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Abstract 

 

H2O has long been an elementary compound that we would like to know its concentrations 

in different kinds of chemical mixtures. There are many kinds of measurements that can do 

this well, but in this work, we are focusing on building our own system for H2O detection 

by using a Cavity Enhanced Absorption Spectroscopy (CEAS) method. 

 

A typical CEAS system is usually made up of a light source, a resonant cavity and an 

optical detector. The development of CEAS starts in gas phase detection, and it has been 

developed to liquid and solid phases in the recent decades. The detection limit is not able 

to match up that of gas phase sensing due to higher optical loss, but it makes a new method 

for condensed phase detection in low concentrations. The sensing device can be simple, 

and by using a fiber loop in this work, we are able to build a robust liquid phase 

spectrometer. 

 

A supercontinuum is used as the light source in this project. It is a broadband light source 

that is generated from a simple narrowband laser beam. The laser we use is a Q-switched 

1064 nm infrared laser, and the supercontinuum we get can cover the region between 600 

and 1600 nm. A supercontinuum can have the same characteristics as the pump laser such 

as spatial coherence and high power, and it can cover a wider spectral range at the same 

time. 
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Several liquid phase sensors are built to perform sensing of H2O in different liquids, and 

each sensor is tested for its stability and detection limit. Fiber tapers, side-polished fibers 

and a mirror reflection device are tested in this project. Every sensor has some unique 

properties and its own advantages and limitations. 

 

The main liquid samples we test begin with solutions of H2O in D2O. These inorganic 

samples allow us understand the detection ability of our system and its signal to noise level. 

After that some organic samples are tested, and here H2O concentration is the main interest 

as well. Several organics with low H2O solubility are tested and results show a slightly 

higher noise level for them but some absorbance can also be found in the spectra. 
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Chapter 1: Introduction of Cavity Enhanced Absorption 

Spectroscopy (CEAS), Cavity Ring-down Spectroscopy (CRDS) 

and Supercontinuum 

 

Cavity Ring-down Spectroscopy (CRDS) [1] and Cavity Enhanced Absorption 

Spectroscopy (CEAS) [2] are well developed in the recent several decades as methods of 

high sensitivity spectroscopy measurements. They were first developed in gas phase 

sensing [3-5], and further expanded to liquid and solid phases in recent decade. [6, 7] CEAS 

and CRDS methods are famous for their simple setup, fast sensing and high sensitivity. In 

gas phase sensing, these techniques can easily reach a part per billion or even part per 

trillion level [5]. It is usually worse for liquid phase sensing due to lower reflectivity and 

thus shorter sample sensing optical path length and larger scattering losses, but a relatively 

high sensitivity can still be achieved [6]. In this project, the work is done on building a 

liquid phase CEAS sensing device in the near infrared region. 

 

1.1 Cavity Ring-down Spectroscopy (CRDS) 

The Cavity Ring-down spectroscopy (CRDS) was first developed for trace gas detection 

by O’Keefe and Deacon in the late 1980s. [1] After rapidly developing for several decades, 

this technique has grown to a very mature method in gas phase detection and is no longer 

limited to research labs; development of portable devices has made it possible for it to work 

anywhere. [5] A simple CRDS spectrometer schematics is shown in Figure 1.1. The basic 
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idea of the CRDS method is to use two high reflective mirrors (usually >99.9% reflectivity) 

to create an optical cavity. When the mirrors form a stable optical cavity, a high intensity 

pulsed light is introduced into the cavity, it will reflect between the two or more mirrors to 

increase the optical path. When the input light is over, an exponential decay can be 

observed on the output light intensity to create a so-called “ring-down”. A time constant of 

the decay is defined as the “ring-down time” and is usually represented by 𝜏. It is the time 

it takes to reach 1/e of the maximum output intensity. The ring-down time is inversely 

proportional to the loss of the optical cavity, so if an absorbing gas is introduced into the 

cavity, the absorbance would make the cavity loss increase so the ring-down time is 

reduced. The ring-down time change will allow us to have a precise quantitative 

measurement of the optical extinction for a sample inside the cavity. 

 

Although CRDS theories were first built on pulsed laser input [1] and the laser beam has 

to be cut for the intensity inside cavity to decay and form a “ring-down”, continuous-wave 

(CW) lasers do help on CRDS sensing in some other ways. CW lasers are easier to find 

and operate, less expensive and usually safer than a pulsed laser with similar output power. 

Figure 1.1: Schematic of a ring-down cavity and ring-down signal 
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More importantly, using a CW laser can help to more selectively excite the ground mode 

(TEM00) of the cavity, thus to minimize the influence from higher order cavity modes on 

the ring-down signal. A more stable signal gives more stable ring-down time so that the 

measurement is more sensitive because of less fluctuation on the ring-down time (Usually 

ring-down times for high order cavity modes are lower than that for the ground mode). 

Nowadays, almost all CRDS works are using CW lasers as their light sources. [8-10] 

 

Because of its high sensitivity and robust and simple setup, the CRDS technique has been 

developed and widely used in more and more regions ever since it has been demonstrated. 

Examples like environmental detection [11], human health monitoring [12] and fast or 

simultaneous measurements [3] show that it has a very wide application range. There are 

commercial CRDS spectrometers on sale from several manufactures like Tiger Optics [13] 

and Picarro [14]. Now with the development of CRDS in smaller setups [3] and even to 

condensed phases [6] other than gaseous detection, this technique may have much broader 

application prospects. 

 

To show how to get a ring-down decay, we will consider an optical cavity with total length 

L and two mirrors with reflectivity R, and ignoring higher order cavity modes to start with 

[15]:  

 𝐼(𝑡) ∝ ∫
0

∞
𝐼0(𝜐)exp [−

𝑡

𝜏(𝜐)
]𝑑𝜐 (1.1) 

Where 𝐼0(𝜐) is light intensity when the pulse laser ends and 𝜏 is the ring-down time. 
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The ring-down time is related to the loss inside a resonant cavity: 

 𝜏(𝜐) =
𝑑

𝑐{|ln[𝑅(𝜐)]| + ∑𝑖𝜎𝑖(𝜐)∫
0

𝑙
𝑁𝑖(𝑥)𝑑𝑥}

 (1.2) 

Where c is the speed of light in the cavity and d is the separation of the two mirrors, here 

will be equal to l. The reflectivity of the mirrors is usually higher than 0.99, so it is 

reasonable to estimate that |ln 𝑅| = 1 − 𝑅. 𝜎𝑖(𝜐) is the frequency-related absorption cross 

section and ∫
0

𝑙
𝑁𝑖(𝑥)𝑑𝑥 stands for a number density of the absorption species. Since the 

frequency is usually narrow and number density is homogeneous inside cavity, the ring-

down time can be written as: 

 𝜏(𝜐) =
𝑑

𝑐[(1 − 𝑅) + 𝛼(𝜐)𝑑]
 (1.3) 

Where 𝛼 is the molecular absorption coefficient of the absorbing species (usually with a 

unit of cm-1). 

 

Thus for a ring-down decay at a certain frequency, it can be written as: 

 𝐼(𝑡) = 𝐼(0) exp [−
𝑡

𝜏
] (1.4) 

And if we compare ring-down times with and without sample species, the absorption 

coefficient of a sample can be written as: 

 𝛼(𝜐) =
1

𝑐𝜏(𝜐)
−

1

𝑐𝜏0(𝜐)
 (1.5) 

Where 𝜏0 is ring-down time for empty cavity and 𝜏 is ring-down time with sample. 

Furthermore we are able to get the absorption cross section to be: 

 𝜎𝑖(𝜐) =
𝛼(𝜐)

𝑁𝑖
 (1.6) 
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It is easy to see from (1.5) that the absorbing feature of a specific species is only dependent 

on the ring-down time, which helps to minimize the influence from intensity fluctuation 

and optical loss outside the cavity resonator. The elimination of most noise in a 

spectroscopy measurement makes the final result more accurate in CRDS. 

 

1.2 Cavity Enhanced Absorption Spectroscopy (CEAS) 

The Cavity Enhanced Absorption Spectroscopy (CEAS) has almost the same working 

theories as a CRDS. [16] It starts with an optical cavity and two high reflective mirrors as 

well, so we are able to enhance the detection limit by making a high optical path length. 

The main difference between a CRDS and a CEAS is that in a CEAS detection, we usually 

measure an output spectrum directly by intensity in a wavelength range while in a CRDS 

the measured intensity is converted to a ring-down time. Instead of calculating a ring-down 

time for a single wavelength, we can get an absorption character for one or several samples 

in a wider spectral range we want to know at the same time. By Beer’s law, an absorption 

coefficient can be calculated at every wavelength point we are interested in. 

 

The Beer’s law is the main equation we use in a CEAS detection: 

 𝐼 = 𝐼(0) exp [−∑𝑖σ𝑖∫0

𝑙
𝑁𝑖(𝑥)𝑑𝑥] (1.7) 

Or:  

 𝐴 = − log [
𝐼

𝐼(0)
] = ∑𝑖σ𝑖∫0

𝑙
𝑁𝑖(𝑥)𝑑𝑥 (1.8) 

With a homogeneous sample species we can get the simplest Beer’s law: 
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 𝐴 = ∑𝑖σ𝑖𝑁𝑖𝐿 = − log [
𝐼

𝐼(0)
] (1.9) 

Where σ𝑖 is the molecular absorption cross section, 𝑁𝑖 is the number density and L is 

path length of light in the samples, and A is the total absorbance. 

 

Compared to a CRDS, the advantage of a CEAS measurement is obvious, however, the 

limitation of it is also easy to find. In a CRDS method, the final calculation gives us a ring-

down time as the character to show the sample properties, but in a CEAS test, the main 

character changes to optical intensity itself. It is a more straightforward character but the 

intensity is usually not a very stable output. Power fluctuation, loss variation in the setup 

or other intensity random shifts can make the final output intensity fluctuates from time to 

time. The CRDS can get rid of this problem by detecting ring-down time instead of direct 

intensity but CEAS does not have such a character so intensity fluctuation is a point we 

need to think of in this project. 

 

Based on its unique characteristics in spectroscopic measurements, there are many areas 

where CEAS methods can be useful. In some recent works, some incoherent light sources 

are used [17, 18], while in others there are requirements of multiple species or multiple 

wavelength detections simultaneously [19, 20]. When expanded to liquid or solid phase 

detections, CEAS has its unique advantages in more aspects such as detection of refractive 

index [21] and microfluidic chip measurements [22] which demands only very little sample 

volume. In this work, we are using CEAS method to do liquid phase detections because a 
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broadband light source is put in use. Here we will briefly demonstrate how CEAS can be 

adapted in liquid phase sensing. A whole description of how our system is designed and set 

will be fully introduced in Chapter 2. 

 

1.3 Expansion of CRDS and CEAS Techniques to Condensed Phase 

The applications of CRDS and CEAS methods in gas phase have been well developed in 

the recent decades, and it has expanded to liquid and solid phases in the most recent decades 

[23]. Some unique optical cavities are designed to make them work in different 

circumstances. The ideas of using Brewster angle or total reflection have significantly 

expand the region where these techniques can make into use. 

 

For condensed phases, the cavity design is separated to two main methods. The first one is 

to build a cavity similar as in the gas phase. A typical design is to build a gap on a single-

mode fiber, and to fill the region between with the liquid species in a cuvette [24], or a 

waveguide [25] put between the fiber ends to work as an optical cavity. Such designs are 

very easy to realize but sometimes they can be unstable since the samples and fiber 

components are exposed outside and easy to be influenced by surrounding environments. 

High optical loss is another issue. Components like a cuvette sometimes have low 

reflectivity on their walls which can further lower the total reflectivity. The finesse for a 

liquid phase cavity is usually not as high as one built for gas phase. In this case for 

condensed phase CRDS and CEAS, the optical path length or ring-down time is always 



8 

 

much smaller than gas phase devices. 

 

 

The second design is to remain in an intact optical fiber that no gaps or etches are formed 

on it. In this kind of designs evanescent wave spectroscopy (EWS) [26-28] is usually the 

simplest way to make the whole system work. As show in Figure 1.2, when a light is 

travelling inside an optical fiber in total reflection, a portion of the light can still be exposed 

outside the core of the fiber. The percentage of the exposed light is related to the distance 

to the core and the total reflection angle. Theoretically, if the cladding of a fiber can be thin 

enough to less than 1 micron, a considerable amount of the light can be exposed in a region 

within a few microns outside the fiber. The evanescent field area (so called penetration 

depth into the cladding or surround region) also varies for different fiber components. We 

will further demonstrate this in details in Chapter 3. 

