solutions at ambient temperature of 22 °C. To achieve characterization data, 

the device was immersed in glycerin solutions of varying RI ranging from 1.332 to 1.448.  

After each test, the sensor was thoroughly cleaned prior to immersing it in a subsequent 

higher concentration of glycerin solution. Figure 2.4 shows the wavelength shifts for both 

MZI and FBG due to the changes in surrounding refractive index. As the ambient RI 

increases, the wavelength of the transmission dip of the MZI experiences a blue-shift. In 

contrast, FBG’s resonance transmission spectrum shows insignificant index sensitivity 

as shown by the flat line in Figure 2.4 The ambient RI sensitivities of the MZI and FBG 

are summarized in Table 2.1. 
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Table 2.1 Ambient RI Sensitivity of FBG and MZI  

Sensor RI range: 

1.332-1.1384 

RI range: 

1.384- 1.420 

RI range: 

1.420-1.448 

FBG sensitivity 

(nm/RIU) 

 

0 

 

0 

 

0 

MZI sensitivity 

(nm/RIU) 

 

-10.65 

 

-58.13 

 

-166.30 

    

The temperature response was examined by placing the sensor in an oven, in which 

the temperature was varied from 25 °C to 95 °C. Temperature dependent spectral 

responses of both FBG and MZI are illustrated in Figure 2.5. The MZI shows clearly 

dominant temperature sensitivity compared to that of FBG. A linear fit to the measured 

data gives the temperature sensitivities (dλ/ dT) of 11.80 pm/ °C and 51.10 pm/ °C, for 

FBG and MZI, respectively. The experimental results show that the MZI is 4.33 times 

more sensitive than the FBG in temperature measurement. 
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Figure 2.5 Temperature characterization of micro -fiber Bragg grating and 

microfiber MZI.  
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2.3.2   Simultaneous measurement of RI and temperature 

Based on sensing characteristics of the MZI and FBG sensors, the RI and temperature 

can be measured simultaneously using the following matrix equation [62]: 

[
𝛥𝑇
𝛥𝑛

] =
1

𝑘𝐹𝐵𝐺𝑇×𝑘𝑀𝑍𝐼𝑛−𝑘𝐹𝐵𝐺𝑛×𝑘𝑀𝑍𝐼𝑇
× [

𝑘𝑀𝑍𝐼𝑛 𝑘𝐹𝐵𝐺𝑛

𝑘𝑀𝑍𝐼𝑇 𝑘𝐹𝐵𝐺𝑇
]  × [

𝛥𝜆𝐹𝐵𝐺

𝛥𝜆𝑀𝑍𝐼
]  (Eq. 2.1) 

 

where, ΔT is the variation of ambient temperature, Δn is the variation of ambient RI. 

𝛥𝜆𝐹𝐵𝐺 and 𝛥𝜆𝑀𝑍𝐼 are the wavelength change corresponding to the FBG and microfiber 

MZI, respectively. 𝑘𝑀𝑍𝐼𝑛 and 𝑘𝑀𝑍𝐼𝑇  are the index and temperature coefficients of the 

microfiber MZI sensor. 𝑘𝐹𝐵𝐺𝑛 and 𝑘𝐹𝐵𝐺𝑇 are the index and temperature coefficients of 

the microfiber FBG. Now let’s consider the 𝑘𝑀𝑍𝐼𝑛 = −58.13 and 𝑘𝐹𝐵𝐺𝑛 = 0 (RI range: 

1.384 - 1.420) from the Table 2.1. As shown in Figure 2.5, the values of 𝑘𝑀𝑍𝐼𝑇 and 𝑘𝐹𝐵𝐺𝑇 

are 0.0511 and 0.0118, respectively. Therefore, the Eq. (2.1) can be rewritten as follows: 

[
𝛥𝑇
𝛥𝑛

] = −
1

0.68
[
−58.13 0
0.0511 0.0118

] [
𝛥𝜆𝐹𝐵𝐺

𝛥𝜆𝑀𝑍𝐼
]     (Eq. 2.2)  

 

If the resonance wavelength shifts of the FBG and MZI are known, the temperature 

and RI changes can easily be calculated using Eq. (2.2). 

2.3.3   Temperature compensated RI measurement 

For temperature compensated refractive index measurement using point sensors, it is 

vital to achieve both temperature and ambient RI information at a particular point of 

interest. Often an FBG connected in parallel or in series is used to quantify the 

temperature change. It raises operation cost, and increases system complexity. In 

addition, due to the lack of close proximity, it may require the temperature of the whole 

chamber to stabilize before obtaining temperature reading. The miniature FBG 
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embedded in microfiber MZI appears to minimize the issues explained above. However, 

the temperature compensation is limited by the resolution of the FBG. Temperature 

compensation using embedded microfiber Bragg grating is exemplified in Figure 2.6. 

Temperature compensation job in the Figure 2.6 was done following the simple steps 

provided bellow:   

 Examine FBG’s spectral response. No shift in FBG’s transmission dip indicates 

constant temperature and no need for compensation. Read the temperature change 

from FBG (if there is any), and go to step 2.  

 Temperature sensitivity of MZI is 4.33 times higher than that of FBG. Therefore, 

if there is any shift in FBG spectrum in step 1, the MZI’s temperature reading can 

be achieved easily by taking FBG as the reference.  

 As shown in characterization plots (Figure 2.4 and 2.5), the MZI spectrum 

displays blue and red shift with increase in ambient RI and temperature, 

respectively. The FBG dip shows red shift with increase in temperature and no 

shift for RI change. Therefore, the following two-step observation can be made 

to isolate the effect of temperature in MZI based RI measurement:     

a) If both the direction and amount of spectral shift for MZI and FBG are equal 

to the proportion of their sensitivities, it can be stated that the ambient RI is 

constant. 

b) If MZI’s spectral shift does not correspond to the spectral response of FBG, 

the individual spectral shift of both MZI and FBG has to be calculated. Then 

using the following equation, the MZI index response (temperature 
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compensated) can be calculated: 

 MZI (RI response) = MZI (Total response) – MZI (Temperature response) 

1550

1552

1580

1582

1584

1586

1588

1590

RI: 1.4483 

  at 85 °C

RI: 1.4133 

  at 65 °C

RI: 1.4063 

  at 50 °C

RI: 1.3767 

  at 40 °C

RI: 1.3767 

  at 30 °C

RI: 1.3327 

 at 30 °C

W
a

v
e

le
n

g
th

 (
n

m
)

RI and temperature variation

 MZI: Combined temperature and RI response

 FBG: Temperature response

 MZI: Temperature response 

 MZI: Temperature compensated RI response

 

Figure 2.6 Exemplification of temperature compensation using an embedded 

miniature FBG for ambient RI measurement of microfiber MZI interferometer.  

2.4   Conclusion 

A novel optical fiber sensor based on integration of a miniature Bragg grating in 

microfiber MZI has been proposed for ambient RI and temperature measurement. The 

MZI is constructed by fusion splicing a 4 mm long microfiber between standard SMFs. 

The FBG is then fabricated in microfiber by the femtosecond pulse radiation using point-

by-point inscription technique. The tiny fiber-optic sensor is demonstrated as a suitable 

device for both simultaneous RI and temperature measurement, and temperature 

compensated RI measurement applications.  
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Chapter 3   Measurement of In-fiber Refractive Index Change Using a 

Mach-Zehnder Interferometer 

 

This paper was published in Journal of IEEE Photonics Technology Letter in 2019. 

Farid Ahmed, Vahid Ahsani, Seunghwan Jo, Colin Bradley, Ehsan Toyserkani and 

Martin B. G. Jun. “Measurement of In-fiber Refractive Index Change Using a Mach-

Zehnder Interferometer”, IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 31, 

NO. 1, JANUARY 1, 2019 

Abstract 

We report, for the first time, the use of a fiber-optic Mach-Zehnder interferometer to 

measure core refractive index changes written by an ultrafast laser irradiation. The core-

offset interferometer was constructed by splicing a slightly misaligned stub of standard 

single mode fiber between lead-in and lead-out optical fibers. When the core refractive 

index of an in-fiber interferometer is altered, it changes the phase of the core light. Since 

the phase of light propagating in the cladding (reference arm) remains unchanged, the 

transmission fringe pattern of the interferometer observes a spectral shift. The spectral 

shift was used to quantify the effective core refractive index change in a standard single 

mode fiber. Measurement of effective refractive index changes as high as 0.01356 and 

as low as 0.000475 are reported in this work. 

3.1   Introduction 

Laser radiation induced permanent refractive index (RI) change has been widely 

studied to tailor optical properties of transparent dielectric materials and waveguides [63-

65]. Modification of dielectric properties in glass offers direct fabrication of three-
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dimensional photonics devices [66, 67]. Approximation of the RI to be inscribed in an 

optical fiber is critical for design and fabrication of in-fiber photonic devices. 

Measurement of the RI also offers useful quality control in the fabrication of optical 

components. Therefore, development of efficient and cost-effective methods for 

quantifying the amount of RI change in optical fiber is crucial to the design of fiber-optic 

sensors and communication systems [68, 69].  

Several approaches have been demonstrated to determine refractive index profile 

(RIP) in an optical fiber. In-fiber RI change can be measured using the refracted near-

field (RNF) method with considerable index resolution; however, this technique requires 

fiber cleaving and subsequent polishing of its cleaved face [70]. The RNF method is not 

suitable to map the RIP along the propagation axis of an optical fiber. The multi-

wavelength interferometry technique offers direct measurement of the RIP in an optical 

fiber, employing Fourier-transform spectroscopy [71]. The differential interference 

contrast (DIC) approach estimates the RIP using image contrast from the phase variation 

in optical fiber [72]. Three-dimensional measurement of RIP in the optical fiber can be 

achieved using computerized tomography (CT) [73]. The measurement of RI using the 

above techniques is costly and involves a complex reconstruction process. By employing 

fiber Bragg grating (FBG) based Fabry-Perot interferometers, the measurement of RI 

change in standard single mode fiber (SMF), written by both ultraviolet [74] and infrared 

laser [75], has been reported. Construction of a grating-based Fabry-Perot interferometer 

can be challenging and expensive as it requires two identical FBGs to be inscribed in an 

optical fiber at a certain distance apart.  

