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ABSTRACT 

 

In this thesis, several novel devices for fiber laser are proposed and demonstrated. The 

first type of device is based on modal interference in non-adiabatic fiber tapers. Using 

such tapers, we demonstrate a simple technique to tune the wavelength of an all-fiber 

erbium-doped laser. Next, we systematically investigate the use of non-adiabatic fiber 

tapers for sensing purposes. As a result of this investigation, we have built and 

characterized several simple and sensitive sensors for highly accurate measurements of 

strain, temperature, and refractive index. 

Another class of devices investigated in this dissertation is based on micro-cavities. 

We propose and demonstrate, for the first time, the use of high-Q micro-spherical 

resonators as feedback mirrors for fiber lasers. The advantages of these new “mirrors” 

include compactness, low cost, tunability of the reflection coefficient, and an extremely 

narrow reflection bandwidth. 

We demonstrate single-frequency and Q-switched fiber lasers based on micro-

spherical mirrors. The next natural step in the development of fiber-lasers involves the 

phenomenon of mode-locking. For this purpose, we developed a novel type of saturable 

absorber based on a fiber-taper embedded in a carbon nanotube/polymer composite 

material (FTECntPC). Subsequently, mode-locking was successfully demonstrated in an 

erbium-doped fiber laser using the aforementioned FTECntPC saturable absorber. We 

have thoroughly investigated the dynamics of passively mode-locked fiber lasers that 

incorporate the FTECntPC saturable absorber. With this new saturable absorber we have 
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been able to obtain the highest pulse energies that have been generated to date directly 

from a soliton all-fiber laser. In addition, with the help of the novel saturable absorber, 

we have been able to build and analyze the first bi-directional passively mode-locked 

fiber laser. 
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CHAPTER 1 

INTRODUCTION 

 

Optical fibers play a fundamentally important role in modern telecommunication 

systems. Improvements and new developments are announced on a daily basis in the fiber 

optics industry, thus promising better services for the society. The Fiber-to-the-home 

technology, with a projected data transfer rate of hundreds of Giga-bits per second, is 

expected to become reality in the not-so-distant future. Beside telecommunication, 

research in fiber optics has brought about better solutions to sensing problems, and has 

also broadened the market for new sensor applications. Low cost, reliable, and sensitive 

fiber optics sensor systems are being deployed in many places around the globe. 

Although they have been around since the early 1960s [1.1, 1.2], the use of optical 

fibers for laser applications has received widespread attention only in recent years. Fiber 

lasers, which are compact, low-cost and maintenance-free, are considered serious 

competition for the traditional Nd:Yag and CO2 lasers. In fact, fiber lasers have begun to 

replace most other high-power lasers in applications such as material processing. CW 

fiber lasers, having output powers in the multi-kW range, are currently commercially 

available. At the moment, fiber lasers hold the record for average output power among all 

lasers. For this reason, they are indispensable tools in the automotive and ship-building 

industries. Pulsed fiber sources, however, have thus far lagged behind solid-state lasers 

for reasons that have to do with the available pulse energy. The main limitation of fiber 

lasers in this regard is caused by the accumulation of excessive nonlinear phase shifts on 
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short pulses that propagate through an optical fiber. Nevertheless, fiber lasers operating in 

the self-similar mode have been demonstrated that generate pulses with 26nJ/100kW 

power [1.3]. Pulse energies as high as 100nJ have also been predicted theoretically [1.4]. 

These new developments in pulsed fiber lasers have made them more appealing for 

applications that require high pulse energies. 

In this thesis, several novel devices for application in fiber lasers are proposed and 

demonstrated. A new method of tuning the wavelength of fiber lasers using non-

adiabatically pulled fiber tapers is presented in Chapter 2. Chapter 3 deals with different 

sensing applications based on non-adiabatic fiber tapers. Several simple yet sensitive 

sensors for measuring strain, temperature, and refractive index are demonstrated. 

A new class of mirrors for laser applications based on high-Q micro-cavities is 

proposed and investigated in Chapter 4, where the first fiber laser with a glass micro-

sphere acting as a feedback mirror is demonstrated. It is our belief that this new type of 

mirror will play an important role in further developments of single-frequency and Q-

switched fiber lasers. 

In Chapter 5, a novel type of saturable absorber based on a fiber-taper embedded in a 

carbon nanotube/polymer composite (FTECntPC) is proposed, fabricated, and 

characterized. Here we demonstrate that mode-locking of an erbium-doped fiber laser 

with the new type of saturable absorber can be readily achieved. Dynamics of a passively 

mode-locked fiber laser with FTECntPC saturable absorber are then thoroughly 

investigated in Chapter 6. 
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Chapter 7 is devoted to a discussion of pulse energy scaling in passively mode-

locked fiber lasers. Here we demonstrate the feasibility of achieving record pulse 

energies (in the nano-joule range) in an all-fiber passively mode-locked ring laser with 

soliton pulse shaping. 

In Chapter 8, we demonstrate the first all-fiber, bi-directional, passively mode-

locked, ring laser. Different modes of operation of the new laser that have been observed 

are investigated in detail. We believe this laser will find application in rotation sensing. 