Figure 1.2: Schematic of evanescent field sensing. When a light is travelling in a fiber 

core in total internal reflection, there will electromagnetic field in a region around the 

fiber core. It is called the evanescent field and it usually spread from nanometers to 

micros away from the core. 
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Based on the EWS, the smaller incident angle and the closer to the fiber core, the more 

evanescent intensity will be detected [29]. Thus, several liquid phase CRDS and CEAS 

sensing methods are developed aiming at making claddings thinner on an optical fiber. 

Side-polished fibers [30] and fiber tapers [29] are two typical examples of them. They both 

have their own strong points but some limitations as well. A side-polished fiber is made by 

removing cladding of a fiber from one side to near its core, while a taper is made by heating 

and pulling a fiber to make a tapered region so both the core and cladding will be thinner. 

In this work, we tried to perform some experiments on both sensors and to compare their 

sensing abilities. The structure and some measurement results on side-polished fibers and 

taper sensors will be further described in chapter 3. 

 

1.4 Supercontinuum and Photonic Crystal Fiber (PCF) 

In order to build a simple but stable CEAS apparatus, a stable and high intensity light 

source is in need. In this project what we choose is a supercontinuum [31, 32]. A 

supercontinuum is a broadband light source that is generated from a narrowband laser 

source. It is called a supercontinuum because it has a very broad wavelength coverage. Our 

self-generated supercontinuum can cover a region from 600nm to 1600nm. In some other 

works, a supercontinuum is able to cross a much broader region [33]. A supercontinuum is 

suitable for this liquid CEAS sensing not only because it is easy to generate and its stability, 

but also it has the advantages that comes from the original pumping laser source such as 

great spatial coherence and high intensity.  
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The description of the nonlinear optical effects in a supercontinuum generation process 

usually starts with the Maxwell Equations [34]. We will briefly demonstrated some basics 

of it mainly related to nonlinear effects in fiber optics. We know that from Maxwell 

Equations the relationship between induced polarization P and strength of electric field E 

is: 

 𝑷(𝑡) = 𝜒𝑬(𝑡) (1.10) 

Where 𝜒  is the linear susceptibility, which means in linear response, polarization is 

proportional to the electric field. If the electric field became larger and larger to near the 

atomic electric field strength, however, the response will not be harmonic any more. In 

such situation of high field response, the equation above will become: 

 𝑷(𝑡) = ∑𝑛𝜒(𝑛)𝑬(𝑡)𝒏 (1.11) 

where 𝜒(1) is the normal linear susceptibility and 𝜒(𝑛) (n>1) are the nth- order nonlinear 

susceptibilities. 𝜒(𝑛)  is also responsible for the nonlinearity of the nth-harmonic 

generation. 

 

In optical fibers, the even order susceptibilities are all 0, so the majority of the nonlinearity 

is coming from the third susceptibility. The main phenomenon of this nonlinear effect is 

the refractive index on fiber material. Commonly the nonlinear refractive index can be 

written as: 

 𝑛(𝜐, 𝐼) = 𝑛(𝜐) + 𝑛2𝐼 (1.12) 

Where I is the light intensity inside a fiber. This equation shows that the refractive index 
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of an optical fiber changes linearly with the light intensity applied inside. This is the so-

called self phase modulation process [36]. It is a phase shift on the optical field propagating 

inside an optical fiber inducted by itself, and it makes a great contribution to the nonlinear 

optics in a photonic crystal fiber we will discuss below. 

 

There are several ways demonstrated before as a generation method for a supercontinuum 

[32, 35, 37], and the main difference among all methods are the transition media used. 

Media in both liquid and solid phases have been demonstrated as great generation methods 

for a supercontinuum. While the media may be different, the theories are always to 

introduce nonlinear optics to the light beam that is travelling inside a specific transition 

medium. A Photonic Crystal Fiber (PCF) [37] is used as a generation medium in this work. 

The structure and the nonlinear optical effects in an optical fiber will be demonstrated here. 

 

A Photonic Crystal Fiber (PCF) is a special kind of optical fiber that uses index 

waveguiding to achieve nonlinear optical effects. It is first introduced and made in early 

1990s’ [38, 39], and it is called photonic crystal because the original theory was to use 

photonic bandgap to achieve the construction of this kind of fibers. A core dopant was used 

in the early works to make a PCF, and nowadays the dopants are replaced by simply hollow 

transverse air holes in the microstructure of the core. This makes the main difference 

between a PCF and a conventional single-mode fiber, one has holes around the core and 

the other does not. So the most commonly PCF now is made from pure silica as well, and 
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it is the air holes that do the work of nonlinear optics and confinement.  

 

The size of a PCF is similar as a standard single mode fiber. The one we use in this project 

has a core diameter of 5 𝜇𝑚, and a cladding diameter of 125 𝜇𝑚. As show in Figure 1.3, 

the cross section of a PCF clearly demonstrates the core and cladding of a PCF and the 

hollow air holes around the core. Expect for the core and cladding diameters, there are a 

few other crucial parameters that determines the nonlinear optical effect for one specific 

PCF, the air hole diameter d, the distance between the holes Λ, and the formation shape and 

size of all the holes, such as a square, a hexagon or a rectangle. The PCF used here has all 

the air holes forms a shape of hexagon as shown in Figure 1.3, but the size and number of 

the holes are just schematic to show how they are arranged in the fiber. 
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The construction of a PCF is also similar as a single-mode fiber. As listed in ref. [38], the 

construction of the air holes include using a drawing tower the same as conventional fibers, 

a fiber preform and capillary tubes. Those capillary tubes are arranged in the fiber preform 

as in the microstructure of the wanted PCF. The raw material is then heated in the preform 

and drawn out on a fiber spool using the drawing tower. This process is simple and not 

Figure 1.3: Schematic of the cross section of a Photonic Crystal Fiber (PCF) in this work, 

the air holes form a shape of hexagon, several important parameters that define the 

nonlinear optics for a PCF, D: fiber core diameter; d: hollow air hole diameter; and Λ: 

distance between air holes next to another. 
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difficult to realize, furthermore, it also helps to keep the newly manufactured PCF stable 

and air holes do not collapse in or after the process. A PCF with air holes as small as 1.5 𝜇𝑚 

has been demonstrated and manufactured in ref. [39] with a diameter accuracy of less than 

1% fluctuation. 

 

The nonlinear effect in the generation of a supercontinuum could be complicated, and it is 

not only depend on the transverse media but also on the wavelength and power of the pump 

laser. Even with the same medium such as PCFs, the difference in microstructures of 

different fibers will have different dispersion properties. For each designed PCF, the pump 

source must be near its zero dispersion wavelength to generate a supercontinuum. The PCF 

we are using has a zero dispersion wavelength of 1040 nm and the pump laser source is at 

1064 nm. The main nonlinear optics for a supercontinuum generation in a PCF is called 

four-wave mixing and self phase modulation [40, 41]. We will demonstrate a detailed 

discussion of the nonlinear effects on PCFs. 

 

Degenerate four-wave mixing is the annihilation of two pumped protons that are converted 

into two sidebands that are frequency downshifted (Stokes) or upshifted (anti-Stokes). [41] 

Self phase modulation gives the phase match to realize degenerate four-wave mixing. The 

phase match and conservation of energy equation can be given as follows: 

 𝑘𝑝𝑢𝑚𝑝 = 𝑘𝑠𝑖𝑔𝑛𝑎𝑙 + 𝑘𝑖𝑑𝑙𝑒𝑟 + 2𝛾𝑃 (1.13) 
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 2𝜔𝑝𝑢𝑚𝑝 = 𝜔𝑠𝑖𝑔𝑛𝑎𝑙 + 𝜔𝑖𝑑𝑙𝑒𝑟 (1.14) 

where k are wavevectors of fiber modes and 𝜔 are the frequencies of pump, signal (anti-

Stokes) and idler (Stokes). 𝛾 is the nonlinear coefficient of photonic crystal fiber and P is 

the peak power of the pump. 𝛾 can be written as: 

 𝛾 =
2𝜋𝑛2

𝜆𝐴𝑒𝑓𝑓
 (1.15) 

where 𝜆  is the pump wavelength and 𝐴𝑒𝑓𝑓  is effective area of the fiber. 𝑛2  is the 

nonlinear refractive index of fused silica, 𝑛2 = 2 × 10−20𝑚2/𝑊. [41] 

 

Maximum gain in sidebands requires zero phase mismatch. The phase mismatch of the 

photonic crystal fiber is: 

 𝜅 = ∆𝑘𝑚 + ∆𝑘𝑤 + ∆𝑘𝑁𝐿 = 0 (1.16) 

where ∆𝑘𝑚 is the phase mismatch from material dispersion, ∆𝑘𝑤 is the phase mismatch 

from waveguide dispersion, and ∆𝑘𝑁𝐿 is the phase mismatch from nonlinear effects. The 

three parameters can be written as: 

 ∆𝑘𝑚 =
𝑛3𝜔3 + 𝑛4𝜔4 − 2𝑛1𝜔1

𝑐
 (1.17) 

 ∆𝑘𝑤 =
∆𝑛3𝜔3 + ∆𝑛4𝜔4 − 2∆𝑛1𝜔1

𝑐
 (1.18) 

 ∆𝑘𝑁𝐿 = 2𝛾𝑃 (1.19) 

where n are the material indexes of refraction, ∆𝑛 are the change in the material indexes 

of refraction by waveguide dispersion. Because the pump frequency lies in the anomalous 

dispersion region of the fiber, ∆𝑘𝑚 is negative. ∆𝑘𝑁𝐿 is then used to compensate for the 

contributions of ∆𝑘𝑚 and ∆𝑘𝑤 to give 𝜅 = 0. 
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With the developments in the recent few decades, the structure and stability of PCFs 

become much better, in the meantime, by using a PCF instead of other generation media, 

the requirement of the pump laser in supercontinuum generation becomes much lower than 

before as well. When a supercontinuum is first generated [35], the coverage is very small 

(only 400𝑛𝑚 to 700𝑛𝑚), and the conditions usually require pump laser power as high as 

up to milliwatts per pulse, and a pulse as short as picosecond lasers [31, 35]. With the 

introduction of PCFs, however, these requirements have been significantly decreased to be 

much less expensive and more importantly, far less critical conditions. 

 

Physical Properties Optical Properties 

Material Pure silica Zero-dispersion wavelength 1040 ± 10𝜇𝑚  

Cladding diameter 125 ± 3𝜇𝑚  Cut-off wavelength <1000nm 

Coating diameter 244 ± 10𝜇𝑚  Nonlinear coefficient @1060nm 11(W ∙ km)−1 

Coating material Acrylate Attenuation @ 1040nm <3dB/km 

Core diameter 4.8 ± 0.2𝜇𝑚  Attenuation @ 1550nm <2.5dB/km 

  Attenuation @ 600nm <25dB/km 

  Mode field diameter 4.0 ± 0.2𝜇𝑚  

  Numerical aperture @ 1060nm 0.20 ± 0.05   

  ∆𝑛 @ 1060 nm 1.7 × 10−4  

  Polarization extinction ratio >20dB 

Table 1.1: Parameters of the Photonic Crystal Fiber [42] 
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In this project, ~15 m of PCF (NKT Photonics, SC-5.0-1040) is used in generation of a 

supercontinuum and Table 1.1 shows several parameters of this PCF. The pump power is a 

Q-switched Nd:YAG laser centered at 1064 𝑛𝑚. The repetition rate on the pump laser is 

set at a few tens of kHz and a maximum time averaged power output on this laser is only 

1.2W. The pulsed laser is free-space coupled into the PCF and a microscope is used to focus 

the laser beam on the input end of the PCF. Normally a transmission rate of ~50% of the 

laser can be reached and the supercontinuum can cover the region from 600𝑛𝑚 to 1600𝑛𝑚. 

Figure 1.4 gives an example of the spectrum of this supercontinuum looks like. Only 

900𝑛𝑚 to 1700 𝑛𝑚 is recorded because the coverage of our spectrometer (Ocean Optics, 

NIRQuest 512) is in this region. The pulse mode laser is set at 20kHz repetition rate and 

spectra at different pump powers are recorded to show how the supercontinuum expanded 

with the increase of pump power. All spectra are taken with 20ms integration time and 100 

times average, and the intensity is normalized against a standard Halogen light source to 

give a relative power. 