In this study, we propose, for the first time, the use of a fiber-optic Mach-Zehnder 
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interferometer (MZI) device to measure the effective refractive index change in the core 

of a standard SMF. Fiber-optic MZI device is well studied, easy to fabricate, and suitable 

for diverse sensing applications [49, 53, 58, 76]. This work investigates the potential of 

this interferometer to cost-effectively measure the effective RI change in the core of an 

optical fiber. 

3.2   Sensor Operating Principle 

A typical MZI sensor has both reference and sensing arms. A beam splitter (ideally 

with 50/50 splitting ratio) is used to split a beam of light into two, which are subsequently 

recombined by a coupler. The recombined beams interfere with each other and create an 

interference fringe depending on the optical path difference (OPD) between the two 

arms. To detect or measure a physical quantity, the reference arm of the MZI is isolated 

whereas the sensing arm is exposed to the measurand. The measurand alters the light 

propagation in the sensing arm, thus changing the existing OPD between the two arms. 

The variation in the OPD results in a spectral shift of the interference pattern. An MZI 

can be constructed in an optical fiber by splitting the core mode into core and cladding 

modes and then recombining them into a core mode. When the refractive index of the 

core of an in-fiber MZI is altered over a particular length, it changes the effective 

refractive index of the core mode. Therefore, the core light undergoes a phase change 

that leads to a change in the OPD between the core and cladding modes. The variation in 

the OPD induces a shift in the transmission spectrum, and it offers a simple way to 

measure the effective refractive index change in the core of an optical fiber.  

Figure 3.1(a) shows the schematic of an MZI configuration used in this study. Splicing 
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an SMF stub between two SMFs with a slight lateral offset enables splitting and 

recombining a light beam at the first and second splicing points, respectively.  

 

Figure 3.1 Schematic of the MZI operating principle (a), and spectral shift due to 

core index modification in the MZI (L: length of the interferometer,  d: length of core 

scanned with laser radiation) device (b).  

The optical path difference between the core and cladding mode beams in Figure 3.1 

(a) constructs the transmission spectrum which can be expressed as [77]: 

( ) 2 coscore clad core cladI I I I I          (Eq. 3.1) 

 

where coreI and cladI are the intensity of light in the core and cladding modes, 

respectively. 2 effn L    is the phase difference between core and cladding modes 

that produces the interference fringe in the transmission, eff co cln n n   is the effective 

refractive index between core and cladding modes, L is the length of the MZI, and is 

the wavelength of light. For (2 1)m   in (1), the mth order attenuation peak is given 

by [77]: 
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2 ( ) / (2 1)m co clL n n m           (Eq. 3.2) 

 

When the effective RI of the core of an MZI is changed by n  over a length of d as 

shown in Figure 3.1 (b), the overall effective refractive index of the core mode is changed 

to
con . Therefore, the attenuation peak shows red shift in the transmission spectrum as 

shown in Figure 3.1. The wavelength of the new attenuation peak can be written as:  

2 ( ) / (2 1)m co clL n n m           (Eq. 3.3) 

 

The induced spectral shift results due to the alteration of core refractive index and it 

can be approximated using Eq. (3.3). This technique provides a simple yet effective way 

to measure the amount of index modification in an optical fiber. 

3.3   Sensor Structure and Characteristics 

As shown in Figure 3.2 (a), the MZI structure was constructed by fusion splicing of 

Corning SMF-28 ULL optical fibers. A small stub of an SMF was spliced between lead-

in and a lead-out SMFs with a slight core misalignment. The Fujikura (FSM-40PM) 

splicer set at an arc power of 20 bit and an arc exposure time of 2000 millisecond was 

used for the splicing operation. The sensor assembly was coupled to a light source and 

an optical spectrum analyzer to monitor the transmission spectrum. During splicing, the 

core offsets at the splicing points were manually adjusted to achieve a considerably 

strong transmission interference fringe. As shown in Figure 3.2 (b), for the MZI length 

of 17 mm, the fringe pattern with an average fringe spacing of ~28 nm was observed. 
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Figure 3.2 The MZI in core-offset configuration. Microscope image of a 17 mm 

stub of an SMF fusion spliced (slightly misaligned) between lead -in and a lead-out 

SMFs (a), and the fringe pattern of the interferometer (b).  

 

Figure 3.3 Schematic of laser-induced index modification pattern in the optical 

fiber to examine the spectral response of the MZI sensor.  

The spectral response of the transmission mode interferometer was studied by 

gradually altering the effective RI of the core over a certain fiber length and examining 

the subsequent fringe shift, as shown in Figure 3.3. SMF-28 ULL fiber used in this 
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experiment has a mode-field diameter of 10.5± 0.5 µm at 1550 nm and a core diameter 

of 8.2 µm. A femtosecond laser (Spectra-Physics Ti: Sapphire laser with center 

wavelength: 800 nm, pulse width: 120 fs, and pulse repetition rate: 1 kHz) was used to 

write an inhomogeneous RI change into the core. Fernandes et al. [65] have detail studies 

on writing inhomogeneous RI in optical fibers using the ultrafast laser radiation. An iris 

diaphragm was used to restrict the beam diameter to 2 mm (original beam diameter: 6 

mm). The laser pulses (pulse energy: 14.40 µJ) were focused with a microscope objective 

lens (NA: 0.75, 40X) to elevate average power density at the focal point and write higher 

RI. The millimeter-long lines within the core and core-cladding interface of the MZI 

were scanned using a point-by-point inscription method at the speed of 0.05 mm/s. The 

inset of Figure 3.4 shows the characteristic fringe shifts observed when a 1 mm long fiber 

core was scanned with a period of 1 µm as depicted in Figure 3.3. The index modification 

within the fiber core yields significant and linear spectral shifts as shown in Figure 3.4. 

The irradiance of mode-field fades away at the core-cladding interface. Therefore, a 

minor spectral shift was observed when the RI was written in the core near the core-

cladding interface, which is also in good agreement with the optiwave simulation data. 

Fiber cladding cross-section is much larger compared to the core and as shown in Figure 

3.4, index change in the cladding near core-cladding interface does not cause any 

significant spectral shift. Therefore, a small index change in the cladding was ignored. 
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Figure 3.4 The spectral shifts observed when the fiber core within the MZI was 

scanned (from one core-cladding interface to another as shown in Figure 3.3) along 

its propagation axis over a length of 1 mm.  

3.4   Measurement of In-fiber RI Changes 

In order to study the influence of laser pulse energy on the amount of effective core 

index modification, several identical small sections (length: d) of the core within the MZI 

were scanned with different pulse energies as illustrated in Figure 3.5. A 17 mm long 

core-offset MZI was used in this experiment. The fiber core was scanned in the transverse 

direction, relative to its propagation axis, with a period of 1 μm at the speed of 0.05 mm/s. 

The pulse energy was gradually increased for each scan. Figure 3.6 depicts the 

dependency of the spectral shift of the interferometer to pulse energy. For d= 200 µm, 

greater red shifts were recorded for an RI written with higher pulse energies. The amount 

of red shift obtained in this study is used in the following section to estimate the in-fiber 

effective core RI change. 
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Figure 3.5 Experimental schematic showing writing of higher RI progressively 

over a core length of ‘d’.  

When a refractive index is inscribed over the core length of ‘d’ as shown in Figure 

3.1(b) and Figure 3.5, it changes the overall effective core mode index for the entire 

length L of the interferometer. The mode effective refractive index of the core-arm of 

MZI device is then given by: 

( ) ( )co co
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n n d n L d
n

L

   
         (Eq. 3.4) 

Dividing Eq. (3.3) by Eq. (3.2) and then substituting for con we get: 
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Hence,   .co cl

m

L
n n n

d






          (Eq. 3.5) 

where, Δλ is the red shift of the interference fringe observed for the core mode 

effective index change of Δn over the length of d. The correspondence between the core 

mode effective index and the actual refractive index change depends on the overlap 

between the mode profile and the spatial distribution of the refractive index change. As 

shown in Figure 3.4, the insignificant spectral shift was observed when the RI change 

occurred in the cladding of the fiber. Therefore, considering a reasonable overlap 

between the core mode profile and the spatial distribution of the core refractive index 

change, Eq. (3.5) provides a simple approach to measure the effective RI change in an 

optical fiber. 

The in-line fiber-optic MZI was rigidly fixed on the 3-axis stage prior to the core index 

modification to ensure that the tension on the fiber remains unchanged during the 

experiment. As shown in Figure 3.5, the d= 200 μm core segments, at different axial 

locations in the interferometer, were laser scanned (scanning period: 1µm, speed: 0.05 

mm/s) with gradually increasing pulse energies. The corresponding spectral shifts were 

observed as shown in Figure 3.6. The amount of spectral shift can be inserted into Eq. 

(3.5) to estimate the amount of effective RI changes that was inscribed in the fiber core. 

Figure 3.7 demonstrates the effective core RI measurement outcomes as a function of 

pulse energy. The results were obtained for L=17 mm, d= 200 µm, λm=1474.37 nm, nco-

ncl= 0.0053 (nco= 1.4620, ncl= 1.4567). The amount of effective core RI change is directly 

proportional to the spectral shift as nco, ncl, λm, L, and d in Eq. (3.5) are constants. The 

effective RI changes as high as 0.01356 and as low as 0.000475 in the core of an MZI 



31 

 

are reported in this work for average pulse energies of 13.532 µJ and 12.908 µJ, 

respectively. Tightly focused ultrafast pulses were used in this study to inscribe 

filamentary voids at the focal point. The length of the filamentary voids increases with 

the rise in peak power of the radiated pulses. An increase in the average pulse energy 

leads to an increase in the peak pulse power which, in turn, augments the length of the 

filamentary voids. Therefore, a higher RI is likely to be written over a larger core cross 

section as the pulse energy is gradually increased. This might explain the increase in the 

effective RI change for an increase in pulse energy.  