No new theories of laser operation are presented in this thesis. The theories behind 

all the novel devices presented here are well-known and well-documented in textbooks; 

see, for example, the books on fiber optics by G. Agrawal [1.5, 1.6, 1.7]. The book by A. 

Yariv [1.8] contains the basic theory of light propagation in optical fibers, as well as 

some introductory laser physics. The insightful book on lasers by A. Siegman [1.9] 

contains many experimental details on the operation of various kinds of lasers, although. 

the book is somewhat out-of-date and does not contain some important recent 

developments, especially those in fiber lasers. Certain engineering aspects of lasers are 

discussed in [1.10]. There are also excellent monographs on short pulse laser sources 

[1.11, 1.12]. Applications of lasers can be found in [1.13, 1.14, 1.15]. 
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CHAPTER 2  

TUNING THE WAVE-LENGTH OF FIBER LASER WITH A 

FIBER TAPER 

2.1 Introduction. 

A novel scheme to build a compact, tunable fiber laser is described. The tuning 

mechanism is based on the transmission property of a single-mode biconic fiber taper. 

While pulling the taper, oscillations in the transmitted optical power were observed. This 

effect is due primarily to interference between a pair of excited modes within the tapered 

region, which are eventually coupled into the unstretched single-mode fiber at the end of 

the taper. A similar mechanism causes the modulation of the transmitted optical spectrum 

after the taper has been pulled and stabilized. It is this spectral modulation by the taper 

that is exploited here to control the wavelength of a fiber laser. The modulation can be 

adjusted by stretching the taper, thus enabling the tuning of the laser wavelength. An Er-

doped tunable ring fiber laser is demonstrated with a continuous tuning range of over 20 

nm and a signal-to-noise ratio of better than 45 dB over the entire tuning range. 

Fiber tapers are widely used in fiber couplers and various other devices such as 

refractive-index sensors [2.1], strain sensors [2.2], super-continuum generation devices 

[2.3], and couplers for micro-sphere resonators [2.4]. Advantages of fiber tapers include 

their simplicity of fabrication and reliability of operation. Fiber tapers are normally made 

by heating and stretching a piece of optical fiber, after the polymer protective cladding 

has been removed. The heat source can be a gas burner, a CO2 laser, or a pair of 
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electrodes. The procedure involves heating the fiber to its softening temperature, then 

pulling the ends apart to reduce the fiber’s diameter. During pulling, the fiber diameter is 

continually reduced, resulting in an enhanced mode-field diameter; eventually, the light 

will fill the entire core and cladding within the tapered region, guided by total internal 

reflection at the cladding-air interface. Normally in the taper region more than one mode 

is allowed to propagate (unless the taper diameter is exceedingly small). For biconic 

tapers made from a single-mode fiber, we observe single-mode to multi-mode to single-

mode transition along the length of the fiber, which means that the light first propagates 

in a single-mode regime, then, before the taper’s waist region, it is coupled into different 

modes, and finally, reaching the opposite end of the taper, these various excited modes 

are coupled again into the single-mode of the unstretched fiber. It has been shown that the 

dominant modes in the waist section of the taper are HE11 and HE12, and that the overlap 

(at the end of the taper) between these and the single-mode of the unstretched fiber is 

responsible for the observed beating behavior, namely, the oscillations of transmission at 

fixed wavelength during the pulling process [2.5]. 

 

2.2 Un-adiabatic fiber taper preparation and characterization. 

 

Fiber tapers are made by heating (with a butane flame burner) and stretching a piece 

of single-mode fiber (SMF 28, Corning), where the protective coating has been removed. 

The flame is about 5 mm wide and is fixed during the pulling process. The fiber is pulled 

only from one side, with controllable speed and pulling distance. Before 



 24 

heating/stretching the fiber, light from a narrow line-width tunable laser (Agilent 

81682A) is coupled into one end of the fiber, then the fiber’s transmission is monitored 

using a power meter (Newport 1835-C) during the heating/pulling process. 

 

 

 

 

 

 

 

 

Figure 2.1. Oscillations of transmitted optical power during the taper heating/pulling 

process: starting point on the left, stopping on the right, 12mm travel distance. 

Transmission stabilizes as soon as the pulling stops. 

 

Figure 2.1 shows a typical transmission curve of the fiber taper during the 

heating/pulling process. The tunable laser’s wavelength was fixed at 1550 nm. The 

pulling speed was kept at a constant rate of ~ 100 µm/s, the taper length was ~ 12 mm, 

and the taper diameter at the waist (measured after pulling) was 8 µm. Figure 2.2 shows 

picture of the original fiber (diameter ∼ 125µm) and that of the taper waist. Oscillations 

of the transmitted optical power are clearly observed. At first, there is no change in 

transmission for about 3 mm stretching; once the oscillations start, however, their period 



 25 

becomes shorter with pulling time (length). The modulation depth is ~ 30%, and a loss of 

less than 10% is regularly achieved. Similar oscillations through biconical fiber tapers 

during pulling have been reported in the literature [2.6-2.8]. 