 

Shortly after it was first introduced in the 1970s [31, 35], supercontinuum light sources 

show their potential uses in many ways for its obvious advantages over other light sources. 

Now with the developing of PCF techniques, it has become much easier to realize the 

generation process. [32] Its higher intensity, broader spectral range, lower cost and higher 

reliability than most other light sources has made a supercontinuum the first choice when 

people think of using broadband light sources. [19, 43] Same as CRDS spectrometers, there 
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are more companies now making manufactured supercontinuum light sources [44, 45], 

mostly based on nonlinear fiber optics. The rapidly growing market requirements 

stimulates the development of supercontinuum technology as well. While more people 

purchase a supercontinuum for very specific applications, there are only several kinds on 

sale right now. Being still in very fast developments, we believe it will have a wider region 

for applications in the future.  

 

 

Figure 1.4: Figure of the supercontinuum output we have in this work, different colors 

stand for different power of the pump laser to show how the supercontinuum grow with 

pump power. Spectrum in the bottom is the pump laser at 1064 nm, which further 

confirms the super-broadening effect in the generation of supercontinuum. 
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1.5 Conclusions 

In this project, a fiber based liquid phase CEAS device will be demonstrated. A 

supercontinuum is used as the light source and a fiber-loop is built as a liquid phase optical 

resonator. The work is done in the near infrared region based on the coverage of the 

supercontinuum source and the spectrometer. The design of the whole device will be 

introduced first in the following chapter. 
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Chapter 2: Fiber Based Cavity Enhanced Absorption Spectroscopy 

 

In this project, we are trying to build a spectrometer for liquid phase sensing, especially for 

H2O sensing in different liquid solutions. By combining Cavity Enhanced Absorption 

Spectroscopy (CEAS) with fiber based optical sensing, we are able to take the advantages 

of both higher sensibility of CEAS and simple but stable liquid sensing using optical fibers. 

Even though optical loss on fiber connections are usually higher than cavity resonators for 

gaseous sensing, and there is more loss in fiber transitions to make even less round trips in 

fiber resonators than conventional cavity resonators, it is still more reliable and easier to 

implement than simply single-pass sensing or other liquid phase sensing methods. In this 

chapter we will demonstrate our apparatus in details to show how it works. Optical losses 

in the device will be discussed and some critical points will be described in building up the 

whole setup. 

 

2.1 Fiber-loop Resonator and Supercontinuum in the Resonator 

Since evanescent wave spectroscopy (EWS) is a relatively simple and reliable way to 

perform optical tests in liquid phase, [1, 2] it is expected that some optical fiber sensing 

method can be implemented in this work. The use of fiber optical measurement has been 

widely demonstrated in CRDS and CEAS, mostly in the recent decade, in liquid or solid 

state sensing in many aspects. [3-5] As we stated in Chapter 1, there are multiple ways to 

setup fiber-based optical sensing elements. Based on how the fiber system is designed, it 
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can be separated as open fiber sensing or closed fiber-loop. Based on how the sensing 

element is designed, there are gaps and cuvettes [6], or continued fiber by using optical 

waveguides [5] or special fiber components like fiber tapers [7] or side-polished fibers [3]. 

Each different method has its own advantages and limitations over the degree of difficulty 

in setup design, complexity in aligning fibers and other optical components, optical loss of 

the resonator for a moderate ring-down time, and stability and robustness of the whole 

system. 

 

Among these setup designs, we figured a closed fiber loop with a sensing region fabricated 

in loop is the best way for our device since it is well developed and is suitable for the 

sensing elements we intend to use like a fiber taper and a side-polished fiber. More 

importantly, this design does not require a very large area for the setup and its components 

are simple: only a few optics and the rest are optical fibers. Thus, after it is fully set and 

tested, it can be pretty stable because most part of the system is made from fibers and they 

are fusion spliced together as a whole that is not easy to be messed for additional optical 

losses.  
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Figure 2.1 shows a schematic of how our fiber-loop sensing system is designed. The setup 

can be simply divided into two parts, the Supercontinuum generation and the fiber loop. 

The supercontinuum generation starts with a Q-switched solid state Nd:YVO4 laser 

(Spectra-Physics, T20-8S40-16 laser power supply and V80-106Q laser head) which 

produces infrared laser at 1064nm. In order to produce a supercontinuum, the laser is set 

at pulse mode with a repetition rate of 10 or 20 kHz and a pump power of 300mW or more. 

The laser output is guided by an optical set to get rid of its higher order modes. Its TEM00 

mode is then free-space coupled by a 20x microscope to focus on to the input end of the 

Figure 2.1: Schematic of the supercontinuum fiber-loop cavity enhanced absorption 

spectroscopy device. Pump laser power ranges from 300mW to 1W to generate a 

supercontinuum. The photonic crystal fiber is ~15m in length. Red dots stand for fusion 

splice points. 
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15-meter-long Photonic Crystal Fiber (PCF) for supercontinuum generation. The 

microscope is set in a stage with 5 degrees of freedom, x-, y-, z-axis translation and two 

adjustable angles on x- and y-axis. The supercontinuum is generated in the PCF, and 

difference repetition rate and power of the pump laser will give an output supercontinuum 

different wavelength coverage and power intensity. Figure 1.4 in Chapter 1 is an example 

of the generated supercontinuum spectra with different pump power. Generally, when the 

laser is set to work under pulse mode at 20 kHz, a significant wavelength broadening effect 

can be seen with a pump power higher than 300mW. This power threshold can be even 

lower at 10 kHz. 

Figure 2.2: Long term stability test of the supercontinuum. Spectra are scanned every 

hour and ratios are taken against their average. The supercontinuum is seen narrowing 

during the first two hours of operation. 
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The intensity and stability of the generated supercontinuum is an important factor because 

it is related to the accuracy of the final results. Thus a long term monitoring of 

supercontinuum intensity is done for each sensor. A supercontinuum is kept running for 8-

10 hours on a same pump power and the spectrometer is scanning the spectra for an empty 

cavity during this time. The scanned spectra are selected with roughly same time intervals 

to compare their intensity and wavelength coverage. A ratio is made on each wavelength 

to show the intensity difference. Figure 2.2 gives a long term test we did on a side-polished 

fiber sensor. It is easy to find a larger fluctuates (decreases) in light intensity in the first 

1.5-2 hours operation. We believe this is mostly coming from the fluctuation of the power 

of the pump laser. Most of our tests are done after ~1 hour of running the laser.  

 

The generated supercontinuum is guided into a 500-meter-long fiber-loop by directly 

splicing the PCF with a single mode fiber. A special high numerical aperture (NA) fiber is 

used as a transition between the PCF and single mode fiber to reduce the connection loss 

in the fusion splice of different fibers. [8] With a numerical aperture (NA=0.35) higher than 

both a PCF (NA=0.20) and a single mode fiber (NA=0.14), it helps to decrease transition 

loss between different fibers because its high NA allows the supercontinuum from the PCF 

travelling into it and then out to the single mode fiber as well. A total loss of ~2dB can be 

reached on this point. However, it is still considered to be the highest loss in the whole 

device, compared with other splice points to be all less than 0.05dB. [9] Two 2 × 2 optical 

couplers with 99/1 splitting ratio are used as input and output on the loop. [10] The couplers 
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are fusion spliced on both ends of the single mode fiber and then connected with each other 

to build a closed loop so that light guided inside can travel in loop multiple times. Each 

time on the output coupler 1% of light is guided out to a spectrometer which means 99% 

remains inside for multiple passes to enhance the absorption. The spectrometer we use is a 

NIRQuest 512 spectrometer from the Ocean Optics. It has a spectrum coverage of 900nm 

to 1700nm. It is called NIRQuest 512 because it has 512 pixels inside to separate the 

wavelengths. Thus a resolution of about 1.56nm is reached by this spectrometer. 

 

A sensing region is directly fabricated and fusion spliced in the loop. The sensing elements 

we tested include a fiber taper, a side-polished fiber and a free-space mirror reflection 

sensor. Details about what they look like and how the sensing work will be further 

discussed in Chapter 3. A flow system is built around the sensing system for pumping liquid 

samples into and out of the sensing region. A container is built around the sensors to hold 

samples and a small pump is connected to pump samples in while we are doing 

measurements. Different sensor requires different flow system to work. The flow system 

helps not only in making it easier in adding, changing, or removing samples but also in 

stabilizing the output spectra as well. Designs of the flow systems for different sensors will 

be introduced in Chapter 3 together with the sensors. 

 

2.2 Connection between the PCF and Fiber-loop 

The discussion of this newly designed device starts with the connection between the 
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supercontinuum and the fiber-loop. In this device, all other splices in the fiber system are 

between single mode fibers. By using a fusion splicer (Ericsson, FSU-975) with carefully 

configured parameters, the connection loss on those points can be made lower than 0.05dB 

(1.16% loss), usually about 0.01 to 0.03dB. [9] When it comes to different fibers, however, 

connection losses will be significantly higher than between similar fibers. [11] Our tests 

show that even a connection between a simple single mode fiber and a multi-mode fiber 

can have loss as high as several decibels. The main reason for this phenomenon is that the 

difference in core and cladding diameters for different fibers makes the modes not overlap 

very well, and different sizes require different temperature on the two fiber ends, so it is 

more difficult to control the voltage and fusion time used on a fusion splicer. A lower 

voltage and time makes a splice fragile and easy to break, while a higher voltage and time 

may cause total destruction on the fiber structure which will cause severe optical loss.  
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Figure 2.3: Ways of doing connections with different fibers. (a), direct splice. It usually 

has the highest optical loss. (b), create a taper region from the fiber with larger core size. 

It requires fine adjustment on splicing parameters and a long time splicing to form the 

taper. (c), use a transition fiber of a third kind. Several key parameters of the transition 

fiber we use in this project: core diameter 1.8𝜇𝑚, core NA 0.350, cladding diameter 

125.0𝜇𝑚. 
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Usually there are two solution for this. The first one is to apply a relatively higher time but 

lower voltage on a fusion splice in order to make a robust splice without damaging the 

fibers. The second is to build a transition region between the two different size fibers like 

simply using a transition fiber or building a taper-like transition region from the fiber with 

larger core diameter or numerical aperture to lower the loss. These methods can help 

remove most of the connection loss but it is still several times higher than a same-fiber 

splice. When it comes to a PCF, however, the microstructure of it requires minimum power 

and time in a fusion splice. [8] Heated at a high temperature, the air holes in a PCF will 

collapse totally so it can make a worse splicing quality and more importantly, block the 

light transition inside the fiber to cause a significantly high optical loss. Our trials of 

directly connection of a single mode fiber with the PCF confirms this phenomenon by 

giving a loss of higher than 17dB. The idea of building a transition taper would be not 

practical as well since it also requires a long time heating and some fiber pulling inside the 

fusion splicer.  

 

Figure 2.3 gives some schematics of how the connections of different fibers usually work. 

[12] Figure 2.3(a) and (b) are the connection methods we introduced above of direct 

connection and transitions using a self-made fiber taper. In a common sense the method in 

(a) will have a highest loss, which is proved by our tests of a loss of 17dB in a splice 

between a PCF and a single mode fiber. But sometimes with a very fine alignment to make 

a high mode overlapping, this can have a relatively low loss of ~1 or 2 dB [12] since both 
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(b) and (c) require two slices and there will be losses on the transitions more or less. Figure 

2.3(c) shows the way we use in this project for the connection of the PCF and single mode 

fiber loop. Trials using method showed in Figure 2.3(a) gives a loss as high as 17dB and a 

loss of more than 10dB using method (b). Thus we switched to method (c) trying to find a 

third kind of fiber as a transition between to lower the connection loss. Several different 

fibers are tested including single mode fibers with different core sizes, multi-mode fibers, 

and other fibers with different properties. Our final choice is a high numerical aperture 

fiber purchased from Nufern (UHNA3, Ultra-High NA Select Cutoff Single-Mode Fiber). 