1470 1480 1490 1500 1510 1520 1530 1540
-20

-15

-10

-5

0

T
ra

n
s
m

is
s
io

n
 (

d
B

)

Wavelength (nm)

 Reference

 12.856 J

 12.908 J

 12.960 J

 13.012 J

 13.064 J

 13.116 J

 13.168 J

 

Figure 3.6 The gradual increase in red shift of the MZI ’s transmission spectrum, 

when a 200 µm length of the core was scanned with pulses. The pulse energy was 

gradually increased for each scan.  
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Figure 3.7 The linear dependency between effective core refractive index change 

and input pulse energy.  

3.5   Conclusion 

In this study, the use of a fiber-optic MZI is proposed to measure in-fiber RI changes. 

The core and the cladding of the SMF are respectively used as the sensing and reference 

arms of the MZI. The fringe shift of the MZI, caused by the core index alteration, is used 

for the RI measurement. The measurement of RI change, as high as 0.01356 and as low 

as 0.000475, is demonstrated in this work. The technique offers a simple yet effective 

approach for quantifying the in-fiber effective RI change. This work has the potential to 

provide a cost effective approach for estimating the laser induced RI change in optical 

fibers, which is vital for the design and fabrication of in-fiber photonic devices. 
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Chapter 4   Miniaturized Tapered Photonic Crystal Fiber Mach-Zehnder 

Interferometer for Enhanced Refractive Index Sensing 

 

This paper was published in Journal of IEEE Sensors Journal in 2016. 

Farid Ahmed, Vahid Ahsani, Luis Melo, Peter Wild, and Martin B. G. Jun. 

“Miniaturized Tapered Photonic Crystal Fiber Mach-Zehnder Interferometer for 

Enhanced Refractive Index Sensing”, IEEE SENSORS JOURNAL, VOL. 16, NO. 24, 

DECEMBER 15, 2016 

Abstract 

Miniaturized Mach-Zehnder interferometer (MZI) is constructed using sharply 

tapered photonic crystal fiber for highly sensitive ambient refractive index (RI) 

measurement. The sensor is fabricated by fusion splicing a small stub of photonic crystal 

fiber (PCF) between standard single mode fibers (SMFs) with fully collapsed air holes 

of the PCF in splicing region. Influence of sharp tapering of the PCF is then studied using 

two different hydrogen flame diameters of 1 and 3.5 mm at the tip.  Tiny flame geometry 

enables sharp tapering of the PCF for a short fiber length and provides higher RI 

sensitivity. It appears that sharp tapering has a greater impact on RI sensitivity 

enhancement compared to decrease in taper waist diameter. The MZI with the taper waist 

diameter of 65 µm and the length of 3.8 mm offers RI sensitivity of 334.03 nm/RIU, 

673.91 nm/RIU, and 1426.70 nm/RIU within the RI range of 1.3327 to 1.3634, 1.3634 

to 1.3917, and 1.3917 to 1.4204, respectively. 

4.1   Introduction 

The interference of light in optical fibers has been used in precision measurement 
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systems and sensors. The unique properties such as miniature size, light weight, 

immunity to electromagnetic wave, and ability for high resolution detection of fiber-optic 

interferometric sensors have made them superior candidates over conventional sensors 

for environmental monitoring applications. In particular, fiber-optic Mach-Zehnder 

interferometers offer good sensitivity to ambient refractive index measurement. A typical 

MZI has a reference and a sensing ain trm. An incident light is split into two arms using 

a beam splitter and then recombined by a second splitter. The recombined lights at the 

second splitter produce an interference fringe based on the optical path difference (OPD) 

between the two arms. For MZI based ambient RI sensing, the reference arm is kept 

isolated while the sensing arm is exposed to solutions to be detected. The signal deviation 

in the sensing arm induced by ambient RI changes the OPD of the MZI can be quantified 

by examining the variation in the interference pattern. 

Optical fibers can be configured to allow splitting and recombining of light in order 

to control their optical paths. Creating optical path difference between two modes in an 

optical fiber and eventually recombining them into a single mode, it is possible to 

construct sensors in optical fibers that are extremely compact and economic. The fiber-

optic MZIs are simple yet effective tools for measurement of ambient refractive index. 

 The long period gratings (LPGs) are the widely used RI sensors, where the shift in 

transmission spectrum generated by intermodal coupling between forward-propagating 

core and cladding modes is used for sensing applications [9, 10, 13]. To further enhance 

RI sensitivity, MZI has been constructed using a pair of long period gratings [78]. 

However, the gratings are often expensive and work only in a limited band(s) of 

wavelengths due to phase matching phenomenon of fiber gratings. Considerable research 
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work has been conducted to achieve alternative MZI configurations including core 

mismatch, use of multimode fiber segments or small core SMF in standard SMF, air-hole 

collapsing of PCF and fiber tapering [14]. Sensors based on PCF are attracting 

considerable attention because photonic crystal fibers show unique optical properties due 

to their periodic microstructure along fiber length [79]. The modal and light guidance 

properties of PCFs are appealing for ambient refractive index sensing. The first MZI 

using PCF was demonstrated by MacPherson et al. in 2001 [80]. Since then, PCF based 

fiber-optic MZI sensors in diverse structural configurations have been used in many 

sensing applications. MZI sensor in SMF-PCF-SMF configuration with sensing length 

of 3.5 cm to 5 cm has been demonstrated for RI sensor [81]. Li et al. have proposed PCF 

based MZI sensor with taper waist diameter down to 30 µm and sensing length of ~2.4 

cm to achieve RI sensitivity of 1600 nm/RIU [82]. Too much reduction in taper waist 

may reduce rigidity of the sensor and in point sensing applications sensor with shorter 

length is desirable. To keep the sensor length considerably small, acid etching of the PCF 

also has been reported [83, 84]. Chemical etching using hydrofluoric acid is probably not 

the best method for many laboratory setups. So, alternative approaches are required to 

achieve miniature MZI that has considerable sensitivity for ambient RI sensing. 

In this work, we present sharply tapered miniature PCF based MZI sensors that show 

high ambient RI sensitivity. The sensors are built by splicing small stubs of PCF between 

SMFs. The PCF is then tapered using a custom made tapering machine. Figure 4.1 

illustrates the two-step process involved in sensor fabrication. As shown in Figure 4.1(a), 

the basic MZI structure is constructed by splicing a small stub of PCF between standard 

SMFs. In the second step, the PCF is tapered while the SMFs on both sides remain 
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unchanged. During splicing, a small segment of PCF collapse that diffracts the 

fundamental core mode. As pointed out in Figure 4.1 (b), at first interface (SMF and 

PCF), the incident light spreads into both core and cladding of PCF and then recombine 

at the second interface (PCF and SMF). The core mode is confined in the core while the 

propagation characteristic of the cladding modes depends on the RI difference at 

cladding-ambient interface. Smaller diameter of the PCF allows the cladding modes to 

extend much closer to the ambient solution; hence, the sensor shows high sensitivity to 

any change of RI in the ambient environment. 

 

Figure 4.1 Schematic of the PCF based MZI sensor (a), and tapering of the PCF to 

enhance ambient refractive index sensitivity (b).  

4.2   Sensor Fabrication 

Figure 4.2 shows 3D model of the tapering machine used in this experiment. The fiber 

holders were mounted on servomotor driven linear stages that run with the resolution of 

1µm/pulse. The stages were attached on an adjustable linear stage that offers convenient 

fixturing of the fiber along X-axis. Hydrogen gas at pressures of 5 PSI and 20 PSI was 
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feed into the fixed orifice and converging/diverging nozzles, respectively to produce the 

flames. A fixed orifice nozzle with orifice diameter of 250 µm and a 

converging/diverging nozzle (inner and outer orifice diameters are 50 µm and 150 µm, 

respectively) were used to study the tapering performance. A ultra-violet camera was 

used to monitor the overall flame geometry. As shown in Figure 4.3, two flow meters 

were used to confine flames of fixed orifice nozzle and converging/diverging nozzle to 

the diameters of 3.5 mm and 1 mm, respectively. The nozzles were mounted on the Y-Z 

micrometer stage that facilitates easy flame adjustment relative to the optical fiber. A K-

type thermocouple was used to measure flame temperature. The temperature of the flame 

where fiber passes through was measured ~ 1100 °C. The whole tapering operation is 

automated using LabVIEW programing environment. A CCD camera was used to 

monitor in-situ tapering operation.  

A short length of single mode PCF was first fusion spliced between a lead-in and a 

lead-out SMF-28 fiber. The holey structure of the PCF has much lower softening point 

than that of SMFs, and thus at each splicing point the air holes of the PCF entirely 

collapse over a short length. In a typical splicing machine, the intensity and arc exposure 

duration of the fusion process can be tuned. This allows controlling the collapse length 

of the PCF at each splice point. 

The Fujikura (FSM 40PM) fusion splicer was used to splice standard SMF to PCF 

with an arc power of 10 bit exposed for 1500 millisecond. An average transmission loss 

of ~ 5 dB was observed during the splicing operation. Figure 4.4 (a) shows the splicing 

of SMF with PCF where a small segment of the PCF (156 µm) collapses due to the 

applied arc heat. The collapse region of the PCF splits the core mode into core and 
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cladding modes at first splice point and then recombines them at the next splice point to 

construct MZI configuration. Both the standard SMF and PCF are stripped off from 

polymer coating before fusion splicing.  In this case, the surrounding air acts as a low 

index cladding and confines the higher order modes within the PCF. 

 

Figure 4.2 Isometric view of the device used for tapering photonic crystal fiber 

(a) and the magnified image of the nozzle setup (b). 
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Figure 4.3 The flame geometrics achieved using particular torch nozzle designs. 

The nozzle with a constant orifice diameter of 250 µm provides a flame tip diameter 

of ~3.5 mm (a). The converging/diverging nozzle with an inner orifice diameter of  50 

µm and an outer orifice diameter of 150 µm provides a flame diameter of ~ 1 mm (b 

and c). 