 

 

 

 

 

 

Figure 2.2: (right)-Picture of the original fiber before being pulled. (left): Picture of 

the fiber taper waist region after pulling. The magnification was the same for both 

pictures. 

 

Power variations during tapering are caused by interference between different modes 

in the taper’s waist region, which in turn depends on the phase difference between the 

two strongly coupled modes of the taper. This phase difference depends on the excitation 

laser’s wavelength and the interaction length between the two modes. To verify this, the 

wavelength dependence of the transmission of the biconic taper is measured. Figure 2.3 

shows the spectral response of the taper measured in transmission using a narrow-

linewidth tunable laser. The response is nearly sinusoidal, indicating that primarily two 

modes are responsible for the observed behavior. Furthermore, if the taper is stretched 

(without heating) the spectral response is blue-shifted; see Figure 2.3. 
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Figure 2.3. Spectral response of a biconic fiber taper and its shift upon stretching. 

 

Thus, it is shown that the tapers exhibit a periodic spectral response, which can be 

tuned by stretching (i.e., changing the interaction length). These tapers can thus be used 

as tunable filters within various optical devices. Several applications can be imagined for 

these tapers, the most obvious one being in fiber displacement sensors. If the laser 

wavelength is fixed, any displacement that causes a stretching of the taper will shift its 

spectral response, thus resulting in a change of transmission through the taper. Based on 

this principle, we have built fiber displacement sensors with sub-micron sensitivity and 

with a wide working range [2.9]. Another application is in fiber lasers with tunable lasing 

wavelength. Being building blocks of high-speed communication systems, a cost-

effective method of producing tunable lasers is highly desirable [2.10]. In what follows 
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we demonstrate the application of our tapers in constructing simple, all-fiber tunable 

lasers with a wide tuning range. 

An important characteristic of the tunable filter is the dependence of its spectral shift 

on stretching. We fabricated 16 different tapers, all having different free spectral ranges – 

FSR is the peak-to-peak distance in the spectrum – by varying the taper length. (The 

expectation was that longer tapers would have smaller FSR, but this was not always the 

case.) We then measured the spectral shift of each taper in response to a 100 µm stretch. 

The results are shown in Figure 2.4, where the shift for each taper has been normalized 

by the corresponding FSR. For tapers with larger FSR one needs to stretch more in order 

to shift the spectral response by one period. 

 

Figure 2.4. Dependence of spectral shift of different fiber tapers on their free spectral 

range (a constant 100 µm stretch was applied). Solid curve is the exponential decay fit. 

Fiber taper 
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2.3 Tuning the wave-length of fiber laser with a fiber taper 

 

A ring laser using an Er-doped fiber as the active medium is then built with one of 

the  fiber tapers incorporated into the cavity. The schematic diagram of this laser, which 

uses about 3 meters of standard C-band Er-doped fiber (Lucent) with ~ 5 dB/m of 

absorption at 1480 nm, is shown in Figure 2.5. The λ = 1475nm pump laser (Fitel single-

mode fiber-coupled laser diode) was launched into the ring cavity using a 1480/1550nm 

WDM fiber coupler. A 3 dB fiber-coupler was used to couple the light out of the 

resonator. For stable operation a fiber-optical isolator was incorporated into the cavity. A 

taper, fixed in place using a pair of V-grooves (each of which could be moved separately 

to stretch/unstretch the taper, figure 2.6) was spliced between the Er-doped fiber and the 

isolator. Due to the low loss of the cavity (~ 5 dB, including the 3 dB coupler) our ring 

laser has a pump power threshold of only about 7 mW. The maximum output power 

(limited only by the available pump power) is 32 mW at 120 mW pump power (inset of 

Figure 2.7). 
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Figure 2.5: Configuration of the fiber ring laser. 

 

 

Figure 2.6: A fiber taper held in two V-grooves. 
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We measured the spectrum of the ring laser using an Ando Spectrum Analyzer (AQ-

6315E). The laser linewidth was 0.05 nm, which is the resolution limit of our spectrum 

analyzer. As expected, the laser’s wavelength could be tuned by stretching and 

unstretching the intra-cavity taper. The tuning range was found to be 20.5 nm 

(1546 : 1566.5 nm), with a signal-to-noise ratio (SNR) better than 45 dB over the entire 

tuning range; see Figure 1.8. The output power in the tuning range is nearly flat, as 

shown in Figure 1.7. The laser wavelength is blue-shifted when the taper is stretched and 

red-shifted when the taper is unstretched. 

 

 

 

 

 

 

 

 

 

 

Figure 2.7: (■) Variations of the output power with wavelength for the tunable ring 

laser based on our biconic fiber taper. (●) Relative stretch distance versus tuning 

wavelength. Inset: Dependence of the ring laser’s output power on the pump power; 

Pthresh = 7 mW. 
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Figure 2.8 shows the tuning characteristic of the ring laser. Note that there is a 

stretch position of the taper where two-wavelength lasing can be achieved in a narrow 

range where the gains for the two wavelengths are nearly identical (Figure 2.8, red 

curve). From this position, if the taper is further stretched, both lasing wavelengths would 

be blue-shifted: the amplitude of the left-hand peak (shorter wavelength) would drop 

quickly (eventually disappear), while the amplitude of the longer wavelength would 

become dominant. The total output power of the laser is more or less unchanged in the 

two-wavelength regime compared to that of the single-wavelength regime. If we continue 

to stretch the taper, the laser wavelength continues its blue-shift and, upon reaching 

~ 1546 nm, a second peak appears on the right at λ ~ 1567nm, and the cycle is repeated 

with further stretching. The stretching distance for the entire tuning range is ~ 180 µm. 