We select this fiber mainly because of its high numerical aperture and small core size. A 

numerical aperture of a fiber corresponds with the output angle of the light beam. A higher 

numerical aperture means a wider angular range the output light from the fiber can cover 

and the light coming inside this angle range can come inside as well. The numerical 

aperture of this UHNA3 fiber is higher than both a PCF and a single mode fiber even with 

a thinner core, so we can make sure that the whole beam of supercontinuum coming out 

from a PCF can go through it and then go to the single mode fiber as well. In this way we 

are able to minimize the loss on transitions from one fiber to another. This helps reducing 

connection loss on fibers with different sizes significantly. Another reason we choose this 

UHNA3 is that it has a very small core size with a diameter of only 1.8𝜇𝑚. The small 

diameter makes the fusion splice process take less time and power to complete. Some 

changes are made on splicing parameters of our fusion splicer, aiming at minimizing 

splicing voltage and fusion time to preserve the micro air holes in the PCF as intact as 
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possible. Some key parameters of the fusion splices between the different fibers are listed 

in Table 2.1, compared with the preset parameters for standard single mode-singe mode 

splice. If the air holes do not collapse, there will be no unexpected fiber materials to block 

supercontinuum transmission, so a minimum loss can be reached. With some adjustments 

on splicing parameters, we make the connection loss to reach about 2dB on this connection.  

 

 SM - SM SM – UHNA3 PCF – UHNA3 

Prefusion time1 0.2s 0.2s 0.2s 

Prefusion current 10.0mA 10.0mA 7.0mA 

Gap 50.0μm 50.0μm 50.0μm 

Overlap2 10.0μm 10.0μm 3.0μm 

Fusion time 1 0.3s 0.3s 0s 

Fusion current 1 10.5mA 10.5mA 0mA 

Fusion time 2 2.0s 2.0s 1.8s 

Fusion current 2 16.3mA 16.3mA 10.0mA 

Fusion time 3 2.0s 2.0s 0s 

Fusion current 3 12.5mA 12.5mA 0mA 

Left MFD3 9.8μm 3.2μm 4.8μm 

Right MFD 9.8μm 9.8μm 3.2μm 

AOA current4 0mA 0mA 10mA 

1. Prefusion is a procedure to use a rapid arc charge to clean the fiber ends. 

2. Overlap means the overlap of the two fibers in a splice. It is smaller for PCFs so the 

micro structures can be kept intact. 

3. MFD is the mode field diameter, which is set the same as the MFD of the fiber inserted. 

4. AOA is short for arc-on alignment, which is for stabilizing the splice loss for fibers with 

smaller core diameters. 

Table 2.1: Splicing parameters on PCF-UHNA3 and UHNA3-single mode fiber (SM) 
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2.3 Theoretical and Experimental Loss of the Fiber-loop Resonator 

The loss on the connection between PCF and single mode fiber is important because we 

want to guide as much supercontinuum into the fiber-loop as possible. However since it is 

only a single-time pass, what we care more is still the optical loss inside the loop because 

it directly correspond with the ring-down time we can have with the loop resonator, or in 

CEAS, the number of round trips the supercontinuum can make inside the loop. In order to 

get a rough estimation of our new device, some calculations and tests are done before 

making it work for liquid samples. Table 2.2 shows some typical ranges of optical loss on 

every optical components we have in loop. In each round trip, we will have 500 meters of 

single mode fiber, 2 passes on optical couplers, 5 fusion splice points and a single pass on 

the sensing element. The total loss can be written as: 

 𝐿 = 2𝐿𝑐𝑜𝑢𝑝𝑙𝑒𝑟 + 5𝐿𝑠𝑝𝑙𝑖𝑐𝑒 + 0.5𝐿𝑓𝑖𝑏𝑒𝑟 + 𝐿𝑠𝑒𝑛𝑠𝑜𝑟 + 𝐿𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 (2.1) 

Because the mirror reflection sensor has a relatively high transition loss on free space 

coupling light from one fiber to another, our calculation here are mainly based on a side-

polished fiber sensor.  

Table 2.2 Typical optical loss on fiber-loop components 

 Fiber coupler Optical fiber /km Fusion splice Fiber sensor 

Insertion Loss (dB) 0.04 0.19-0.50 0.01-0.05 0.20 

Insertion Loss (%) 1 4.3-10.8 0.23-1.16 4.71 
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According to the table and equation above, a calculated estimation of a round trip loss in 

loop for an empty cavity should be in a range of 0.43 to 0.78dB, or 10.4% to 19.7%. 

Compared with a gas phase resonant cavity, this round trip loss is much higher which means 

the finesse of our fiber-loop resonator will be much smaller than a conventional gas phase 

cavity. Instead of making hundreds or thousands of round trips, it can only make several 

round trips in this fiber-loop. A low enhancement factor is a limitation liquid phase CEAS 

has over gas phase, but it still gives times of enhancement compared to a single pass device.  

 

Tests are done after the estimation of round trip loss to show how the system works. In 

Chapter 1 we have the ring-down time calculated as: 

 𝜏(𝜐) =
𝑑

𝑐[(1 − 𝑅) + 𝛼(𝜐)𝑑]
 (1.3) 

The denominator is a round trip loss in a resonator so in this work it can be simply written 

as: 

 𝜏(𝜐) =
𝑑

𝑐𝐿(𝜐)
 (2.2) 

Where L is the total round trip loss we listed above and c is the speed of light inside the 

fiber. So if a ring-down time can be measured, it will be easy to get a round trip loss together 

with an effective number of round trips on each wavelength. 
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Several interference filters [13] are used to separate one wavelength each time to do a ring-

down time measurement. Figure 2.4 (a) shows several ring-down time decays we fitted for 

the wavelength of 1300nm and 1400nm respectively, and more ring-down time data is 

plotted in Figure 2.4(b). We are testing both H2O and D2O samples because H2O has an O-

H bond absorption at 1450nm but D2O does not, so our main interest lies in the near infrared 

region of 1300 to 1500nm.Therefore pure D2O sample can work as a reference. The round 

trip loss lies between 16% and 22% in this region, which is slightly higher than our 

estimation. Possible reasons are the loss on optical fiber is slightly higher than what we 
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Figure 2.4: Ring-down data and ring-down time fit for 1300nm and 1400nm for D2O. 

Areas are fit from the second peak to avoid influence from light coupled into cladding 

modes. A comparison of all ring-down time in the region of 1000 to 1600nm is also 

attached in the bottom figure. 
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listed in table 2.2, and loss on a side-polished fiber can also be higher than what is listed. 

For H2O and D2O the ring-down times are similar so we can directly compare their output 

intensities when we are trying to get an absorbance on H2O in neglect of the difference in 

the number of round trips. 

 

2.4 Noise Level and Sensitivity 

 

Theoretically, the minimum noise level we can get is the same as a dark spectrum measured 

from the spectrometer. Figure 2.5 shows the baseline of the background noise we have on 
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Figure 2.5: background (dark) noise of the spectrometer in this project at an integration 

time of 20ms and averaging of 100 times, which is similar as an integration time usually 

used in acquiring sample spectra. 
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the dark spectrum. The intensity on the y-axis is only a relative number and its saturation 

point is 66000. If we estimate the signal level to be relatively around 50000 to 60000 in 

intensity we can have a background noise level of 0.03% of the signal. Further experiments 

on empty cavity (simply air in the sensing region) confirms our estimation. 

 

When samples are added into the system, extra noise is observed in the spectra. The noise 

features for different sensors are not the same, the mirror reflection sensor is observed to 

have a higher noise level than the other two, especially when testing on organic samples. 

Further discussions on noise levels and signal to noise ratios will be demonstrated in 

Chapter 4 when the experimental results are demonstrated. 

 

2.5 Conclusions 

In this Chapter we have demonstrated the design of our liquid phase Cavity enhanced 

absorption device and discussed its feasibility. The device we build made a combination of 

a supercontinuum generation system with a fiber-loop resonator to take the advantages of 

both. A broadband high intensity supercontinuum light is one of the best among all the 

broadband light sources and the simple but robust fiber-loop cavity makes the whole liquid 

phase sensing system inexpensive and reliable as well. The use of a PCF as the 

supercontinuum generation medium makes it possible to use a relatively low power laser 

source as the pump. A minimum requirement of only 300mW is enough for a moderate 

wavelength broadening and the whole coverage of this supercontinuum can reach more 
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than 1000nm (ranging from 600 to 1600nm) when the pump power is 1W. A ring-down 

time is also fitted for several different wavelengths. An exponential fit indicates that this 

supercontinuum does make multiple round trips inside the resonator. Although the number 

of round trips cannot match with what we can usually have with a gas phase resonator, it 

gives several times of enhancement in the signal level. Theoretical estimation matches with 

experimental results to give ~20% loss per round trip near 1400nm to 1500nm. The 

formation of a fiber-loop from a long (500m) single mode fiber make a ring-down relatively 

long so we could record a ring-down signal precisely to fit the decay. Finally some noise 

level measurements are done on this device. For a side-polished fiber sensor the noise level 

is reasonable for some experiments but it grows when we switch to a mirror reflection 

system, especially for organic samples. We have made some efforts to get rid of most of 

the noise so far, but it is still several times higher than a side-polished fiber sensor. 
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Chapter 3 Liquid Phase Sensing Theories and Methods 

  

As stated in Chapter 2, several different sensing elements are tried in this project, including 

fiber tapers, side-polished fibers, and a mirror reflection sensor. Each sensor has its own 

advantages but also limitations as well. In this chapter we will discuss the theory of each 

fiber sensor of how it works and how to make it inside the loop system. We will focus 

mostly on the sensors themselves in this chapter about their stability, sensitivity and some 

noise level discussion. Further experimental results on different samples will be 

demonstrated in Chapter 4. The flow system designs are different for different sensors but 

all aiming at making the change of samples easier. 

 

3.1 Fiber Tapers 

A fiber taper, or a biconical tapered fiber, is a fiber component commonly used in 

telecommunication and optical sensing. [1] In a CRDS or CEAS device, a taper is used for 

its relatively high evanescent field intensity [2] which means more light in the resonator 

can be used in sample sensing. In evanescent wave spectroscopy, because only the 

evanescent field interacts with samples, the proportion of light source working as 

evanescent field is an important character we need to think about, which is different from 

a gas phase sensing where a whole light beam is in use when it is introduced into a resonant 

cavity.  
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Figure 3.1(a) shows a schematic of what a taper looks like, and it is simple to figure out 

that it is in the waist region that we are getting the maximum evanescent field. Some key 

characters are demonstrated in Figure 3.1(b) as we are determining the penetration depth 

and field intensity of an evanescent wave. [3] With a simple optical fiber, the penetration 

Figure 3.1: Schematics of a fiber taper. (a), what an optical fiber taper looks like and 

how the evanescent field is enhanced on a taper. The narrowed region is the tapered 

region and the narrowest part is called the waist of a taper. (b), a diagram of the core of 

a single mode fiber taper for the illustration of the penetration depth calculations below. 

It is imagined to be a linear taper only to simplify the calculation. Other taper shapes 

(parabolic, exponential, etc.) have the same calculation process only with more complex 

expressions. 
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depth is usually determined as: 

 
𝑑𝑝 =

𝜆

2𝜋√𝑛1
2𝑠𝑖𝑛2𝜃 − 𝑛2

2
 

(3.1) 

Where 𝜆 is the wavelength of incident light, n1 and n2 are the refractive index of the core 

and cladding of the fiber, 𝜃 is the incident angle (
𝜋

2
− 𝛼). For a simple linear optical fiber 

taper showed in Figure 3.1(b) [3], we define radius of the taper R(z) with position z on the 

taper and it decreases from original fiber radius R0 to the size of taper waist RL with a total 

tapered length L. Also α(z) is the launch angle at position z with initial angle of 𝛼0, 

and θ(z) is the incident angle at position z. The radius and launch angle has a relation of: 

 𝑅0 sin(𝛼0) = 𝑅(𝑧) sin(𝛼𝑧) (3.2) 

For a linear fiber taper, the radius can be expressed as: 

 R(z) =
𝑧

𝐿
(𝑅0 − 𝑅𝐿) + 𝑅𝐿 (3.3) 

So we have the angle at z to be: 

 

𝛼𝑧 = arcsin [
sin(𝛼0)

(1 −
𝑅𝐿

𝑅0
)

𝑧
𝐿

+
𝑅𝐿

𝑅0

] 

(3.4) 

The incident angle θ is related to 𝛼𝑧 and the taper angle β as well: 

 θ(z) =
𝜋

2
− 𝛼𝑧 − β (3.5) 

 β = arctan(
𝑅0 − 𝑅𝐿

𝐿
) (3.6) 

With the numerical aperture (NA) of a fiber to be: 

 NA = √𝑛1
2 − 𝑛2

2 = sin (𝜃𝑐𝑟𝑡) (3.7) 

Where 𝜃𝑐𝑟𝑡 is the critical angle for total internal reflection, we can have the penetration 
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depth for a fiber taper to be: 

 

𝑑𝑝 =

𝜆√1 −
𝑛𝑎𝑞

2

𝑛𝑐

2𝜋𝑁𝐴√𝑐𝑜𝑠2 {arcsin [
𝛼0

(1 −
𝑅𝐿

𝑅0
)

2
𝑧
𝐿 + 1] + arctan (

𝑅0 − 𝑅𝐿

𝐿 )} − (
𝑛𝑎𝑞

𝑛𝑐
)

2

 
(3.8) 

Where we change n1 and n2 to nc for the refractive index of the fiber core and naq for the 

refractive index of surrounding liquid. Here the cladding index is ignored since we assume 

cladding on a taper is thin enough for the core to make direct contact with samples. 