In presence of the fixed orifice nozzle flame (Figure 4.3 (a)), two motorized stages 

pulled the PCF (initial length: 5 mm) over a length of 3 mm at a constant speed of 25 

µm/s. This provides the taper angle of 0.95°, waist diameter of 50 µm, and sensor length 

of 8 mm as shown in Figure 4.4 (b). The smaller flame diameter of the 

converging/diverging nozzle (Figure 4.3 (b & c)) produced taper waist diameters of 70 

µm and 65 µm when the fiber was pulled over a length of 1.5 mm with the speed of 35 

µm/s and 25 µm/s, respectively. Sensor lengths of the tapered PCF samples shown in 

Figure 4.4 (c) and 4.4 (d) are 4 mm and 3.88 mm, respectively. The taper angles in Figure 

4.4 (c) and Figure 4.4 (d) are 2° and 2.4°, respectively. Reduced fiber diameter and sharp 

tapering enable stronger mode interaction with the ambient solutions to enhance RI 
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sensitivity of the sensor. The taper diameter can be further reduced to obtain a greater 

sensitivity. The double nozzle flame configuration retains fiber symmetry during the 

tapering operation. Figure 4.5 shows the cross sections of the PCF at taper waist before 

and after tapering. No significant fiber deformation was observed after tapering as shown 

in Figure 4.5 (right). The transmission loss after the tapering operation was ~0.5 dB. 

 

Figure 4.4 Microscope images of the fusion splicing of PCF with standard SMF 

and the taper morphologies obtained using different tapering conditions. The air -

holes of the PCF collapse over a length of 156 µm at both splice points (a). The taper 

waist diameter of 50 µm with a taper angle of 0.950 ° is achieved using fixed orifice 

nozzle. Using the converging/diverging nozzle, the taper diameter of 70 µm with 

taper angle of 2.0 ° and the taper diameter of 70 µm with taper angle of 2.40 ° are 

achieved using tapering speed of 35 µm/s and 25 µm/s, respectively.  
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Figure 4.5 Cross sections of the PCF showing before and after tapering of the 

fiber using fixed orifice nozzle flame. The cross section of the tapered fiber  is taken 

at the waist region.  

4.3   Spectral Response 

The air-holes collapse length of the PCF at both splice points tailors the transmission 

spectrum of this interferometric device. Collapse length determines the amount of beam 

splitting at first splicing region. As shown in Figure 4.4 (a), the collapse length was found 

to be 156 µm when the splicing was done with an arc power of 10 bit and exposure time 

of 1500 millisecond. Let’s consider the evolution of propagating beam shown in Figure 

4.1 (b) as it travels from the lead-in SMF, through the PCF and finally to the lead-out 

SMF. When the fundamental SMF mode reaches the collapsed region of PCF it starts to 

diffract, and thus the mode broadens. For a beam centered at wavelength λ, with the initial 

spot size w0 (at the first SMF-PCF interface) broadens to a new size of w when it 

propagates a length l1 of the collapse region and is given by [85]: 

𝑤 = 𝑤0√1 + (
𝜆𝑙1

𝜋𝑛𝑓𝑤0
2)

2

       (Eq. 4.1) 
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where nf is the refractive index of the collapse region of PCF. For the center 

wavelength λ = 1.542 µm, collapse length of PCF l1 = 156 µm, index of collapse region 

nf = 1.444 and initial spot size w0 = 5 µm, the new spot size at the end of collapse region 

of PCF will be w = 11.72 µm. Therefore, at the end of collapse region, the PCF will be 

excited with a Gaussian beam of diameter 2w = 23.45 µm which is much larger than its 

core size. The combined effect of mode field mismatch and the modal characteristics of 

the PCF [86] excite certain core and cladding modes in the PCF that have different 

propagation constants [87]. Both modes propagate along the PCF and enter the second 

collapse region of the PCF. The collapse region causes further diffraction and finally the 

core and cladding modes recombine due to the filtering of the subsequent SMF. The core 

and cladding mode interfere and provide a transmission spectrum given by [88]: 

𝐼 = 𝐼𝑐𝑜 + 𝐼𝑐𝑙 + 2√𝐼𝑐𝑜𝐼𝑐𝑙𝑐𝑜𝑠(𝛿 + 𝜑0)      (Eq. 4.2) 

 

𝛿 = (2𝜋/𝜆) ∫ 𝑑𝑧
𝐼𝑐𝑜−𝐼𝑐𝑙

𝐿
       (Eq. 4.3) 

 

where I is the intensity of the interference signal, Ico and Icl are the intensities of the 

core and cladding modes, δ is the phase difference of the two modes, nco and ncl are the 

effective indices of the core and cladding modes. L and λ are the length of the PCF and 

operating wavelength, respectively.  

Typically, the MZI sensors are very sensitive to fiber bending, so the sensor was 

firmly fixed on a fiber holder. Then the fiber was coupled with a broad band light source 

(AFC BBS-1550), and a spectrum analyzer (PHOTONETICS Walics) to analyze the 

optical characteristics of the tapered PCF MZI. Figure 4.6 shows the transmission spectra 
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of the interferometer. The length and the waist diameter of the PCF were 8 mm and 50 

µm, respectively. The cladding mode becomes lossy as the taper waist diameter gradually 

decreases, because the transition region of the taper PCF is nonadiabatic [82]. 
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Figure 4.6 Transmission spectrum of the in-fiber MZI in SMF-Tapered PCF-SMF 

configuration. 

The MZI constructed using air-holes collapse typically displays sinusoidal 

interference spectra over a broad wavelength range. The fringe spacing (Δλ) of the MZI 

configuration is given by [89]: 

𝛥𝜆 = 𝜆2 (𝛥𝑛𝑒𝑓𝑓𝐿)   ⁄         (Eq. 4.4) 

 

where 𝛥𝑛𝑒𝑓𝑓 is the difference of effective refractive indices between the modes 

contributing in the interference, and L is the sensor length. Therefore, for a given 𝛥𝑛𝑒𝑓𝑓, 

the fringe spacing of the MZI sensor can be controlled using appropriate length of the 

PCF between the SMFs. Figure 4.7 shows length dependent fringe spacing of the MZI 
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for both untapered and tapered PCF. The fringe period of the untapered PCF 

interferometer gradually decreases as the length of the sensor increases. However, the 

fringe period dramatically decreases in tapered PCF interferometer with increase in 

sensor length as shown in Figure 4.7. A drastic increase in 𝛥𝑛𝑒𝑓𝑓 with the reduction of 

fiber diameter may explain this phenomenon. 
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Figure 4.7 Transmission mode fringe spacing of the PCF MZI as a function of the 

length of PCF. 

4.4   Refractive Index Sensing  

The refractive index sensitivity of the MZI is defined as the wavelength (𝜆𝑖) shift 

divided by ambient refractive index (𝑛𝑎) change [83]: 

𝑆 =
𝑑𝜆𝑖

𝑑𝑛𝑎
=

𝜆𝑖

𝑛𝑐𝑙−𝑛𝑐𝑜

𝜕(𝑛𝑐𝑙−𝑛𝑐𝑜)

𝜕𝑛𝑎
       (Eq. 4.5) 

 

The effective refractive indices of the core and cladding modes depend on the local 
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diameter of the tapered PCF. When the fiber diameter is large, 𝑛𝑐𝑜 is constant because 

the core mode is isolated from the ambient index. However, for tapered PCF, the ambient 

index (𝑛𝑎) alters the index of the cladding mode due to the interaction between the 

ambient solution (𝑛𝑎) and evanescent field of the cladding mode. Figure 4.7 shows that 

effective indices of the core and cladding modes depend on the fiber diameter. A decrease 

in fiber diameter increases the difference of effective refractive indices between core and 

cladding modes. This explains why fringe spacing dramatically decreases with increase 

in fiber length in the tapped PCF MZI. An increase in ambient index has greater impact 

on sensitivity enhancement according to equation (4.5).     

To compare the ambient RI sensitivities at different PCF diameters, Qiu et al. have 

introduced enhanced ratio which is the ratio of the sensitivities for fiber diameter < 125 

µm (tapered fiber) and untapered fiber [84]. Both fiber diameter and excited cladding 

modes modify the enhanced ratio. For a particular value of ambient RI, the enhanced 

ratios of several cladding modes were examined. The sensitivities of the cladding modes 

were found to show similar trend and rapidly increase with decreasing diameter of the 

PCF. For the PCF diameter of 80 µm, the RI sensitivity has been reported to increase 

almost 100 times.     

Both the untapered and tapered PCF interferometric sensors were characterized with 

different concentration of glycerin solutions at room temperature. To achieve 

characterization data, the devices were immersed in glycerin solutions of variable 

concentration. After each test, the sensor was thoroughly cleaned up before immersing it 

in subsequent higher concentrated glycerin solution. Figure 4.8 shows the wavelength 
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shifts due to the change of surrounding refractive index between the values of 1.3327 to 

1.4204. As the surrounding RI increases, the dip wavelength of the transmission wave 

experiences a red-shift. The tapered PCF based MZI clearly shows higher sensitivity 

compared to untapered PCF interferometer. It is evident in Figure 4.8 that sharper 

tapering over a short length of PCF offers greater sensitivity even if the taper waist 

diameter is relatively larger. Therefore, higher RI sensitivity can be achieved without 

losing considerable rigidity of the sensor structure. 
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Figure 4.8 The overall refractive index sensitivity plots for both untapered and 

tapered PCF based MZI sensor.  
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Figure 4.9 Elaborated refractive index sensitivity analysis of the MZI sensor 

(taper waist diameter: 50 µm, sensor length: 8 mm) for different index r anges of the 

solutions. The interferometer shows highest sensitivity of ~990 nm/RIU for RI range 

of 1.3917 to 1.4204 

The performance of the tapered PCF MZI is evaluated by its sensitivity which is 

defined as the amount of resonance wavelength shift divided by the change in refractive 

index of the solution that causes the spectral shift. To compare the RI sensitivities 

between the sensors (one with taper waist diameter of 50 µm and sensing length of 8 

mm, the other with taper waist diameter of 65 µm and sensing length of 3.88 mm) their 

RI responses shown in Figure 4.8 are divided into subplots in Figure 4.9 and Figure 4.10. 