Typically, we went through 4-5 tuning ranges before the taper reached its breaking point. 
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Figure 2.8. Tuning characteristic of the ring laser with an intra-cavity biconic fiber 

taper. 

 

To increase the tuning range of the laser we made tapers with larger FSR (about 50 

nm), but the tuning range remained nearly the same. The reason, we believe, is the low 

modulation depth of the taper’s spectrum (only about 30%), so that it cannot discriminate 

the lasing wavelength in the background of the un-flattened gain of the C-band Er-doped 

fiber. The tuning range should be extendable to the entire gain bandwidth of the active 

fiber using tapers with larger (spectral) modulation depths, or by cascading several tapers. 

We will address these issues in future work. 
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Since tuning is achieved by stretching the taper, material fatigue may become a 

practical concern. We conducted an experiment where the taper was stretched and 

unstretched repeatedly over the entire tuning range; no signs of degradation of the laser 

output were observed after more than 5000 cycles. We thus believe that the tapers have 

been operating within the elastic region of their constituent material. 

 

2.4 Conclusion. 

 

In conclusion, we have investigated single-mode fiber tapers that exhibit mode 

beating in the taper’s waist region. The spectral response of the taper was close to a 

sinusoidal function, which signifies the presence of two dominant modes participating in 

the interference. The spectral response is shifted when the taper is further stretched 

(without heating). Using this property of the taper, we constructed a tunable Er-doped 

fiber ring laser. A tuning range of 20.5 nm (1546 : 1566.5nm) with a flat power response 

and SNR > 45dB was demonstrated. We believe the tuning range can be improved by 

using tapers that have a wider FSR and a larger spectral modulation depth, or by 

cascading multiple tapers. 
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CHAPTER 3 

BICONICAL FIBER TAPER SENSORS 

 

3.1 Introduction. 

 

Several simple sensitive, fiber-optics-based sensors that utilize a biconical fiber taper 

are described. A displacement sensor with 100 nm accuracy, a temperature monitor with 

sensitivity ∆T ~ 1°C, and a refractive-index sensor capable of measuring ∆n ~ 1.42 × 10-5 

are demonstrated using tapers made from a standard single-mode fiber. 

 

Fiber-optic sensors have found increasing applications in different technological 

fields [3.1]. Various types of fiber sensors have been proposed and demonstrated [3.2-

3.4]. Fiber-taper-based sensors are amongst the simplest of such devices, as they do not 

require expensive and complex fabrication procedures. In contrast, fiber Bragg grating 

sensors, for example, require expensive phase-masks. Recently, strain, high temperature 

and refractive index sensing using tapered micro-structured optical fiber has been 

reported [3.5-3.7]. However, the authors used tapered micro-structured fiber which is 

expensive and difficult to work with in term of getting low loss splicing with standard 

optical fiber. In this paper we show that better performance (in term of loss, spectral 

response and working range) of sensing devices can be obtained with standard single-

mode optical fiber tapers. 

Tapering a single-mode optical fiber involves reducing the cladding diameter (along 

with the core) by heating and pulling the fiber’s ends. The heat source can be a gas 

burner, a focused CO2 laser beam, or an electronic arc formed between a pair of 

electrodes (in a fusion splicer, for example). The result of tapering is the so-called fiber 

taper, which consists of three contiguous parts: (i) a conical segment where the diameter 

of the fiber gradually decreases; (ii) a relatively long, taper waist section where the 

diameter of the fiber is small and uniform; (iii) a second conical segment where the taper 
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ends, with its waist merging into the single-mode fiber again. Depending on the pulling 

conditions (pulling speed, length of the heated zone, pulling temperature, etc.), one can 

fabricate biconical tapers with different shapes and properties. 

Fiber tapers may be divided into two distinct categories: adiabatic and non-adiabatic. 

It has been shown that non-adiabatic biconic fiber tapers can be made such that coupling 

occurs primarily between the fundamental mode of the unpulled fiber and the first two 

modes of the taper waveguide (HE11, HE12), where the light propagates at the air-

cladding interface of the taper’s waist region. (Due to the large difference between the 

refractive indices of air and glass, the taper normally supports more than one mode.) The 

result of back and forth coupling between the single mode of the fiber and the two (or 

more) modes of the taper is oscillations in the spectral response of the taper, that is, 

transmission is high for certain wavelengths and low for others. (Typically, transmission 

versus wavelength shows periodic behavior) [3.8, 3.9]. 