 

From the equation above, it is not difficult to find when an optical fiber taper is made, the 

penetration depth is determined, which means at a certain wavelength, penetration depth 

will be certain for a certain taper. Excluded for some predetermined characters like the 

refractive index of a fiber core and liquid sample along with the fiber size, the penetration 

depth at a certain position z on a taper is mainly depend on two numbers: the final taper 

waist 𝑅𝐿 and the initial angle 𝛼0. Calculations of different fiber shapes like a parabolic or 

exponential taper will be more complex but with similar results. [3] 

 

Based on Equation (3.8), the narrower the waist 𝑅𝐿 and the smaller in the incident angle 

𝜃 (or larger on the initial angle 𝛼0), the more evanescent field penetrates. Some other work 

has already been done with manufactured fiber tapers previously in our group, [4, 5] so in 

this project we are working on making our own tapers to do the job.  
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Almost all works of making tapers are done by heating and pulling a bared single mode 

fiber. [2, 6] In this work we build our pulling system out from a slide with an electrical step 

motor (Velmex Unislide, 12.5”) and a hydrogen torch (Premier Industries, 3-H 

Hydrogen/Oxygen torch). As shown in Figure 3.2, there are two carriages on the slide, 

attached on either side of a left-right screw in the slide. When the motor is on, it can drive 

Figure 3.2: Schematic of the fiber pulling device. The flame is coming from a hydrogen 

torch and the heated single mode fiber has its coating removed, leaving only core and 

cladding. 
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the screw to make the two carriages go on the opposite directions simultaneously. A pole 

with a fiber clamp is fixed on each carriage to hold a fiber over the slide. The resolution of 

this slide is 0.050”/rev, and the motor is 200 steps/rev, which makes the total resolution of 

the slide to be 2.5 × 10−4”/step. A total of 2000 steps can make a separation of 1” in a time 

period of ~2min. A bared single mode fiber is held by the two clamps on the carriages when 

the motor is turned on and the torch is lit at the same time. We choose a hydrogen torch 

because the melting points for both fiber core and cladding (silica, 1713℃) [7] are high 

and only a hydrogen flame (2254℃ compared with a CH4 flame of only 1963℃) [8] can 

easily reach a temperature high enough to make it soft and reshaped. The heated fiber is 

pulled to become a taper. Pulling time is set to be 2min and hydrogen and oxygen flow 

rates are controlled to have a flame high enough to cover the fiber. A total length of 15-

18mm is obtained for a taper each time. Because the flame cannot stay exactly the same 

each time, the taper length and shape are not always the same.  
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Figure 3.3: images of fiber tapers. The top image is taken from a microscope and the 

bottom two are taken from the SEM. Most tapers are with a length of ~1.8cm and waist 

of ~20-30 𝜇𝑚. 
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In order to select a suitable fiber taper for the experiment, we take scanning electron 

microscope (SEM) images of the tapers and choose the ones with relatively narrower waist 

size. Figure 3.3 shows some images we have on different tapers and SEM imaging makes 

it easy to find out difference in their waist sizes. Based on Figure 3.1 and ref[2, 3], The 

narrower a taper waist is, the more evanescent field there is outside the fiber. The intensity 

decreases significantly with the distance from the fiber. In terms of evanescent field 

intensity only, a thinner taper waist is always the better. A schematic of evanescent field 

absorption factor (Evanescent field energy fraction (𝜂1) divided by group velocity (𝑣𝑔) of 

the light propagating in the fiber.) versus the distance to fiber core is shown in Figure 3.4 

Figure 3.4: Taper absorption factor (𝜂1 𝑣𝑔⁄ ) versus distance to the surface of the fiber 

core. Detectable intensity is restricted within several microns around the core. 
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[9]. The closer to the core, the more evanescent field can be used, and more evanescent 

intensity means a higher signal to noise for higher sensitivity. 

 

A narrower waist means higher evanescent field percentage, but it means the taper is more 

fragile as well. A taper thin enough can be coiled up to a really small radius [10] but only 

a small twist or a pull along the fiber will make it break into two halves. Another limitation 

is a taper has to be adiabatic to prevent the light inside to get from core mode to cladding 

mode [11] or other modes that could make extra noise on our signal. Light in cladding 

modes is easier to be absorbed by surround samples than in core mode, and going into 

cladding mode usually means most of it cannot be coupled back to core mode again when 

coming out of the tapered region. What’s more, the light coupled back will have different 

path length from the light stays in core mode, which will cause interference to give higher 

noise level. Both situations mean more optical loss and higher noise on a taper than simply 

an absorption, which makes the final spectra not as stable as expected. We managed to get 

some results on H2O/D2O sample pairs with a taper sensor, but most data we get is with 

very high noise levels.  

 

The self-made taper is also not thin enough to give very high signal level. We believe the 

self-built pulling system is the main cause for this issue. A more accurate control is required 

in the pulling process especially in controlling the flame size and position. Uncertainties 

like unexpected wind in the pulling process and H2/O2 flow rate instability are in need to 
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be monitored and controlled more precisely. Flame temperature is also affected by these 

uncertainties. A lower temperature usually means the fiber is not soft enough to be pulled 

so it will not form a taper or even be broken during the process. A higher temperature 

makes it too soft so a fiber may be not adiabatic or even melt down. 

 

3.2 Side-polished Fibers 

A side-polished fiber is a fiber component also works by making use of evanescent wave 

spectroscopy. [12, 13] Its working theory is similar as a fiber taper: exposing the core of a 

fiber outside by make the cladding thinner. Figure 3.5 is a schematic of what a side-polished 

fiber looks like from the side. Instead of making the whole region thinner as a fiber taper, 

a side-polished fiber is fabricated by simply polishing a layer of the cladding out from one 

side of a single mode fiber. Usually the cladding is removed to leave only several microns 

away from the core so enough evanescent field can be exposed and reacted with 

surrounding environment. The other region of the fiber will remains intact which means 

even in the side-polished region, only less than 50% of the fiber diameter is removed to 

leave a reasonably thick part on the fiber. For example, for a typical single mode fiber with 

125𝜇𝑚 cladding diameter and 9.8𝜇𝑚 core diameter, even only 2𝜇𝑚 is left on cladding 

to the core, the side-polished region can still be ~70𝜇𝑚 in thickness. Compared with a 

taper, a much thicker sensing region makes a side-polished fiber more robust and is much 

easier to handle. This makes it convenient to put a side-polished fiber into the flow system 

we build and not to worry about breaking. A side-polished fiber is fabricated with very 
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dedicate procedures, so the ones we use in this project are purchased from Phoenix 

Photonics. The polished region is 17mm long and the polished depth is ~1-2𝜇𝑚 to the core.  

 

 

Another advantage a side-polished fiber has over a fiber taper is the optical loss. Generally 

speaking, a total loss on a side-polished fiber is slightly smaller than a fiber taper with a 

similar length. More importantly, since the cladding of a fiber is removed without touching 

its core, most of the light will still be traveling inside the core rather than becoming into 

cladding mode. Less unexpected cladding mode loss makes the final results more accurate 

and lower in the noise level. Bending loss [14] is another concern. Because a taper cannot 

be pulled with very large force, it is sometimes bending inside the flow system. Extra loss 

can be generated because of the bending, and similar as the cladding mode loss, it is 

difficult to estimate how much loss is related to it. What is more, the bending loss could be 

changing during a sample measurement. So for each taper it is better to do a ring-down 

Figure 3.5: A diagram of a side-polished fiber, and the evanescent wave in the side-

polished region. 
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time measurement before other tests to get an estimation on total loss. By using a side-

polished fiber the total optical loss is more stable and controllable so further experiments 

are much easier to operate. Calculations on the evanescent field proportion will be 

demonstrated and compared in Chapter 4. 

 

The limitations of a side-polished fiber is obvious as well. As can be seen from the 

schematic in Figure 3.5, since no efforts are done to make thinner core diameter, most of 

the light is still travelling in the fiber core with only a slight portion of it exposed as 

evanescent wave. Theoretically, the intensity of evanescent field we will have on a side-

polished fiber is different from what we have from the calculations in Figure 3.1(b) for a 

taper because its core is untouched so the diameter is larger. Based on Figure 3.4, the 

evanescent wave can only be detected in a region of a few microns around the core area, 

and the total intensity is usually less than 1% of the light intensity. We will further 

demonstrated the detection results and calculations in Chapter 4 that confirms this 

estimation. A side-polished fiber sensor contributes a lot in making a low noise level and a 

stable spectrum output, but its low signal level can be the main restriction on achieving a 

higher sensitivity of the device. 

 

3.3 Mirror Reflection System 

After acquiring the detection limit on a side-polished fiber, we find that it impossible to 

make it work for a detection of H2O in a concentration of part per million level, which is 
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the level of the saturation H2O solution in some common organics such as carbon 

tetrachloride (CCl4) and 1-octyne (C8H14). To improve the efficiency of the light source, 

we come up with the idea of building up a mirror reflection setup. Instead of the evanescent 

wave spectroscopy, if a light output from one optical fiber can be directly coupled to 

another [15], there will be no need to estimate or calculate the evanescent field proportion. 

By filling the space between the two fibers with liquid samples, it is reasonably to believe 

that all light in this region is in contact with samples to make the efficiency to be nearly 

100%.  

 

The design of the sensing region, shown in Figure 3.6, is made up by holding two fibers 

together and being vertical to a mirror held in a container. A point on a continuous fiber 

loop is broken into two halves, and the two exposed fiber ends are held side by side inside 

a same fiber holder. The holder is designed to hold one fiber so when we put two fibers in, 

pressure from the holder will squeeze the two fibers to be tightly close to each other. A 

concave spherical mirror (Gold coating, ϕ1/2”, 9.5mm focal length) is placed under the 

holder to reflect the light coming out from one fiber to the other. The spherical mirror can 

help reflect most of the light the same way back to the other fiber because of vertical 

incidence. Our calculation shows that if the position of the two fiber ends is within a small 

deviation (<0.2mm, compared with a focal length of 9.8mm), loss on the reflection would 

be insignificant (<1%) compared with the total loss we have on the mirror reflection of 30-

40%. 
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Assuming that the two fibers are placed close enough to neglect the space between them, 

it is easy to figure out that the best place to put the fiber ends is at a distance of two focal 

lengths away from the mirror. Experimental alignment shows the best distance to achieve 

the highest transmission is at 17.5mm, and we put it slightly closer to avoid some intensity 

fluctuation by sacrificing part of the transmission efficiency. With a numerical aperture 

Figure 3.6: Design of the mirror reflection system. Two fibers are held as close as 

possible and are vertical placed to a mirror. Reflection of light from one fiber to the 

other helps make improvement on light efficiency. 
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(NA) of the single mode fiber: 

 𝑁𝐴 = 𝑛 ∙ 𝑠𝑖𝑛𝜃 = √𝑛𝑐𝑜𝑟𝑒
2 − 𝑛𝑐𝑙𝑎𝑑

2  (3.9) 

Where n is the refractive index of the surrounding environment. We can have the radius of 

the light spot on the mirror is: 

 
𝑟 = 𝑑 ∙ tan 𝜃 = 𝑑 ∙ 𝑁𝐴 ∙ √

1

𝑛2 − 𝑁𝐴2
 

(3.10) 

Where d is the distance from mirror to the fiber ends and n is the refractive index of the 

medium. With NA=0.14 for a single mode fiber, in air we can have r=0.43cm. Thus the 

spot diameter is 0.5cm which is smaller than a mirror size (ϕ1/2”). For liquid samples like 

H2O (n=1.33) and CCl4 (n=1.46), the diameter could be even smaller. 