The subplots show individual RI sensitivity of each interferometer for the ambient RI 

range of 1.3327 to 1.3634, 1.3634 to 1.3917, and 1.3917 to 1.4204. The subplots in Figure 

4.9 show RI sensitivity of 303.47 nm/RIU, 543.68 nm/RIU, and 989.82 nm/RIU within 

the RI range of 1.3327 to 1.3634, 1.3634 to 1.3917, and 1.3917 to 1.4204, respectively. 

The subplots in Figure 4.10 show RI sensitivity of 334.03 nm/RIU, 673.91 nm/RIU, and 

1426.70 nm/RIU within the RI range of 1.3327 to 1.3634, 1.3634 to 1.3917, and 1.3917 
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to 1.4204, respectively. Clearly, a sharper tapering over a shorter length of the fiber 

presents considerably higher RI sensitivity for given taper waist diameter. 

4.5   Conclusion 

We propose highly sensitive miniature RI sensor based on sharply tapered PCF MZI.  

The interferometer is constructed by fusion splicing of a small stub of PCF between 

SMFs and subsequent tapering of the PCF. The MZI sensor with taper waist diameter of 

50 µm and length of 8 mm shows the maximum RI sensitivity of ~ 990 nm/RIU, while 

the senor with taper waist diameter of 65 µm and length of 3.88 mm shows the maximum 

RI sensitivity of ~ 1427 nm/RIU. Therefore, the RI sensitivity of tapered PCF 

interferometers can be greatly enhanced by means of sharp tapering for a particular taper 

waist diameter. Similar PCF MZI sensor shows temperature sensitivity of ~8 pm/ °C [82] 

which is insignificant compare to its RI sensitivity. Low temperature sensitivity makes it 

an effective RI sensor.   
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Figure 4.10 Elaborated refractive index sensitivity analysis of the MZI sensor (taper 

waist diameter: 65 µm, sensor length: 3.88 mm) for different index ranges of the 

solutions. The interferometer shows highest sensitivity of ~1427 nm/RIU for RI range of 

1.3917 to 1.4204. 
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Chapter 5   Tapered Fiber-Optic Mach-Zehnder Interferometer for Ultra-

High Sensitivity Measurement of Refractive Index 

 

This paper was published in Journal of MDPI Sensors in 2019. 

Vahid Ahsani, Farid Ahmed, Martin B. G. Jun, and Colin Bradley. “Tapered Fiber-

Optic Mach-Zehnder Interferometer for Ultra-High Sensitivity Measurement of 

Refractive Index”, Sensors 2019, 19, 1652; doi:10.3390/s19071652 

Abstract 

A Mach-Zehnder interferometer (MZI) based fiber-optic refractive index (RI) sensor 

is constructed by uniformly tapering standard single mode fiber (SMF) for RI 

measurement. A custom flame-based tapering machine is used to fabricate microfiber 

MZI sensors directly from SMFs. The fabricated MZI device does not require any 

splicing of fibers and it shows an excellent RI sensitivity. The sensor with a cladding 

diameter of 35.5 µm and a length of 20 mm exhibits the RI sensitivity of 415 nm/RIU 

for RI range of 1.332 to 1.384, 1103 nm/RIU for RI range of 1.384 to 1.4204 and 4234 

nm/RIU for RI range of 1.4204 to 1.4408, respectively. The sensor reveals a temperature 

sensitivity of 0.0097 nm/°C, which is relatively low in comparison to its ultra-high RI 

sensitivity. The proposed inexpensive and highly sensitive optical fiber RI sensors have 

numerous applications in chemical and biochemical sensing fields. 

5.1   Introduction 

Fiber-optic refractive index (RI) sensors have attracted considerable attention for 

chemical and biochemical monitoring applications over the past few years [3, 4] because 

of their useful characteristics, such as: small size, high-resolution detection, excellent 
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aging characteristics, ability to operate in chemically hazardous environments, and 

immunity to electromagnetic noise. Many researchers have tried to enhance the 

effectiveness of optical fiber RI sensors by improving sensitivity [90], enhancing 

resolution [91], simplifying fabrication techniques [92], dropping cost [93], increasing 

the robustness of sensor structure [94], and reducing insertion loss [95].  

Gratings and interferometers are the two main configurations studied for fiber-optic 

RI sensing [5]. Although the long period gratings (LPGs) are one of the broadly used RI 

sensors [9-13], writing gratings are usually expensive and function only in narrow 

wavelength bands due to fiber gratings phase matching phenomenon. In-fiber 

interferometers such as Fabry-Perot interferometer (FPI), Michelson interferometer 

(MI), and Mach-Zehnder interferometer (MZI) have been introduced as alternative and 

viable approaches for RI sensing [14]. Also, the combination of interferometers and 

gratings has been reported in the literature; for instance, MZI has been constructed based 

on a pair of LPGs to increase RI sensitivity further [14, 15].  

Fiber-optic MZI sensors have been used in diverse monitoring applications including 

ambient RI [77, 96], temperature [97], pressure [98], torsion [99], and structural health 

[100] measurements. Recently, fiber MZI based RI sensing has gained considerable 

attention due to its enhanced sensitivity and fabrication simplicity. Alternative 

configurations for MZI sensors can be achieved utilizing various fiber types (such as 

multimode [14, 93, 101], microfiber [45], or photonic crystal fiber (PCF) [14, 47, 102]) 

or fabrication techniques (such as surface plasmon resonance (SPR) [91, 103, 104], core 

mismatch [14, 105, 106], and tapering [14, 107]). For example, concatenation of core-

offset section and SMF abrupt taper is suggested to form an MZI [108]. This sensor 
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revealed a relatively low RI sensitivity of 28.2 nm/RIU for a sensor length of 30 mm and 

its fabrication involved complex steps. In 2015, Zhao et al. [109] reported a 30 mm long 

all-fiber MZI-based RI sensor by splicing an SMF stub between two SMFs with small 

core offset at two splicing points. The fabricated sensor showed the RI sensitivity of 78.7 

nm/RIU in the range of 1.333 to 1.374 [109]. Although the fabrication process was 

simple and cost-effective, the reported RI sensitivity was relatively low. Another MZI 

sensor for RI measurement based on sandwiching and core-mismatched splicing of an 

SMF between two short sections of thin-core fibers was proposed by Rong et al. [105]. 

The maximum RI sensitivity of 159 nm/RIU for water-based solutions with an RI close 

to 1.33 was reported. In 2015, a PCF taper-based MZI for sensing changes in refractive 

index was presented with an RI sensitivity of 51.902 nm/RIU by Wu et al. [107]. The 

MZI sensor was fabricated by splicing a stub of PCF between two SMFs followed by 

PCF tapering. Such MZI configurations may not be feasible for many monitoring 

applications due to their weak mechanical strength and the use of expensive fiber. An 

inexpensive and simple to fabricate RI sensor with RI sensitivity of 158.4 nm/RIU based 

on two cascaded SMF tapers was demonstrated by Wang et al. in 2016 [110]. The 

fabrication of an MZI sensor for RI measurement from a long tapered single mode fiber 

was proposed by Yadav et al. [111]. The protein sensing device exhibited an RI 

sensitivity of about 1500 nm/RIU in the limited RI range of 1.3325 to 1.3377. 

In this work, we present an ultra-high sensitivity, easy to fabricate, inexpensive, and 

mechanically robust in-line MZI based RI sensor constructed by tapering an SMF. A 

customized flame-based tapering machine was used to achieve sharp taper transitions 

and a uniform long taper waist in an SMF to create the MZI structure. For a specific taper 
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waist length, the dependence of the sensor’s RI sensitivity on taper waist diameter 

(TWD) was investigated. In the RI range of 1.333 to 1.38, the RI sensitivities of 203 

nm/RIU, 230 nm/RIU, 250 nm/RIU, 292 nm/RIU, and 415 nm/RIU were achieved for 

sensors with TWDs of 62 µm, 51.5 µm, 49 µm, 40 µm, and 35.5, respectively. A 

maximum RI sensitivity of 4234 nm/RIU was attained in the RI range of 1.4204 to 1.4408 

for TWD 35.5 µm and taper waist length of 19.8 mm. 

5.2   Principle of Sensor Operation 

 

Figure 5.1 Schematic diagram of the internal structure of a microfiber MZI that 

was fabricated employing the long uniform tapering technique.  

Nearly adiabatic tapering (both in down-taper and up-taper region) of SMF was used 

to achieve the MZI configuration. Such down-taper region is shown excite at least a few 

leaky modes which then recombine with the core more at the up-taper region to produce 

an interference pattern [112]. Figure 5.1 illustrates the schematic of the long uniform 

tapered based Mach-Zehnder interferometer, which was constructed using an SMF. In 

the schematic, when light travels from the region (I) to (II), higher order modes are 

excited which travel along with the fundamental mode through the tapered region (III). 

Because of the significant difference between glass and air indices, the fundamental and 

higher order modes couple back together in the region (IV) to form an interferometric 

pattern. The resultant interference spectrum is described by the following formula [113]: 
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1 2 1 22 cos( )outI I I I I           (Eq. 5.1) 

 

where Iout, I1, and I2 are the intensities of the interference signal, core, and cladding 

modes, respectively.   is the phase difference between the core and cladding modes 

that can be described by the following equation: 

2
( )effn L





           (Eq. 5.2) 

 

where  is the light source central wavelength and L is the fiber uniform waist length. 

effn is the variance between the effective RI of the core and cladding modes: 

core cladding

eff eff effn n n           (Eq. 5.3) 

 

where 
core

effn and 
cladding

effn are the effective refractive indices of the core and cladding 

modes of the SMF, respectively. From Eq. (5.1) and (5.2), it can be found that the 

maximum transmission can happen when 2 ( ) / 2effn L m       (m is an integer). 