The aforementioned effects can be readily explained by looking at the coupling 

process in detail. First, the light propagates in the fundamental mode of the single-mode 

fiber. At the taper region, this mode is coupled into several modes (mostly the first two 

modes) of the multi-mode taper waveguide. The light then travels down the taper and is 

coupled back into the single-mode fiber again at the exit end of the taper. The efficiency 

of this last coupling is dependent on the relative phase of the participating modes. When 

there are only two modes, the relative phase ∆φ = ∆β · l, where ∆β is the difference in 

propagation constants of the two modes, and l is the interaction length along the taper. 

Now, if by some means, ∆β or l change, the spectral response of the taper will change (or 

shift) correspondingly. For instance, if the taper is stretched, the phase difference will 

change due to a change of l, and the spectral response will shift accordingly. 

Alternatively, if the refractive index of the taper’s surrounding environment changes, ∆β 

will change and, again, the spectral response will shift. It is thus obvious that one can 

build displacement sensors or refractive index sensors based on non-adiabatic biconical 

fiber tapers. In what follows we shall investigate the response of biconical tapers to 

changes in taper length (caused by stretching), temperature, and refractive index. 
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We make our fiber taper by heating (using a butane flame burner) and stretching a 

piece of single-mode fiber (SMF 28, Corning), where the protective coating has been 

removed. The flame is about 5 mm wide and is fixed during the pulling process. The fiber 

is pulled only from one side, with controllable speed and pulling distance. Before 

heating/stretching the fiber, we couple the light from a narrow line-width tunable laser 

(Agilent 81682A) into one end of the fiber, then monitor the fiber’s transmission using a 

power meter (Newport 1835-C) during the heating/pulling process. Strong periodic 

oscillations in transmission through the fiber taper were observed during the 

heating/pulling process [3.10]. Typically, the loss of our fiber tapers is less than 15%. 

After the tapering process we measure the spectral response of the fiber taper using the 

narrow-linewidth tunable laser. The response is nearly sinusoidal (when micro-structured 

fiber was used the spectral response of the tapers was a lot more irregular due to 

excitation of more than two modes in the taper region [3.5-3.7]), indicating that primarily 

two modes are responsible for the observed behavior. Figure 2.3 shows a typical spectral 

response of our fiber tapers. Furthermore, if the taper is stretched (without heating) the 

spectral response is blue-shifted; see Figure 2.3.  
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3.2 Displacement sensor based on fiber taper. 

 

 

Figure 3.1: Wavelength shift observed for two different tapers versus the stretch 

distance. The length and the free spectral range of the depicted tapers are (L = 20.548 

mm, FSR = 9.4 nm) and (L = 18.382 mm, FSR = 15.4 nm). 

 

Figure 3.1 shows the wavelength shift of two different tapers versus the stretch 

distance. The free spectral range (FSR) of the taper is defined as the measured period of 

the spectral response (i.e., transmissivity versus wavelength). Normally longer tapers 

possess smaller FSR when all other pulling conditions are kept constant (e.g., pulling 

speed, temperature). In Fig. 3.1 we observe that the wavelength shift does not depend on 

the taper length (or the FSR). For all tapers the shift in wavelength is ~ 95 pm per micron 

of stretch. The spectral shift is reversible over a wide range of stretch (at least 700 µm for 

tapers longer than 10 mm). Longer tapers have a wider working range, which could be up 

to several mm in some cases. With our tunable laser we could detect wavelength shifts up 

to 10 pm, which corresponds to a sensitivity of ~ 100 nm for our displacement sensor. It 

is worth to notice that the strain (relative displacement) sensitivity of our sensors can be 
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improved simply by increasing the distance between the points of attachment to the 

substrate. This is different from displacement/strain sensors based on fiber Bragg gratings 

(FBG), because, in the latter case, the strain is distributed along the fiber between the 

fixed points. The taper diameter (typically about 10 µm) is small in comparison to the 

initial fiber’s diameter, so most of the strain stretch is concentrated in the taper region. 

 

Figure 3.2: a). Transmission variation versus the stretch/unstretch distance through a 

L = 16.269 mm, FSR = 12nm fiber taper. 

 

Figure 3.2: b). Close-up of the transmission signal through a fiber taper when 

stretching/unstretching is applied in ∆L = 500 nm steps. 

 



 39 

Our biconical fiber tapers have a periodic response in the λ ~ 1550 nm region. 

Therefore, one can build low-cost displacement sensors using a simple edge detection 

technique, thus eliminating the need for expensive tunable lasers or optical spectrum 

analyzers to detect the wavelength shift. In this case, the laser wavelength is fixed; if a 

stretch (or displacement) is applied to the taper, its spectral response will shift 

correspondingly, resulting in a change in the transmission of the light through the taper. 

Figures 3.2(a, b) show the change in transmission of the λ = 1550 nm laser light when the 

taper is stretched a total of 300 µm in 0.5 µm steps and then unstretched. Periodic 

response and good reversibility are observed. From this data, the estimated sensitivity of 

the device is ∆L ~ 100 nm. Higher sensitivities may be achievable with tapers that have a 

smaller FSR, since the wavelength shift will remain unchanged for identical 

displacements. 