 

By implementing this mirror reflection device, we are able to significantly increase the 

supercontinuum efficiency from less than 1% in a side-polished fiber to almost 100% in 

the sensing region thus improve a signal level by several thousand times. However it goes 

back with an issue of noise level. Because the design of the sensor become exposed to open 

air again and the requirement of both longer of time and larger volumes of liquid samples, 

more fluctuation is observed in the supercontinuum spectra to cause a higher noise level 

compared to a side-polished fiber sensor. Measurements of organics samples even gives 

higher noise than air or inorganics samples like H2O and D2O. After some experimental 

tests we believe most of the higher noise level comes because the organics we test (carbon 

tetrachloride, acetone, isopropanol, etc.) are all liquids with strong solubility. Unexpected 
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contaminates can be easily mixed and dissolved in the samples to cause extra absorbance 

or noise during an experimental measurement. Even part of the device itself can be unstable 

in some of those organic environments. The fiber coating, for example, can be corrupted 

and partly dissolved when immersed in carbon tetrachloride or isopropanol for some time. 

Efforts are done to attenuate the effect of organics and to lower the noise level, but it is still 

the most troublesome limitation we have on reaching a more improved signal to noise ratio 

on this sensing method. 

 

3.4 Designs for the Flow Systems 

Because of the different in designs of the fiber optical sensors, the flow system we build 

are also different, especially for the mirror reflection sensor. A closed system is built for 

the taper and side-polished fiber sensor while the mirror reflection sensor only has an open 

system because alignments are in need with the free space coupling. The schematics of our 

flow system designs are shown in Figure 3.7. 
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Figure 3.7(a): Schematic of the flow system for a side-polished fiber sensor. Inner 

diameters of the tee assembly and the tubing are 0.020” and 0.011”, respectively. A 

picture taken for the system on table is attached to show its real size. 
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Figure 3.7(b): Flow system designed for the mirror reflection sensor. Inner diameter of 

the container is ~1” and the fibers are placed ~1.7cm above the mirror. A real picture is 

attached for estimation of a sample volume consumed each time. 
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Figure 3.7(a) demonstrates the design of the flow systems we have for a side-polished fiber 

and a taper sensor. It consists of two tee assemblies (Idex Health & Science, Tee Assembly 

Tefzel (ETFE), for 1/16” OD, .020” thru hole) and a tubing (Idex Health & Science, 

NanoTight Sleeve 1/16” OD x .011” ID x 1.6”) held between them. A fiber is held inside 

the system with its side-polished or tapered region inside the tubing. The pump (Fisher 

Scientific, Variable-Flow Peristaltic Pumps, Ultralow flow) is connected to the two tee 

assemblies so it is easy to pump liquid samples in and out and to change samples. Below 

the schematic we also have a picture of the setup to show the size of this whole sensor. The 

diameters for the tubing and the through holes in the tee assemblies are very small (Inner 

diameters of 0.011” and 0.020”, respectively), so each time only a small amount of liquid 

samples is required to complete a measurement. In average, less than 5ml of sample is 

enough to finish a whole experimental procedure including cleaning, rinsing and sensing. 

For long term tests, the required sample volume is always less than 10ml per hour. The 

flow system not only helps to speed up the change of liquid samples, but also contributes 

to stabilize the supercontinuum spectra. A closed system manages to keep most unexpected 

influence away and the slow but constant flow of liquids keeps changing liquids inside to 

make sure the tested samples are new and clean.  

 

Figure 3.7(b) gives the schematic of the flow system we have for the mirror reflection 

sensor. The mirror is placed inside a container previously made from glass and now 

switched to Teflon. Two holes are made on either side of the container to connect with 
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tubing from the pump. Because of the mirror size and focal length, the container is designed 

to have 1” in diameter and 1” in depth. A shallow 1/2” hole of 2mm deep is made in the 

bottom of this container so we are able to push the mirror inside to fix it in the bottom 

without using other adhesives. The fiber holder is above the mirror and both fiber ends are 

inside to be immersed when the container is filled with liquid samples. A picture of this 

device is also shown in Figure 3.7(b) to show the size of this system. Based on the size of 

the container, it takes more than 10ml of liquids to fill up the whole system. If cleaning and 

rinsing liquids are included, it could take more than 10 times the volume a side-polished 

fiber system requires to finish a measurement. The need of larger amount of samples makes 

the time of a sample test longer because of the restriction on pumping speed. It also makes 

the use of pump insignificant not only because it takes minutes to pump ~10ml liquid in, 

but also a high speed pumping makes unexpected fiber and mirror fluctuations possible 

during measurements which will lead to bad experimental results. 

 

3.5 Conclusions 

We have demonstrated three different optical fiber based sensors in this chapter: a fiber 

taper, a side-polished fiber and a mirror reflection sensor. Each sensor has its own 

properties that are suitable for this project but also limitations. A taper is a best sensor 

works with evanescent wave spectroscopy, however our self-made tapers are not robust 

enough and have an issue to be nonadiabatic. Side-polished fibers are robust and stable 

enough to give the lowest noise level but their evanescent field intensities cannot match 
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with tapers to give a relatively high signal level [16]. The mirror reflection system does not 

implement the evanescent wave spectroscopy so it has the highest supercontinuum 

efficiency among all three. It gives fair noise levels but still higher than the side-polished 

fiber. If the open air system can be improved to closed system and to decrease the 

requirement on sample volume at the same time, it will make this method the best among 

all three sensors. Extra noise is observed when organic samples are tested, further 

improvements on carefully choosing materials to make the device especially in areas where 

are making contact with liquid samples is required. Finally our designs for the flow system 

is demonstrated. Generally speaking, a closed system is better than an open one, but for 

now an open system is in need for the mirror reflection sensor to do optical alignment from 

time to time. Now most of the sensing is done with the mirror reflection device. In the 

following chapter we will demonstrate the data and results acquired from these three 

sensing elements. 
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Chapter 4 Liquid Phase Sensing of H2O in D2O and Organics 

 

H2O is an elementary compound that has long been a wide interest for a long time. Water 

vapor [1], liquid water [2] and solid ice [3], pure or mixed with other compounds, all appear 

in many works ever since several decades ago. [4] Water detection provides an attractive 

way to demonstrate and examine our newly built device. There is an O-H bond stretching 

vibration overtone absorption peak in the region around 1450nm for pure liquid H2O [5] 

which matches with the wavelength coverage of the supercontinuum (600nm to 1600nm) 

and spectrometer (900nm to 1700nm). The position of this absorption peak is observed to 

move to lower wavelength when H2O is made in liquid mixtures. The reference spectrum 

is chosen to be D2O, which has similar behavior as H2O but does not show the high 

absorption feature as H2O does around 1450nm because the O-D bond stretching overtone 

is less in intensity and shifted in peak position. In this project, H2O spectra with different 

concentrations in D2O was measured with the three different sensors introduced above to 

show how each sensor works in the device. The samples are further expand to H2O spectra 

in organics like carbon tetrachloride (CCl4) with the mirror reflection sensor since it is 

made to improve the efficiency of the light source in the fiber-loop. In this chapter we will 

demonstrate the results we have for different samples with the three sensors and some 

discussions are made as well. 
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4.1 H2O in D2O with Fiber Tapers 

The reason we start with H2O and D2O sample pair is they are miscible with any 

concentration mixtures. The reference spectrum is always the pure D2O, and H2O is 

dissolved in with different amount to make several samples with different H2O percentage 

for tests of the device. Each time the spectra are scanned under 20ms integration time and 

averaged 100 times. A ratio of the absorption spectrum of the sample with the reference 

sample is made and then based on Beer’s Law [6], an absorbance can be acquired: 

 𝐴 = −log (
𝐼

𝐼0
) = 𝜎 ∙ 𝑁 ∙ 𝐿 = 𝛼 ∙ 𝐿 (4.1) 

Where A is the total absorbance, I and I0 are the light intensities of sample and reference 

respectively, σ is the molecular absorption cross section for the sample, N is the number 

density, L is the absorption optical path length and α is the absorption coefficient for the 

sample. Samples with known concentrations are tested first so our calculation are focused 

on getting an effective optical path for each sensor and estimating a light efficiency for it. 

 

For fiber tapers, it is difficult to control the optical loss in the fabrication process, so we 

directly connect the fiber with a power meter on the pulling device and keep a laser running 

through it during the whole pulling process. The tapers with low optical loss are thus 

selected to work as sensors. However, this power monitor only gives a rough understanding 

of a total loss on the sensor but does not give any information on the signal level we can 

be expecting because it is hard to tell the waist diameter of a taper. As stated before, tapers 

with different waist diameters will have significant different fraction of intensity in the 



70 

 

evanescent field that interacts with the samples [7, 8], which makes the signal level and 

signal to noise ratio differs from one taper to another. Furthermore, it is difficult to take 

SEM images of a taper, increasingly as the tapers get narrower. A part from a taper sample 

has to be removed and put into the chamber to do SEM imaging, which means it can no 

longer be used as a sensor. Our SEM images are taken only from used or broken tapers.  

 

Figure 4.1 shows an absorption spectrum we take from one taper sensor. The sample here 

is pure liquid H2O. The measurements are done for several times for the taper and the peak 

observed near 1450nm is at the same position as other sensors. However, there are other 

peaks that we are not able to explain clearly. Another absorption peak next to the 1450nm 
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Figure 4.1: Absorbance of pure H2O measured by a fiber taper sensor. 
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absorption appears on both side-polished fiber and mirror reflection device near 1520nm, 

but only on the samples of H2O solutions in D2O. Pure H2O sample gives only one 

absorption feature so the second peak could be due to the formation of HDO in the solutions. 

However, this extra peak in we find on a taper sensor could be due to the sensor itself. The 

absorptions in 1200nm to 1300nm are peaks not appearing with the other two sensors. 

Possible reasons are the tapers not being adiabatic for the light propagating in. The 

interference of light beams in core mode and cladding mode [9] may cause some of these 

apparent peaks, which can also make the real absorbance we have on H2O sample to be not 

accurate. 

 

Another issue we have with the tapers is they do not give a signal level as high as expected. 

The absorbance observed at 1450nm in Figure 4.1 is less than 10 times higher of what is 

got from the side-polished fiber sensor, which only gives an evanescent field intensity of 

<0.02% of the total supercontinuum intensity travelling inside the loop. (Calculations will 

be demonstrated in the part of results for side-polished fibers.) This means the evanescent 

field intensity for a taper is also far below a proportion of 1% of the total supercontinuum 

light source. Mainly due to the waist diameter not being thin enough, the evanescent field 

is not comparable with the strength it can be at a waist of 20μm and below. In terms of 

this, the tapers cannot match with the side-polished fibers we use in this project since they 

give a signal level only a few times higher but are more fragile and with unstable noise 

level. Furthermore, the evanescent field intensity can be significantly different with 
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different fibers. Sometimes a 1-2μm reduction in a taper waist can double the evanescent 

field intensity, especially when the waist is already thin enough because the incident angle 

can be very close to the critical angle (Seen from Figure 3.4). The pulling device has to be 

further redesigned with more sensitive fiber alignment and a camera to observe the pulling 

process which requires more tests with more careful operations, so for now we believe a 

side-polished fiber is a better option. Improvements have also to be done on controlling the 

hydrogen flame size and temperature. Enclosing the pulling setup in a box and using a 

more precise flow meter for H2 and O2 gases were implemented, however there are still 

room for improvement. Random air current brought by igniting the flame and even small 

particles attached on fiber or torch can make the flame not as stable as expected. More 

works on fiber pulling is required, a fully manufactured commercial taper with pre-

determined evanescent field intensity and optical loss is a better option before the whole 

improvement is finished and tested. 