Therefore, the transmission signal shows peaks at the following wavelengths: 

( ) /m effn L m           (Eq. 5.4) 

 
cladding

effn  and effn will change if the RI of the solution being measured is differed. m

describes the m order shift of the interference spectrum and is given by: 

( )eff eff

m

n n L n L nL

m m m


   
          (Eq. 5.5) 

 

where n  is the change in the RI of the measurand solution. Thus, from Eq. (5.3), it 

can be seen that the variation of the transmission signal is a function of n when the 
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length of the sensor (L) is constant.   

5.3   Sensor Fabrication 

Figure 5.2 (a) displays the Computer Aided Design (CAD) assembly model of the 

customized flame-based tapering machine designed for the sensor fabrication. The 

enlarged image in Figure 5.2 (b) shows the shutter mechanism integrated into the system 

to provide a controlled heat deposition into the fiber that in turn offers an accurate 

geometry of the tapered profile. A pair of converging/diverging nozzles as shown in 

Figure 5.3 was used to generate a heated volume that had a length of about 0.8 mm along 

the direction of the fiber axis. hydrogen (99.99 % pure) at a pressure of 20 psi was fed 

into the nozzles to avoid pollution on the tapered fiber. The flame temperature was 

controlled to remain above the fiber’s softening point whilst keeping it below the glass’s 

melting point. For standard single mode fiber (SMF) the required temperature of 900 °C 

was maintained. After stripping and perfectly wiping the mid-section of an SMF with 

acetone, the fiber was clamped on two linear motorized stages. Travel distance, the speed 

of each stage, and delay time to open or close the shutter were set in the tapering control 

software independently. The tapering parameters were tuned and optimized to obtain 

several tapered waist diameters as shown in Table 5.1. 
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Figure 5.2 (a) Assembly model of the custom flame-based tapering machine and, 

(b) design of the sliding shutter mechanism to control heat delivery to the fiber, and 

(c) assembled custom flame- based tapering machine. 
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Figure 5.3 (a) Size of hydrogen flame used for long uniform tapering and, (b) the 

cross-section of the fabricated converging/diverging micro nozzle.  

 
Table 5.1 The manufacturing process parameters controlled to fabricate the 

sensors with a range of sensitivities.  

Pushing 

Speed 

(µm/s) 

Pushing 

Distance 

(mm) 

Pulling 

Speed 

(µm/s) 

Pulling 

Distance 

(mm) 

Shutter 

Open Delay 

(ms) 

Shutter 

Close Delay 

(ms) 

TWD 

(µm) 

25 5 100 20 2000 0 62 

25 3.5 140 19.6 2000 500 51.5 

30 3 195 19.5 2000 500 49 

25 2.2 225 19.6 2000 500 40 

25 1.8 275 19.8 2000 500 35.5 

 

The difference in the pulling and pushing speeds causes the fiber material to move in 

front of the flame and thus creates a long uniform taper profile. The generated sharp 

tapering angle split the core light into core and cladding light at the first transition region 

while the second transition re-combined these two beams of light into a core light. 

Therefore, because of the optical path difference (OPD) between core and cladding arms, 

an interference fringe was generated. Although the core mode is restricted in the core, 

the transmission properties of the cladding modes can change as a result of the RI 

variation at the cladding-ambient interface. Smaller fiber diameter enables the cladding 

modes to reach closer to the measurand solution. Therefore, this enabled sensors with an 

improved RI sensitivity to be fabricated. Figure 5.4 shows the left and right taper 

transition profiles and the uniform taper waist of 35.5 µm in the middle. 
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Figure 5.4 (a and b) SMF taper transition, (c) long uniform taper waist, (d) 

magnified image of the uniform taper waist.  

 

5.4   Results and Discussion 

Due to the high sensitivity of MZI sensors to fiber twisting, the sensor was thoroughly 

secured on two fiber clamps in the RI characterization setup. Subsequently, the fiber was 

connected to a broadband light source (AMONICS ASLD-CWDM-5-B-FA, Spectrum 

range: 1250- 1650 nm) and a spectrum analyzer (PHOTONETICS Walics, Resolution: 

0.02 nm, Spectrum range: 1450- 1650 nm), to study the optical characteristics of the 

tapered microfiber MZI. The schematic of the RI characterization setup is illustrated in 

Figure 5.5. The response of interference fringes due to ambient RI change was examined 

for the MZIs with fiber TWDs of 62 µm, 51.5 µm, 49 µm, 40 µm, and 35.5 µm. These 

sensors were characterized with glycerin solutions of various concentrations at a room 
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temperature of 22 °C. They were submerged in glycerin solutions of different RI ranging 

from 1.332 to 1.440 to achieve characterization data. After each step, sensors were 

thoroughly cleaned with acetone, before immersing them in an increasingly greater 

concentration of glycerin solution. Figure 5.6 illustrates the ambient RI dependent 

spectral response of the MZI sensor with the TWD of 35.5 µm. The interference between 

broadband core mode and narrowband cladding mode may give rise to the asymmetric 

spectrum as explained by Fano interference phenomenon [114]. The MZI structure that 

generates such transmission interference is also very sensitive to an external perturbation 

such as ambient RI change. This might explain why this sensor is ultra-sensitive to RI. 

 

Figure 5.5 Schematic diagram of experimental setup for refractive index 

characterization, OSA (Optical Spectrum Analyzer).  
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Figure 5.6 Spectral response of the MZI sensor with a 35.5 µm TWD to various 

concentrations of glycerin solution.  

Figure 5.7 displays the RI dependent wavelength shifts of three tapered MZIs with 

different TWDs. The plot also includes the absolute value of wavelength shifts due to 

ambient RI change of the RI sensor fabricated by splicing a microfiber (diameter: 40 µm) 

between a lead-in and lead-out SMFs. As the surrounding RI increases, a red-shift was 

observed in the MZI interference fringe. The performance of the microfiber MZIs were 

evaluated by their sensitivities which were interpreted as the ratio of resonance 

wavelength shift to the variation in solution refractive index. The microfiber MZI with 

smallest TWD (35.5 µm) was chosen and its elaborated sensitivity graphs plotted in 

Figure 5.8, which shows more details of RI sensitivity analysis. Three subplots were 

generated from Figure 5.6 for index ranges of 1.3327 to 1.3840, 1.3840 to 1.4204 and 

1.4204 to 1.4408 (Figure 5.8). 
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Figure 5.7 The spectral shift of the microfiber MZIs, with various waist 

diameters, due to changes in RI.  

 

Figure 5.8 Linearization of the MZI sensor ’s wavelength shift necessary to 

characterize sensitivity in three RI ranges. The characterized sensor has  a TWD of 

35.5 µm and taper waist length of 19.8 mm. The maximum RI sensitivity of ~ 4234 

nm/RIU in the RI range of  1.4204 to 1.4408 was achieved. 
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The effect of temperature cross-sensitivity needs to be considered in ambient RI 

measurement as the RI of most solutions changes with temperature variation. To 

determine the temperature response of the sensor configuration, an MZI sensor with a 

TWD of 35.5 µm and a length of 19.8 mm was placed in an oven for temperature 

characterization. The oven temperature gradually elevated from 25 °C to 65 °C in 5 °C 

increments. The correlation between the wavelength shift and the sensor’s temperature 

is shown in Figure 5.9. The temperature sensitivity of the MZI sensor is 0.0097 nm/°C. 

As a result, the RI measurement error, because of temperature effect, is approximately 

2.33 × 10-5 RIU/°C and, therefore, negligible.   

Figure 5.10 illustrates the effect of decreasing TWD (while keeping the taper waist 

length approximately constant) on RI sensitivity of the fabricated MZIs in various RI 

ranges. As the TWD decreases, the RI sensitivity of the fabricated MZIs increases 

nonlinearly. Microfiber MZIs with fiber diameters of 35.5 µm, 40 µm, 49 µm, 51.5 µm, 

and 62 µm were characterized for RI range from 1.3327 to 1.4348. 
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Figure 5.9 Temperature characterization of the microfiber MZI RI sensor with a 

TWD of 35.5 µm. 

 

Figure 5.10 The relation between spectral wavelength shift and fiber waist 

diameter for various microfiber MZIs with different TWDS.  

The results of the RI sensitivity analysis for microfiber MZIs with TWDs of 62 µm, 

49 µm, and 35.5 µm, over six different refractive index ranges are summarized in Table 
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5.2. 

Table 5.2 The RI sensitivity of three microfiber MZIs with various TWDs and 

constant taper lengths are shown for different RI ranges.  

RI Range 

 

 

TWD 

1.3327 to 

1.3767 

1.3767 to 

1.4063 

1.4063 to 

1.4348 

1.3327 to 

1.3840 

1.3840 to 

1.4204 

1.4204 to 

1.4408 

 

 

Microfiber MZI (62 µm) 

 

203 

nm/RIU 

290 

nm/RIU 

957 

nm/RIU 

NA NA NA 

Microfiber MZI (49 µm) 

 

277 

nm/RIU 

550 

nm/RIU 

1520 

nm/RIU 

NA NA NA 

Microfiber MZI (35.5 µm) 

 

NA NA NA 415 

nm/RIU 

1103 

nm/RIU 

4234 

nm/RIU 

 

5.5   Conclusion 

An easy and cost-effective fabrication of a fiber-optic MZI for ultra-high sensitivity 

RI measurement is proposed in this study. The MZI is constructed by tapering a standard 

SMF-28 fiber. Several MZIs, with constant taper length but different uniform TWDs, 

were fabricated to investigate the sensor’s structural influence on RI measurement. The 

MZIs with uniform TWDs of 62 µm, 49 µm, and 35.5 µm show the maximum 

sensitivities of 956 nm/RIU, 1520 nm/RIU, and 4234 nm/RIU, respectively. The MZI 

device shows a temperature sensitivity of 0.0097 nm/°C which is insignificant relative to 

its RI sensitivity. Since the fabrication of this sensor does not require any splicing, it is 

likely to have insignificant insertion losses and stronger mechanical properties compared 

to spliced microfiber MZI. Also, the high sensitivity characteristic of Mach-Zehnder 

interferometers makes them suitable for chemical, biochemical, and biological sensing 

in an aqueous environment. 
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Chapter 6   Conclusion, and Future Work 

6.1   Conclusion 

The research work presented in this dissertation comprises four peer-reviewed and 

published journal papers and one peer-reviewed conference paper. It provides a 

description of the research process that developed the design and fabrication of fiber-

optic sensors for measuring ambient refractive index changes within different RI ranges. 