 

3.3 Fiber taper temperature sensor. 

 

Next we investigated the temperature response of our fiber tapers. The tapers were 

glued at both ends to a glass substrate. Before affixing to the substrate, the tapers were 

unstretched by ~150 µm to eliminate possible effects of thermal expansion; this ensures 

that only the thermal response (change in material’s refractive index) of the tapers is 

being monitored. From these experiments we learned that the operation of the tapers is 

insensitive to bending as well. We observed a linear dependence of the wavelength shift 

on temperature; longer tapers had a larger slope. In the particular case presented in 

Fig. 3.3 the slope of the wavelength shift was about 10 pm/°C for the L = 20.548 mm 

taper, while it was ~ 6.7pm/°C for the L = 18.382 mm taper. The dependence of the slope 

of the wavelength shift on taper length can be explained by the fact that for the same 

change in the material’s refractive index longer taper gives larger optical path length 

difference. It is worth mentioning that our temperature sensor works from room 

temperature while the temperature sensor described in ref. [3.5] can only measure 

temperature higher than 200 C 
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Figure 3.3: Wavelength shift versus the ambient temperature. The length and the free 

spectral range of the depicted tapers are (L = 20.548 mm, FSR = 9.4 nm) and (L = 18.382 

mm, FSR = 15.4 nm). 

 

Note also that the wavelength is red-shifted with the increasing temperature. 

Therefore, for displacement/strain sensors using biconic tapers, the temperature 

dependence can be easily compensated by using a substrate with an appropriate thermal 

expansion coefficient. The wavelength shift caused by the temperature variation is then 

canceled out by the corresponding shift due to the thermal expansion of the substrate. 

This is one of the advantages of our displacement/strain sensor, considering that fiber 

Bragg grating-based sensors suffer from strong temperature dependences, and special 

techniques are needed to separate the useful strain response from the spurious thermal 

response [1]. 

 

Our fiber tapers can be used as temperature sensors, although the sensitivity is not 

great; with the 10 pm resolution of wavelength shift detection in our setup, we have a 
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sensitivity of only ~ 1°C. However, one can use the large stretch response of fiber tapers 

to measure temperature with high sensitivity in an alternative configuration. The idea is 

to fix the taper to a substrate having a large thermal expansion coefficient (e.g., 

aluminum). The substrate will expand/shrink with varying temperature, resulting in 

stretching/unstretching of the taper. Figure 3.4 shows a picture of such a device where a 

fiber taper is glued to an aluminum substrate. The sensitivity of this device is measured to 

be about 0.1°C which is 10 times larger that the previous device. 

 

 

 

Figure 3.4: Fiber taper glued to aluminum substrate. 

 

3.4 Fiber taper refractive index sensor. 

 

To measure the sensitivity of our fiber tapers to the refractive index of the 

surrounding environment, we transferred the taper from the pulling setup to a Teflon 

chamber filled with water (figure 3.5). The refractive index of the liquid inside the Teflon 

chamber was then changed by adding KCl solution (20% KCl concentration by weight). 
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The refractive index of this solution is a known linear function of KCl concentration 

[3.11].  

 

 

Figure 3.5: Fiber taper in Teflon chamber for refractive index response measurement. 

 

Figure 3.6 shows the measured wavelength shift as function of the refractive index of 

the surrounding environment for two different tapers. A linear dependence of the 

wavelength shift versus the refractive index is observed. For all the tapers studied, the 

shift was nearly constant, at ~ 12 nm when the index of the liquid changed from 1.333 to 

1.350. With a 10 pm resolution for the wavelength shift detection, the refractive index 

sensitivity of our device is ∆n ~ 1.42 × 10-5. This corresponds to a KCl concentration 

detection sensitivity in the order of 0.01%. Our refractive-index sensors have high 

sensitivity in the 1.333 region, which is important for measuring the concentration of 

various water-based solutions. Also notice that a simple edge-detection technique can be 

used (as in the case of the displacement fiber taper sensors described above), thus simple 

and practical devices are possible. 
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Figure 3.6: Wavelength shift of the transmitted beam as a function of the refractive 

index of the liquid surrounding the fiber taper. 

 

3.5 Conclusion. 

 

In conclusion, we have proposed and built several fiber optic sensors based on 

standard telecom single-mode fiber tapers. Despite the simplicity of the concept, high-

sensitivity measurements of displacement, temperature, and refractive index were 

demonstrated. These sensors should be fairly easy to mass-produce owing to their 

simplicity and compatibility with inexpensive demodulation schemes.  
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CHAPTER 4 

MICRO-CAVITIES FOR LASER APPLICATIONS 

 

4.1 Fiber laser using micro-sphere resonator as feedback element. 

 

We show that a glass micro-sphere resonator can be used as a wavelength-selective 

mirror in fiber lasers. Due to their high quality-factor (Q ~108), micro-sphere resonators 

possess a narrow reflection bandwidth. This feature enables construction of single-

frequency fiber lasers even when the laser cavity is long. Nonlinear effects (such as 

stimulated Raman lasing) were also observed in our setup at relatively low pump powers. 