 

4.2 H2O solutions in D2O with Side-polished Fiber Sensors 

Compared with a fiber taper, a side-polished fiber is obviously more stable and robust. A 

clear improvement we notice is that when a taper is replaced by a side-polished fiber inside 

the flow system made by the two tee assemblies, no extra optical loss is recorded. We 

believe this is because it is easy to pull a side-polished fiber straight inside the flow system 

while usually we do not dare to put extra force on a taper which will cause some bending 

loss [10], and if a taper is in touch with the inner wall of the tubing, more loss could be 
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introduced. As we stated in Chapter 2, several wavelengths are separated by interference 

filters to record their ring-down signal and do an exponential decay fit for their ring-down 

time. With the ring-down time we determine the optical loss in each wavelength regions 

and necessary adjustments on the effective round trip times are made when we do final 

calculations. 

 

With the O-H bond absorbance centered at 1450nm for pure H2O and between 1400nm and 

1450nm for H2O at different concentrations in different solutions, our focus is the 

supercontinuum in the wavelength range of 1300 to 1500nm. For a side-polished fiber, the 

same ring-down time fit is not only done with an empty resonant cavity (pump off with 

only air in the flow system), but it is also done in the environment of pure H2O and D2O 

surroundings with the flow system on. A same procedure is done to record the ring-down 

signal and then fit the decay to obtain a ring-down time for each different wavelength band 

centered at 1300nm, 1400nm, 1500nm and 1550nm. The comparison of ring-down times 

for a side-polished fiber in pure H2O and D2O environment have already been demonstrated 

in Figure 2.3. The bandwidth (FWHM) of the interference filters is 2nm, which is almost 

the same as the resolution of the spectrometer (1.56nm). For the wavelengths of 1400nm 

and 1500nm, the difference in ring-down times between a H2O and a D2O environment is 

small because H2O absorbance on a side-polished fiber is small of only ~0.02 for pure H2O. 

The final round trip loss results can be found in Table 4.1 listed below after the calculations 

based on the absorbance. 
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The steps to take a sample spectrum start with the background or dark spectrum of the 

spectrometer itself. Then a reference spectrum is taken by subtracting the background value 

from a spectrum of a pure D2O sample. A sample spectrum is taken afterwards on pure 

H2O or mixtures of H2O and D2O. The mixtures are made by making combinations of H2O 

and D2O in different volumes. For example, a 10% H2O solution in D2O means 10ml of 

deionized H2O is taken and diluted to 100ml with D2O in a 100ml volumetric flask. A ratio 

of the sample and the reference spectra is computed. The logarithm of the ratio is the 

calculated absorbance for a sample at the specific wavelength. Finally by the calculated 

absorbance, we are able to know the working abilities of the sensing element in use. 

 

Figure 4.2 gives the data taken from side-polished fiber sensors. In both spectra, a larger 

integration time is set on the spectrometer so the region of 1200nm to 1300nm is saturated 

on the spectrometer to make a reasonably higher intensity level in 1300nm to 1500nm to 

make full use of the spectral coverage in the region where the absorption peak lies in. 

Figure 4.2(a) is a spectrum on pure H2O sample taken against the reference of D2O. An 

obvious signal level is obtained for the absorption and the peak position corresponds well 

with some previous work on pure H2O [5]. Based on the figure, the absolute value of this 

absorbance is low to be only <0.020. Comparing with a bulk absorption coefficient of 

26cm-1 [4], it is easy to figure out that only a slight portion of the supercontinuum is 

working as the evanescent field outside the side-polished fiber. Here we will briefly 

demonstrate the process of calculations of the evanescent field intensity proportion.  
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Figure 4.2: Absorbance of H2O samples measured by a side-polished fiber sensor. (a) 

pure H2O sample; (b) comparison of pure H2O sample with 10% and 6% H2O samples 

in D2O. Pure D2O is the reference in both measurements. 
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Assuming the total absorption coefficient is α for H2O, based on the absorbance we have 

in Figure 4.2(a), we can have an effective absorption length to be: 

 𝐿eff =
A

𝛼
 (4.2) 

A total absorption length can be represented as: 

 𝐿 = 𝑥 ∙ 𝑙 (4.3) 

Where x is the round trip times and l is the total length of the side-polished region. So an 

evanescent field proportion can be taken from the effective length to be: 

 𝜂𝑒𝑣𝑎 =
𝐿𝑒𝑓𝑓

𝐿
 (4.4) 

With the absorbance measured in Figure 4.2 and the ring-down time from Figure 2.3, the 

round trip times can be got from 1400nm and 1500nm. If we assume the round trip time 

for 1450nm is the mid-point between 1400nm and 1500nm, a final number can be 

calculated and the results are listed in Table 4.1. 

 

Table 4.1: Results for H2O/D2O measurements done with a side-polished fiber 

 Ring-down time 

round trip time in  

H2O 

Round trip loss 

round trip time in  

D2O 

Round trip times 

1400nm 6.24 𝜇𝑠 27% 2.42 

1500nm 8.11 𝜇s 21% 3.14 

 
Average 7.18 𝜇𝑠 24% 2.78 

H2O absorption coefficient 𝛼 = 26cm-1 𝐿eff =
A

𝛼
= 7.04 × 10−4cm 

Side-polished length: l = 17mm 𝐿 = 𝑥 ∙ 𝑙 = 47.26mm 

𝜂𝑒𝑣𝑎 =
𝐿𝑒𝑓𝑓

𝐿
= 0.00015 = 0.015% 
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As listed in Table 4.1, after the numbers from the figures are implanted in the equations, a 

final number of a percentage of less than 0.02% is found for the evanescent field compared 

with the total intensity of supercontinuum. Different from a fiber taper, for a side-polished 

fiber, it is the fiber core radius that defines how large the evanescent field intensity is. Based 

on the work done by Tseng et al. [11], a fiber with core diameter of 9.8μm and cladding 

of 1 to 2μm, the attenuation coefficient should be lower than 1 × 10−3, which agrees well 

with the percentage from this work.  

 

Based on the absorption peak we have on pure H2O sample in Figure 4.1(a), a signal to 

noise level of >100 is obtained. Figure 4.2(b) is a comparison of pure H2O sample with 

some mixed samples of H2O and D2O. Concentrations of 10% and 6% H2O in D2O are 

made, and the reference is also pure D2O. There is a clear redshift on the peak position of 

the total absorbance and the less H2O, the lower wavelength the peak is. This redshift is 

reported in some other works as well [12], and the most possible reasons can be the 

formation of HDO when H2O and D2O is mixed. In the solution there is an equilibrium of: 

H2O + D2O ⇌ 2HDO 

This equilibrium has an equilibrium constant of K=3.76 at 25℃ [13], which means roughly 

there will be 18% HDO and only 1% H2O existing in a 10% H2O solution in D2O when the 

equilibrium is reached. The absorption feature for different species of H2O, D2O and HDO 

are slightly different due to different density and length of hydrogen bonds. [14] The noise 

level on the mixed samples also becomes higher than pure H2O, but with the 6% sample a 
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signal to noise of ~5 can still be reached which makes it possible to use the side-polished 

fiber in H2O detections of a concentration lower than 5%.  

 

The comparison between a side-polished fiber and a fiber taper is focused on the signal 

levels they can provide. Even though our self-made fiber taper fails to prove its advance in 

providing more signal intensity (i.e. evanescent field intensity in this work), many other 

works [15, 16] and some of our previous work [17] all show what a well fabricated fiber 

taper can achieve in liquid phase sensing. On the other hand, a side-polished fiber is more 

robust and easier to handle, which makes it better to work as a portable sensor. 

 

4.3. Results for Mirror Reflection Device 

The main reason we change from a side-polished fiber to a mirror reflection is due to the 

low evanescent field intensity on the side-polished fibers. Since the detection limit of a 

side-polished fiber only makes to several percent of H2O concentration, which makes it 

unable to do measurement with the amount of H2O in organics immiscible with H2O. The 

switching of sensors significantly improves the signal by thousands times larger than the 

other two sensors. As in the calculations we show in Table 4.1 for the side-polished fibers, 

assuming the final percentage increases from 0.015% to 100% and to derive it back, a total 

absorbance of ~120 can be achieved. Although some parameters like round trip loss would 

be higher here due to a higher absorption and the reflection coupling efficiency, the final 

signal level is still improved by a factor of 103. 
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The test for the mirror reflection system also starts with pure D2O as a reference and 

samples of H2O in D2O solutions are taken. Because the estimation of signal increase is 

high, only 1% and 2% H2O solutions are made as samples to be tested. Figure 4.3 gives the 

results we have on these liquid samples. The absorbance are acquired the same way we do 

with H2O samples with a side-polished fiber and two spectra from different sensors are 

further compared with their signal and noise.  

 

Figure 4.3(a) is the absorbance spectrum of the 1% H2O solution. Position of the absorption 

peak has further redshifted from 1450nm to less than 1410nm [18] and with an even lower 

concentration than the ones made with side-polished fiber measurements. The black curve 

is the pure H2O spectrum from side-polished fiber results. It is clear the absorbance 

increases from ~0.020 to almost 0.35 even with a 100-time concentration decrease. So it is 

reasonable to estimate when a same sample is used in both the side-polished fiber and the 

mirror reflection, a more than 1000 times signal improvement can be expected. Another 

point we notices is that since the absorbance is high at most of the region between 1400 

and 1500nm, it makes the implement of fiber-loop not as necessary as it is with a side-

polished fiber sensor. Because the high absorption of H2O in this region, most absorption 

happens at the first round trip. Light intensity in the second round trip is estimate to be less 

than 40% of the first one which means an effective round trip number is only slightly more 

than 1. If we take the extra loss on the reflection coupling into concern, this number could 

be even smaller. Because a little tradeoff is made on the coupling efficiency to make the 
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spectrum more stable and with less fluctuation, the free space coupling loss could be as 

high as 40% in the final measurements. Based on the signal and noise level from the figures, 

a detection limit of a concentration of 0.02% H2O can be reached on the mirror reflection 

sensor. 

 

Another absorption feature overlapped with the 1410nm H2O peak is observed at 1520nm. 

Similar peaks are observed in the spectra of 6% and 10% H2O as well in the tests done on 

side-polished fibers shown in Figure 4.2(b) but a little buried in the noise. Similar feature 

does not appear on the pure sample or H2O-organic samples, so this is also believed to be 

due to the formation of HDO inside the mixed samples. 

 

In Figure 4.3(b) a spectrum taken from 2% H2O solution is added to be compared with the 

1% sample and the pure sample from side-polished fiber test. The absorbance doubles at 

1410nm to ~0.7 which indicates that almost 80% of the supercontinuum intensity is 

absorbed within its first round trip in the loop. For an absorption as high as this, it makes 

no difference if a fiber-loop is in use or not. The double pass from a one-time mirror 

reflection has already made the same absorption level on the spectrometer as multi-passes. 

Another issue that needs to be considered is that for a CEAS measurement, when the 

absorption becomes stronger, the effective path length will also be depend on the per-pass 

optical loss [19]. If the total loss becomes high enough because of the absorption from a 

liquid sample, there will be a decrease in the total pass length as well. In this case the total 
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absorbance and sample number density will no longer hold a linear relationship as the 

Beer’s law indicates. In this work, an effective path length is always assumed to be one 

round trip or twice the distance between the mirror and the fibers (1.7cm), so if an 

absorbance higher the H2O solution is measured in the fiber-loop system, an effective path 

length has to be calculated first.  

 

By switching from side-polished fiber sensors to the mirror reflection device, the increase 

happens not only on the signal level because the light becomes more efficient, but also on 

the noise level as well. Clearly when the system is connected as a whole continuous piece 

of fiber, there will be less influence on the light intensity travelling inside the fiber than in 

the free space. In the mirror reflection device we will have more aspects to consider. More 

noise would be introduced from the sensing device because of its exposure to the 

surrounding environment in the lab and higher random noise from a longer time it takes to 

finish one sample test. Examples like the fluctuations on the fiber alignments brought by 

liquid flowing, dust particles sticking on the fiber ends, influence from unwanted 

contaminates in the liquid samples are all possible ways that could make the noise worse 

than a side-polished fiber sealed inside a small tubing. Flow rate on the pump is set on a 

low speed and sometimes samples are added manually to shorten the time it takes to finish 

one measurement. By switching to a newly designed Teflon container, manually adding 

and removing samples and carefully removing all the fiber coating inside the sensing region, 

we are able to minimize the noise level on the mirror reflection sensor, but it is still 10 
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times larger than a side-polished fiber sensor. Further work on the mirror reflection sensor 

is in progress to reduce the noise. 