The main objective of the research was to find alternative sensor configuration and 

fabrication techniques to construct optical fiber sensors, in particular MZIs, for RI 

measurement with high RI sensitivity, while keeping manufacturing cost and complexity 

low. 

Chapter 2 presented research on fabricating a sensor device that measures temperature 

and refractive index simultaneously. This work addressed the technical challenge of 

measuring ambient refractive index change of solutions while the ambient temperature 

varies. Fabrication of Mach-Zehnder interferometer using a short stub of single mode 

microfiber sandwiched between two standard single mode fibers was proposed. Fiber 

Bragg grating was then inscribed on the microfiber, using a pulse laser and the point-by-

point inscription method. The device’s compact sensor package was characterized as an 

RI sensor with various concentrations of glycerin solutions in the RI range of 1.33 to 

1.44. Testing of the sensor included a temperature characterization, to determine its 

temperature sensitivity. As anticipated, the FBG’s signal was not sensitive to ambient RI 

changes, while the MZI signal was sensitive to both ambient RI changes and temperature 

changes. Therefore, a systematic approach was suggested to properly use the sensor 

device as a temperature compensated RI sensor. The sensor package itself can also be 
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used to measure temperature and RI changes simultaneously. 

The work presented in chapter 3 builds upon the research explained in chapter 2. 

During the fabrication of Fiber Bragg Gratings on microfiber using a pulse laser, the 

question arose as to whether or not one can measure the amount of in-fiber refractive 

index change that occurs while the gratings are inscribed. This led to a study on designing 

and fabricating a cost-effective device to measure the amount of pulse energy that causes 

the in-fiber refractive index to change. Therefore, the novel idea of using an easy to 

fabricate MZI sensor that indirectly measures the amount of refractive index modulation 

caused by the femtosecond laser on the core of standard single mode fiber was pursued. 

That MZI device was fabricated using a small stub of SMF, which was spliced between 

lead-in and a lead-out SMFs with a slight core misalignment. The core and cladding of 

the single mode fiber were used as sensing and reference arms, respectively. The in-line 

fiber-optic MZI was firmly positioned on a 3-axis stage prior to the core index 

modification, to ensure that the tension on the fiber remained unaffected during the 

experiment. The fringe shift of the MZI, caused by the core index modification due to 

laser pulses, was used to indicate RI measurements. The measurement of RI change, as 

high as 0.01356 and as low as 0.000475, was demonstrated. These fabrication techniques 

provide a simple yet effective method for quantifying in-fiber effective RI changes. This 

research has the potential to provide a cost effective approach for estimating laser-

induced RI changes in optical fibers, which is indispensable for the design and fabrication 

of in-fiber photonic devices. 

Chapter 4 outlined the design and manufacturing of a custom flame-based tapering 

machine to be used in fiber-optic sensor fabrication. The machine was designed to cover 
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a wide range of tapering techniques. Photonic Crystal Fiber (PCF) was used as an RI 

sensing device. Various sensors with different lengths of PCF were constructed. For each 

sensor, PCF with a specific length was spliced between two standard single mode fibers 

in fabricating Mach-Zehnder Interferometers. The fabricated MZIs were then tapered, 

with different tapering conditions, down to various fiber diameters. This approach was 

applied to experimentally observe the performance of the tapered sensors during and after 

the tapering process. Cross sections of the fabricated tapered PCF-MZIs were observed 

under an optical microscope, to ensure that the array of air holes along the PCF were 

preserved during and after the tapering process. The manufactured sensors were 

characterized with an array of glycerin solutions with different concentrations, ranging 

from 0% to 80% in 5% increments and from RI of 1.33 to 1.42, respectively. The MZI 

sensor with a taper waist diameter of 50 µm and a length of 8 mm recorded the maximum 

RI sensitivity of ~ 990 nm/RIU in the RI range of 1.3917 to 1.4204, while the senor with 

taper a waist diameter of 65 µm and a length of 3.88 mm revealed the maximum RI 

sensitivity of ~ 1427 nm/RIU over the same RI range. It was reported that the RI 

sensitivity of tapered PCF interferometers can be greatly enhanced by means of sharp 

tapering for a particular taper waist diameter. Because similar PCF MZI sensors have 

shown the low temperature sensitivity of ~ 8 pm/ 0C, it can be concluded that the 

fabricated sensor can be reliably used as an effective, highly sensitive RI sensor in 

various chemical and bio-chemical applications. 

The work presented in chapter 5 continued the research shown in chapter 4. The 

custom and unique tapering machine designed and developed through the present 

research was utilized to fabricate an easily produced and cost-effective fiber-optic MZI 
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for ultra-high sensitivity RI measurement. The proposed MZI sensor was constructed 

using only one piece of single mode fiber, sharply and uniformly tapered. The machine 

was controlled so that it could perform nearly adiabatic tapering (both in down-taper and 

up-taper regions) of an SMF, to achieve the desired MZI configuration. The integration 

of the converging/diverging nozzles to generate a heated volume, which had a length of 

about 0.8 mm along the direction of the fiber axis, and the accurate ceramic shutter 

mechanism into the system provide a controlled heat deposition into the fiber that in turn 

offers an accurate geometry of the tapered profile. Equivalent levels of accuracy are 

usually only provided by commercial laser-based or arc-based tapering machines. The 

effect of different taper waist diameters (TWD) on the ambient RI sensitivity of various 

SMF MZIs with a fixed length of about 20 mm were investigated. The fabricated SMF 

MZI sensors with TWDs of 62 µm, 51.5 µm, 49 µm, 40 µm, and 35.5 µm were 

characterized for RI sensing with glycerin solutions of various concentrations at a room 

temperature of 22 °C. The MZIs with uniform TWDs of 62 µm, 49 µm, and 35.5 µm 

showed maximum sensitivities of 956 nm/RIU, 1520 nm/RIU, and 4234 nm/RIU, 

respectively. The MZI device shows a temperature sensitivity of 0.0097 nm/°C, which is 

negligible in comparison to its RI sensitivity. Considering the fabrication of this sensor, 

which does not require any splicing, it is likely to have only insignificant insertion losses 

and stronger mechanical properties when compared to spliced microfiber MZIs. Further, 

the ultra-high RI sensitivity of the proposed Mach-Zehnder Interferometer makes it 

suitable for chemical, biochemical, and biological sensing in aqueous environments. 
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6.2   Future Work 

Future research work that could extend and complement results presented in this 

dissertation may include the following topics: 

 Other fiber-optic types, such as Multimode Fibers, can be used to fabricate 

Mach-Zehnder Interferometers while integrating tapering processes with sharp 

tapering angles. 

 Simulation of the tapering process presented in this dissertation to better 

understand the effect of each parameter that is involved. 

 Modeling the effect of tapering angle on the mode field mismatch and the 

modal characteristic of the tapered fiber with sharp tapering angle could 

uncover the most effective tapering angle. Consequently, the full with at half 

maximum (FWHM) of the transmission valley of an MZI determines the 

resolution of sensing as the resolution is inversely proportional to FWHM. 

 Investigating the effect of tapering hollow-core photonic crystal fiber (HC-

PCF) for fiber-optic MZI fabrication. In particular, observing the potential 

geometry deformation of the hollow core. 

 Studying the fabrication challenges of the tapered MZI sensor with Bragg 

grating for fabrication of a temperature compensated and highly sensitive 

refractive index sensor.  

 Investigating the idea of using ceramic rings instead of nozzles and flames to 

heat up the optical fiber. This can provide a more uniform heat deposition into 

the optical fiber, thus more uniform taper profiles could be achieved. 
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Abstract 

A dual flame-based tapering system is designed for optical fiber sensor’s 

development. Micro-scale converging/diverging nozzles with various hole diameters 

(i.e., 75 µm outside and 30 µm inside) are laser machined using a 120 femtosecond laser 

to offer miniature flames. Such a flame is ideal for very short tapers with an adiabatic 

condition and uniform taper waist geometry. Since the hot zone is shrunk and its width 

is reduced to about 800 µm, the necessity of having two flames to ensure the satisfaction 

of the above-mentioned conditions for tapering can be predicted. A sliding shutter 

mechanism is designed and integrated into the system to provide better control over the 

transferred heat from the flame to the fiber. The shutter is made out of ceramic plates and 

actuates with a HiTEC HS-7235MH servomotor. This servomotor can open and close 

the shutter in less than 400 ms. Results of interference-based optical fiber sensor tapering, 

to increase the sensor sensitivity, are discussed. 

1.     Introduction 
 

Different types of tapering machines have been developed and investigated [25, 26]. 

They are mainly categorized into arc-based [27-29], laser-based [30, 31], and flame-
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based machines [32-34]. Each design has its advantages and disadvantages. Arc and laser 

can provide a minuscule and fixed heating volume, which leads to the small tapering 

region, thus limiting fabrication of different sensor configurations [28, 29]. Heating the 

fiber with a laser beam is neither easy nor cheap [31, 35]. Another limitation with arc 

and laser based tapering machines is temperature measurement and control [26, 36], 

which is a crucial parameter for an adiabatic tapering. To make an adiabatically tapered 

fiber and reduce the amount of losses, perfect control over the generated heat is required 

[37]. The temperature of the heating volume can be measured by a thermocouple with an 

excellent accuracy when heated by torch [38]; however, this simple measurement is not 

feasible in an arc and laser based tapering machines [27, 39]. Another specific limitation 

of CO2 laser-based tapering machines is the complexity of directly heating the fiber when 

its diameter is less than 1 µm because of the inverse square relationship between fiber 

radius and heating for a CO2 laser [40]. This issue can be resolved by using a flame heat 

source, which has an inverse relationship with fiber radius. Thus fibers can be tapered 

down to smaller diameters with flame-based tapering machines [41, 42]. Controlling the 

temperature gradient and fiber geometry are the challenges when tapering fibers below 

1 µm, due to the turbulence of the flame and convection [19]. It is even more challenging 

when miniature tapering with a flame smaller than 1 mm or tapering using oscillating 

flame is performed [40]. 