 

Micro-sphere resonators are of interest for a variety of applications such as compact, 

low-threshold lasers [4.1] and high-sensitivity bio-sensors [4.2]. These resonators exhibit 

the so-called Whispering Gallery Modes (WGMs), which normally possess ultra-high Q-

factors (Q ∼108) [4.3]. The strong resonant build-up of optical energy inside these 

cavities promotes nonlinear optical effects at relatively low pump powers [4.4, 4.5]. In 

this part of the chapter we propose and explore a new application of micro-sphere 

resonators as wavelength-selective feedback mirrors for fiber lasers. 

Our micro-spheres are made by heating fiber tips, which themselves are made by 

heating and pulling apart a standard single-mode fiber, using a pair of electrodes in a 

fiber fusion splicer. This technique yields high-quality micro-spheres ranging in diameter 
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from ~ 10 µm to ~ 500 µm. An adiabatic fiber taper is then used to couple laser light into 

and out of these micro-spheres [4.6]. The gap between the fiber taper and the micro-

sphere is controlled with sub-micron precision using a piezo-electric actuator. To 

visualize the WGMs of the micro-spheres, we use a narrow-linewidth tunable laser 

(Agilent 81682A, linewidth ∼ 100 kHz). Both the transmission and the reflection of laser 

light from the micro-sphere are recorded while the wavelength is tuned around 

λ = 1550 nm. Figure 4.1(a) shows the recorded resonance spectra of a micro-sphere 

placed in contact with a fiber taper. WGMs appear as dips in the transmission curve (red), 

and also as peaks in the reflection curve (black). In practice, due to the non-ideal circular 

shape of the micro-sphere, the corresponding WGM spectra are rich in detail, as the 

degeneracy of modes having different azimuthal mode numbers is lifted. Increasing the 

gap distance between the microsphere and the fiber taper results in significant reduction 

of number of higher order modes excited. That is why gap distance control is a critical 

factor for getting single-frequency operation of the fiber laser using a microsphere 

resonator as the mode selecting mirror presented below. 
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Figure 4.1: a) Whispering gallery mode (WGM) spectra of a silica micro-sphere 

resonator (diameter ~ 150 µm). Black: reflection measurement; Red: transmission 

measurement. The spectra, being independently normalized, are not on the same scale. 

 

 

 

 

 

 

 

 

 

Figure 4.1: b) Doublet resonance structure of a WGM. Inset: Photograph of the 

microsphere-taper system (micro-sphere diameter ~ 150µm, taper diameter ~ 2µm). 
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It is well known [4.7, 4.8] that each resonant mode of a micro-sphere splits into two 

due to coupling between clockwise and counter-clockwise propagating beams (e.g., 

coupled resonators); see Fig. 4.1(b). This occurs when light launched in the clockwise 

direction generates, via back-scattering, a counter-clockwise propagating mode, and vice-

versa. The fiber taper serves not only as a means of coupling the light into a resonant 

mode of the micro-spherical cavity, but also as a means of extracting the light out of the 

cavity (and launching it back into the fiber). This explains the appearance of backward-

propagating light within the fiber where the initial propagation direction was forward. 

To estimate the Q-factor of our micro-sphere, we examined a single resonance in the 

WGM spectrum; see Fig. 4.1(b). The laser power was kept low, ∼10 µW, to avoid 

thermal modification of the resonance linewidth. From this data the resonance linewidth 

is estimated at ~ 2.5MHz, corresponding to Q ~ 0.77 × 108. (Note also the resolving of 

the doublet, which is produced as a consequence of clockwise and counter-clockwise 

mode-coupling.) 

It is thus obvious that micro-sphere resonators can work as wavelength selective 

mirrors with a narrow reflection bandwidth (This application was also suggested in [4.8] 

for high-Q traveling-wave-resonators in strong coupling regime). Depending on the gap 

distance between the micro-sphere and the taper, reflectivities approaching 80% were 

observed. Backscattering inside micro-sphere resonators has been used in the past to 

stabilize and narrow down the linewidth of diode lasers [4.9], but, in the reported 

applications of this type, the micro-sphere has been used only to provide a weak external 

feedback into the laser diode cavity. In the present work we report the fabrication of an 
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Er-doped fiber laser whose cavity is formed by a fiber Bragg grating (FBG) mirror at one 

end, and by a silica “micro-sphere mirror” (coupled through a fiber taper) at the other 

end; see Fig. 4.2. To our knowledge, this is the first time that such a laser has been 

proposed and demonstrated. 

Our fiber laser is pumped by a fiber pigtailed diode laser operating at λ = 1475nm. 

For the active medium we use ~ 6.0 meter of standard erbium-doped fiber (∼5dB 

absorption at λ ∼ 1475nm). One mirror of the laser cavity is a fiber Bragg grating (FBG) 

with 99.3% reflectivity at λ∼1553.2nm (FWHM bandwidth ∼1.16nm). The other mirror 

is formed by a silica micro-sphere resonator (∼80 µm in diameter) coupled by a fiber 

taper (taper diameter ~ 1-2 µm; loss ∼15% around λ = 1550 nm). The micro-sphere is set 

in close to contact with the adiabatic fiber taper. The total length of the laser cavity (from 

the FBG to the coupling point between the micro-sphere and the taper) is approximately 

10 m. A fiber-optic isolator is inserted after the taper (see Fig. 4.2) to avoid feedback into 

the laser cavity from parasitic reflections. 