 

After finishing the H2O and D2O sample pairs, we are trying to expand our work to H2O 

detections in organics. The organic sample we pick is carbon tetrachloride (CCl4) for it is 

a widely used organic solvent but its nonpolar molecule makes it immiscible with H2O. 

The measurement of H2O in organics will help to determine a detection limit of this device 

more precisely. A saturate solubility of H2O in CCl4 is at a molar fraction of 8.97× 10−4 

at 25℃ [20], which is 0.00924 mol/L or switching to the volume proportion of 1.66× 10−4 

(166ppm). According to the absorbance we have on the 1% H2O solution, the absorbance 

on a saturate H2O in CCl4 solution is expected to be 0.005 to 0.01, which is lower than the 

absorbance of pure H2O sample measured by a side-polished fiber sensor but still 

detectable. Saturated H2O solutions are made by thoroughly mixing H2O and CCl4 and 

pouring out extra H2O floating on top. Measurement procedures are the same as before, 

and the results are shown in Figure 4.4. The position of the absorption peak matches with 

other works done on H2O in CCl4 [18] but the absorbance appears in the figure with clear 

noise on it. The smoothing method of Savitzky-Golay filter [21] is applied on the curve in 

order to make the line shape smoother so we can have a more stable and accurate 

absorbance. 

 

To confirm the absorbance of saturated H2O in CCl4 measured with this device, we further 
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compare the spectrum taken in ref[18] of H2O spectra in CCl4 with the measurements got 

on this device. Figure 4.5 shows the spectrum of H2O solution from ref[18], and the H2O 

was made unsaturated at 0.0055 mol/L (saturate solubility 0.00924 mol/L), and the path 

length was 10cm (3.2cm in our work). Our test shows a match with the absorbance at 

5285cm-1 (~1.9 μm) but not the 7167cm-1 (~1.4μm) absorbance. However the absorption 

coefficient for H2O at these two positions are close to each other [22] (In ref[22] the gas 

phase absorption coefficient for the two peaks are 21.9 and 16.1cm-2atm-1 respectively), so 

we believe one of the absorbance measured in ref[18] may be incorrect, and further 

measurements have to be done to confirm our suspicion.  
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Figure 4.4: Absorbance of saturated H2O in CCl4, reference is pure CCl4. Red line is the 

smoothing plot. 
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4.4 Comparison of Different Sensors 

The comparison of the sensors focuses on the signal to noise level and detection limit. 

Because the fiber tapers do not give a stable signal to noise ratio due to their unstable waist 

size, and that the issue of nonadiabatic transitions makes the final absorbance less accurate 

to demonstrate an actual H2O concentration, the comparison will be mostly focused on the 

side-polished fiber sensors and the mirror reflection device. For the mirror reflection sensor 

the calculation is separated to two parts of H2O samples in D2O and CCl4. Table 4.2 gives 

Figure 4.5: The H2O absorbance in CCl4 solutions done in ref[18]. H2O concentration 

is made 0.0055 mol/L (59.5% of the saturate solubility), and a total path length is 10cm. 
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the signal to noise ratio and detection limit on both sensors. 

Table 4.2 Signal to noise and detection limit comparison of the sensors 

 Pure H2O on side-

polished fibers 

Mirror reflection sensor 

1% H2O Saturate H2O in CCl4 

Signal to Noise 100 125 2 

Detection limit 0.03 0.0002 0.0002 

 

From Table 4.2 it is easy to find the detection limit improvement on the device when the 

sensor is switched from the side-polished fibers to the mirror reflection device. 

Furthermore, with the efforts done on changing device materials to organic inert substances 

like Teflon and removing fiber coating, we are able to make a noise level for the organic 

sample similar as the inorganic samples like a H2O and D2O environment, but there is still 

a more than 10 times noise level increase when the sensor is changed. (The signal level 

increases ~15 times after changing to a mirror reflection sensor while signal to noise level 

only increases slightly.) Our work now is focusing on improving the noise level on the 

mirror reflection device to get it closer to the side-polished fiber sensors which have a noise 

level almost the same as the background noise. If the signal to noise can be further 

improved by 10 times higher, the detection limit can reach a level of ~20ppm, so more H2O 

solutions in organics can be measured by this device. 

 

4.5 Conclusions 

In this chapter results from the three different sensors built on the fiber-loop are 
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demonstrated to indicate their working abilities and detection limits. For the fiber tapers, 

unexplainable peaks appear in the spectra, and the absorbance appears to be different for 

different tapers because some taper parameters are not well controlled. We believe the self-

made tapers failed to show the advantages of a taper sensing system by giving a relatively 

lower signal and higher noise than expected. The taper was replaced by a side-polished 

fiber from which better signal results are provided. Spectrum from pure H2O sample gives 

a clear absorption feature at the wavelength of 1450nm and a signal to noise of 100 is 

reached with the pure sample. Tests of mixed samples of H2O and D2O indicate a slight 

increase in the noise level but a limit of concentration at <5% of H2O is reached so far on 

this sensing element. The mirror reflection device is installed because a side-polished fiber 

can make use of only 0.02% of the supercontinuum light source in the evanescent field. By 

changing to free space coupling, improvement on the signal level is observed. 

Measurement on 1% H2O sample in D2O gives an increase of ~15 times in absorbance 

compared with a pure sample measured by a side-polished fiber. Further tests with organics 

shows it has the ability for H2O detection in organics immiscible with H2O. An issue of 

relatively high noise level is observed and some efforts are done to minimize it. In sum, 

each sensor has its own advantages and limitations, and we believe there is still room of 

improvements for all three methods. 
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Chapter 5 Applications and Future Work 

 

After finishing the liability tests of the setup the next steps is to figure out in which areas 

this liquid phase fiber-loop cavity enhanced absorption spectroscopy device can be used 

and how well the working ability is and in what aspects there is still improvements needed. 

An advantage of this device is that it is easy to be made compact to work properly without 

any further alignment, especially for the side-polished fiber sensor. Every fiber component 

can be connected together by a fusion splicer so finally the whole device can be all made 

from optical fibers. This makes it possible to make it portable and to be used in situations 

not only in a research lab. There are also several issues need to be solved as well. Some 

future work will still be done focusing on these problems. 

 

5.1 Future work 

There are still several important issues left to be solved before this project can be finished. 

Recently most of the work is focused on lowering noise levels, making smaller device sizes 

and designing a more efficient taper pulling device. The noise levels are much lower now 

than the time when the system was first set, but it is still higher than expected, especially 

for the mirror reflection sensor. For a side-polished fiber sensor, the noise is fair to be 

slightly higher than the noise from a blank cavity. Because only inorganic samples of H2O 

and D2O are tested on this setup, we cannot make any comparisons on the organics done 

on the mirror reflection device. But we believe some adjustments have to be done if the 
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side-polished fiber sensor is to be expanded to organic samples. To keep a stable spectrum, 

the whole flow system have to be changed to materials with higher quality of chemical 

resistance. Most kinds of conventional tubing are not suitable for organics solvents like 

carbon tetrachloride (CCl4) used in this project. Fiber coating also has to be removed for 

the whole region inside the flow system. The core and cladding of fibers are resistant to 

most chemicals because of their material (silica), but the coating is usually made from 

plastic polymers like acrylate or polyvinyl chloride (PVC), which can be severely damaged 

when immersed in some organics. We think this is the reason why the noise level on organic 

samples spectra from the mirror reflection device is high when it is first built. When the 

container is rebuilt with Teflon and the tubing is removed, noise level decreases 

dramatically on the mirror reflection device. 

 

Another reason for a higher noise level is the open system for the mirror reflection sensor. 

A system exposed outside can have several issues against a closed system like the flow 

system built for a side-polished fiber sensor. A fiber sensor in a closed system can be mostly 

kept away from the outside environment, so we can make sure the whole device is inert to 

unexpected changes like temperature, humidity or random wind caused by people walking 

by. For an open system, however, there are more variables that can make influence on a 

final measurement. The H2O solutions for example, could be affect by water vapor in the 

air, especially in a very low concentration level. For now we are still in need of an open 

system for the alignment of the holder with two fibers, but the idea is to design a tubing-
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shaped container for us to insert the two fibers and mirror on both ends, so a closed device 

can be built when lower sample volume is consumed at the same time. A fully closed setup 

also helps to build a fiber connected device which can be finally portable and does not need 

further alignments when fully installed.  

 

The last thing we are working on now is to rebuild the taper pulling device. Generally 

speaking, despite that the fact that a side-polished fiber is easier to handle than a fiber taper, 

the fiber taper is considered to be a better sensor for evanescent wave spectroscopy works. 

Compared with only 0.02% evanescent field we get on a side-polished fiber in this project, 

the intensity could be orders of magnitude higher on a fiber taper. We are now working on 

a design of a more precise control on the pulling process. Not only the pulling loss, but also 

the pulling distance and waist diameter should be monitored. There are ways that a flame 

size and temperature can be controlled [1], which will help control the total length of a 

taper and its final waist. A camera with microscope is needed to monitor the pulling region 

in the process, so both fiber core and cladding can be watched to decide if it is still adiabatic. 

Tapers no longer adiabatic will be recognized as failures so to improve the experimental 

efficiency. The two fiber clamps have to be aligned in the same direction as the half-left 

half-right screw. A very small angle will cause a bending on a taper in its pulling and the 

bending will usually lead to a nonadiabatic fiber. The more straight a fiber is held, the more 

possible a taper can be pulled successfully.  
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5.2 Potential Applications 

Because our project is mostly focused and done on H2O so the first application we think of 

is on H2O detection. The absorption feature of H2O at 1450nm is relatively strong so it 

helps to enhance the lowest concentration this device can reach. The peak wavelength is 

something need to be paid attention to since it is moving with different solvents and 

concentrations. Because other O-H bonds also have similar absorbing features in the almost 

the same region of 1300 to 1450nm, which will cause confusion, it rules out some potential 

sample pairs such as the most common ones of water mixed with methanol, ethanol and 

other alcohols.  

 

A great example this work can be fit in is H2O detection in gasoline. As we know gasoline 

is mostly composed by alkanes and other hydrocarbons. Even mixed with a slight amount 

of water will cause a shake or even explosion when burning inside engine. H2O solubility 

in gasoline can be as high as 0.5% in volume when 10% ethanol [2, 3] is contained in 

gasoline today. And because water tolerance [4] is much lower than this level, it is 

important to make accurate measurements on H2O concentrations. Another similar 

example is for detection in oils. Pure oil like machine oil or lubricating oil [5] could be 

easily contaminated when mixed with water, especially when the water is not pure. 

However for oils there are usually groups like carboxyl in it so we are not sure if the 

spectrum range is clean enough for detections. If most light is absorbed by the solvent itself, 

it would not make a good idea to work in this region. 
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Our work is restrained by the wavelength coverage of the supercontinuum light source and 

the wavelength coverage of the spectrometer. There are other supercontinuum sources 

reported to have a coverage larger than ours or in different wavelength ranges. [6, 7] There 

are also manufactured fiber based supercontinuum sources [8, 9] that cover the near 

infrared region or other parts of the whole light spectrum. Other light sources like a halogen 

source [10] makes other options since they are usually more stable than a supercontinuum 

but with lower intensities and worse directionality. A spectrometer can also be changed 

easily without changing other components in the whole device. Thus it would not be very 

difficult to do same measurements at different wavelengths. If the work is not restricted by 

wavelength coverage and samples, the applications can be made more broadly. 

 

 

5.3 Conclusions 

There are still works that can be done to improve the results we have from this project. The 

redesign on the pulling device and efforts on reducing the noise are only parts of them. Our 

final goal is to make this whole device potable to do measurements on more liquid 

compounds and their mixtures to give simultaneous results. If the whole system can be 

exchanged to fiber-based components, it would make it possible to achieve this goal. When 

expanding from detection of H2O to other compounds and from 1300nm to 1500nm to 

other regions in the near infrared, we believe the use of this device can be widely expanded. 

Similar as other works, this device can be fit in areas like concentration and absorptivity 
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detection [11], refractive index measurement [12], sensor evaluations [13] and other liquid 

phase spectroscopy tests. The sensitivity of this device may not be able to match with some 

conventional and well developed sensing methods like chromatography [14], but it has own 

advantages of simple setup and more importantly, less expensive to build. If the sensibility 

can be further improved, this simple but robust device can have more application prospects. 
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