There are three main configurations in which flame-based tapering machines are 

typically set up for optical micro- or nanofiber (MNF) fabrication. (i) Stacked pulling 

stages with a fixed flame [34], (ii) independent pulling stages with a fixed flame [43], 

and (iii) independent pulling stages and an oscillating flame [33, 44]. The schematic of 
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these flame brushing rigs is presented in Fig. 1. 

In this work, we present the development of a dual flame tapering system with micro-

scale nozzles. A shutter mechanism with millisecond-scale actuation time is integrated 

into the system to provide better control over the transferred heat to the optical fiber. The 

current design of the machine provides the capability for an adiabatic and uniform 

tapering of optical fibers with a broad range of length (from 0.8 mm to a couple of 

centimeters). 

2.     System design and control 

 

2.1 Design Overview 

After reviewing the tapering machines, in particular, the flame-based ones  [40], the 

parameters for design and development of a unique flame-based tapering machine, which 

has the capability to taper fiber with wider ranges of taper lengths has been identified. 

Therefore, the machine was designed to enable simple nozzle exchange, and various 

nozzles were developed and machined to have different flame sizes. Moreover, a novel 

flame shutter mechanism was designed and integrated into the system to provide an 

excellent accuracy in the geometry of tapered profile when tapering very short length of 

fiber. 

The machine has two linear-motorized stages TSDM60-20X that provide a resolution 

of 1 µm/pulse. Two fiber holders were mounted on these stages to hold the fiber securely. 

In this design, it is vital to be able to position different torches properly in the X, Y, and 

Z directions. Therefore, a micro-positioning stage was used to position torches in the Y 

and the Z directions. The designed torch-clamp provides the alignment in the X direction. 
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Besides, another micro-positioning stage was used to finely adjust the focal position of 

the PointGrey FL3-U3-13E4 CCD camera and its zoom lens in the Z direction (see Fig. 

2). 

 

Fig. 1. (i) Stacked pulling stages with a fixed flame, (ii) independent pulling stages with a fixed 

flame, and (iii) independent pulling stages and an oscillating flame. 
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Fig. 2. (a) Manufactured flame-based tapering machine, and (b) 3D model of the designed 

machine. 
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2.2  Nozzle Design 

Various torches have been designed to offer several flame sizes. The only difference 

in their designs is the orifice size. Two nozzles with the orifice diameters of 280 µm and 

400 µm were designed. Moreover, converging/diverging nozzles with a different 

combination of inside and outside hole diameters from 30 µm (the smallest) up to 150 

µm (the largest) were designed and machined using femtosecond laser. It can be seen 

how fast and easy one can change nozzles and tune the machine for new flame conditions 

when considering the design of the system. Fig. 3 shows some of the manufactured 

nozzles. The smallest flame was achieved using a converging/diverging nozzle with an 

inside and outside orifice diameters of 30 µm and 75 µm respectively. Clean hydrogen 

was supplied into the nozzle to avoid pollution on the tapered fiber. Hydrogen at the 

pressure of 20 psi was injected into the tubes and nozzles. The width of the resultant 

flames of two nozzles at the heating zone, where fiber is positioned, was measured about 

0.8 mm. 
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Fig. 3. (a & b) Smallest laser machined inside and outside holes with a diameter of 30 µm and 

75 µm respectively, (b) (c) cross section of the converging/diverging nozzles, and (d) cross section 

of the fixed orifice nozzle (solid stream nozzle).  

Fig. 4 shows a flame comparison between two nozzle designs. The flame temperature 

was controlled to exceed the softening point of fiber while it was not passing the melting 

point. For standard single mode fiber (SMF) and photonic crystal fiber (PCF), the 

required temperature of 900 °C and 1100 °C was found respectively for an adiabatic 

tapering. 

 

Fig. 4. (a) Flame with the fixed orifice nozzle, and (b) flame with converging/diverging micro 

nozzle. 

2.2 Shutter Design 

A novel deign aspect of this tapering machine is the flame shutter. It was determined 

that in order to have precise control over heat delivery, which is a critical parameter to 

taper fibers with low losses and uniform geometry, it is crucial to be able to turn on and 

off the heat in milliseconds. However, it was also found that because of micro-scale 

orifice sizes, that lead to a very small gas flow rate in the nozzle, it is impossible to shut 

down the flame in less than a few seconds. Therefore, a shutter mechanism was designed 

with ceramic plates that can slide back and forth to block and release the flame to the 

fiber. It is actuated by a HiTEC HS-7235MH servomotor to provide precise timing 
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control for turning on and off the heat. Fig. 5 illustrates some of the shutter components. 

The shutter was integrated into the main control algorithm such that user can specify 

the opening and closing time of shutter independently. The opening time (delay) 

determines how many milliseconds before the pulling process starts the shutter will be 

opened and the closing time (delay) controls how many milliseconds before the pulling 

process stops the shutter will be closed. It can be observed that this is an important 

advantage especially for cutting the flame because it significantly reduces the fiber sag 

due to its weight. Therefore, cutting the flames a few milliseconds before the pulling 

process stops, provides a uniform taper and avoids bending of fiber because of 

gravitational force. Also, the significance of having the flame shutter is revealed when 

multi-cascade tapers are required periodically. Controlling the transferred heat with the 

shutter can provide an outstanding consistency in the geometry of the taper profiles. 

 

Fig. 5. Shutter mechanism and its components. 
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2.2 LabVIEW control and run sequence 

A LabVIEW program was developed to control the tapering process. This program 

communicates with GSC-02 two axis stage controller from OptoSigma to send velocity, 

acceleration, position, and direction of rotation commands and to receive feedback about 

the current stage position while simultaneously controling the shutter servomotor via NI 

USB6001 DAQ. When the program runs, stages go to their home position waiting for a 

command to start. All the required parameters have to be set up by the user prior to 

selecting one of the tapering algorithms. For a conventional tapering velocity, 

acceleration, displacement of each motor, and shutter opening and closing time delay 

have to be selected and followed by hitting the run bottom. 

3.     Results and Discussion 

 
Fig. 6 shows the tapered PCF Mach-Zehnder interferometer (MZI) sensors with 

various tapering angles. Tapering this type of fiber is challenging because of it is 

structure, which consists of an array of micron diameter air holes through the length of 

fiber. It is vital to preserve the air holes geometry and avoid collapsing any hole. 

Therefore, the importance of tapering under an adiabatic condition can be seen. Fig. 7 

depicts the cross section of the PCF fiber before and after tapering. As can be seen, the 

holes are intact after tapering. 

The fabricated MZI sensors for refractive index (RI) sensing were characterized by 

numerous RI values. The untapered MZI sensor showed a maximum RI sensitivity of 

about 172 nm/RIU between RI range of 1.3917 to 1.4204 while the tapered MZI sensor 

with the taper waist diameter of 50 µm and final sensor length of 8 mm had RI sensitivity 

of approximately 990 nm/RIU over the same RI range. The sharply tapered MZI sensor 
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with the waist diameter of 65 µm and final sensor length of 3.8 mm revealed the 

maximum sensitivity of about 1427 nm/RIU over the same RI range [96]. Fig. 8 describes 

the characterization results. Also, it can be noticed that the MZI sensor with larger taper 

waist diameter and sharper tapering angle showed higher RI sensitivity; although, in 

general the smaller the taper waist diameter, the higher the RI sensitivity. This result 

proved the significant impact of tapering angle on RI sensitivity of PCF MZI sensor. 

Therefore, miniature flames are required to taper fibers with sharper tapering angle. 

 

Fig. 6. (a) MZI sensor with the taper waist diameter of 50 µm and a taper angle of 0.950, (b,c) 

the taper diameter of 70 µm with a taper angle of 20 and the taper diameter of 70 µm with a taper 

angle of 2.40 were achieved using converging/diverging nozzles. 
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Fig. 7. Cross sections of the PCF showing before and after tapering of the fiber using fixed 

orifice nozzle flame. The cross section of the tapered fiber is taken at the waist region. 

Fibers with various uniform waist diameters have been fabricated using the flame 

brushing technique. In this method, fiber is pulled from both ends while an oscillating 

flame heats a portion of the fiber. The limitation is the length of the hot zone generated 

by traveling flame because uniform heat distribution is essential for an adiabatic tapering. 

A process was developed to overcome this limitation by heating the fiber very locally 

with dual miniature flames while one stage pulls and the other one pushes the fiber at 

different rates. The more the motors can travel, the longer the length of microfiber. Fig. 

9 displays the initial result of 20 mm microfiber fabrication. 
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Fig. 8. The overall refractive index sensitivity plots for both untapered and tapered PCF based 

MZI sensor 

 

Fig. 9. (a) 20 mm Microfiber fabrication using "pull and push" method, (b) image of the same 

fiber with higher magnification. 

 

4.     Conclusion  

 
In conclusion, we have shown the design and development of a unique flame-based 

tapering process that is capable of tapering optical fibers with a very short taper length. 

The machine was designed to work with two torches for miniature tapering. A PCF MZI 

sensor with initial length of ~ 2 mm that was fabricated by fusion splicing between two 
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stubs of SMF was tapered down from 125 µm to 65 µm. Its RI sensitivity increased about 

44% compared to the one with initial sensor length of ~ 6 mm. An array of micro nozzles 

with various hole sizes thus many flame sizes was laser machined using a 120 

femtosecond laser. A novel shutter mechanism was designed and incorporated into the 

process to provide an exceptional heat control. Besides, microfibers with uniform waist 

diameters were fabricated without oscillating the flame underneath the fiber. Instead, one 

stage pushed the fiber and the other one pulled it at a different rate, while two narrow 

flames were generating a pointy hot zone. 
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