 

Figure 4.2: Diagram showing our fiber laser with a micro-sphere reflector at one end of 

the cavity. 
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Figure 4.3 shows the evolution of the laser spectrum as the pump power Ppump is 

increased. Below threshold (Ppump ∼3.5mW) only the fluorescent spectrum of the erbium-

doped fiber is observed; see Fig. 4.3.a). The dip in the fluorescent spectrum around 

1553nm is caused by reflection from the FBG. In the inset to Fig. 4.3.a), the dependence 

of the laser output power on Ppump shows a clear threshold behavior. Figure 4.3.b) shows 

that, above the threshold, a sharp laser line appears at 1553nm, where the dip existed at 

lower pump powers. The inset in Fig. 3.3.b) shows a detailed structure of the laser line. 

The laser linewidth is about 0.05nm, which is the resolution limit of our optical spectrum 

analyzer (OSA). 

 

 

 

 

 

 

 

 

 

Figure 4.3: a). Laser output spectrum at 3mW pump power. Inset: Laser output power 

versus pump power. 
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Figure 4.3: b). Laser output spectrum at 6mW pump power. Inset: detailed spectrum of 

the laser line on a linear scale. 

 

Figure 4.3: c). Laser output spectrum at 14mW pump power. Note that a new laser line at 

λ = 1667nm has been generated. The laser radiation at λ ~ 1553 nm pumps the micro-

sphere, as it must resonate with one of its WGMs to be generated in the first place. Due to 

this pumping, Raman lasing at 1667 nm occurs inside the high-Q cavity of the micro-

sphere. 
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Another laser line at λ = 1667nm appears when the pump power exceeds ~12mW; 

see Fig. 4.3.c). At still higher powers, e.g., Ppump > 15mW, multiple laser lines around 

1667nm were observed. We believe that the new laser lines are due to Raman lasing 

inside the micro-sphere. The micro-sphere itself is a resonator with a high Q-factor. Upon 

pumping the Er-doped fiber, light is generated at a wavelength which is on resonance 

with one of the modes of the micro-sphere (so that it could function as a mirror, a 

required condition for lasing to occur). The generated light is then built up inside the 

micro-sphere, as it is on resonance and, consequently, stimulated Raman lasing occurs. 

Stimulated Raman lasing inside similar micro-sphere resonators has been reported in the 

literature [4.4, 4.5], although not in a stabilized oscillator as demonstrated in the present 

work. 

No lasing was observed, even at high pump power, when the micro-sphere was 

removed more than ~2 µm away from the taper. This is one reason why we believe the 

micro-sphere acts as a feedback mirror in our system. 

To investigate the mode structure of our fiber laser, we combined the output of the 

laser with that from a tunable, single-frequency, narrow linewidth diode laser (Agilent 

81682A) using a 3dB fiber-coupler. One output branch of the 3dB coupler was fed to a 

fast InGaAs detector (6 GHz bandwidth), and the beat signal from the detector was 

analyzed by a RF spectrum analyzer; Fig. 4.4 shows the beat signal as measured by the 

spectrum analyzer. We observed only one peak in the beat signal which indicates that the 

fiber laser is operating in a single-frequency mode. The beat signal’s linewidth at full 

width half maximum was about 100kHz. As the tunable diode laser’s linewidth is 
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~100 kHz, the measured beat signal linewidth of ~100 kHz indicates that our fiber laser’s 

linewidth is below or equal to 100 kHz. This observation may be explained by the 

structure of the laser cavity. The lasing wavelength is defined not only by the FBG and 

by the cavity modes (mode-spacing ~ 15MHz for a 10 meter-long cavity), but also by the 

WGMs of the micro-sphere. The micro-sphere resonator, having sharp reflection lines (as 

described earlier), functions as a combined feedback mirror and a mode-filter for our 

fiber laser. 

 

Figure 4.4. Beat signal between the fiber laser output and a single-frequency tunable 

diode laser. 

 

In conclusion, we have proposed and demonstrated a new type of feedback mirror 

for fiber laser applications based on micro-sphere resonators. This type of device may 
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prove to be useful for fabricating low-cost, single-frequency lasers. The proposed scheme 

should also work with other types of circular resonators such as micro-rings or micro-

toroids. The proposed lasers may also engender new applications for micro-cavity 

resonators in nonlinear optics and/or optical sensing. 
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4.2 Active Q-switching of a fiber laser with a micro-sphere resonator. 
 

We propose and demonstrate an active Q-switched fiber laser using a high-Q micro-

sphere resonator as the Q-switching element. The laser cavity consists of an Er-doped 

fiber as the gain medium, a glass micro-sphere reflector (coupled through a fiber taper) at 

one end of the cavity, and a fiber Bragg grating reflector at the other end. The reflectivity 

of the micro-sphere is modulated by changing the gap between the micro-sphere and the 

fiber taper. Active Q-switching is realized by oscillating the micro-sphere in and out of 

contact with the taper. Using this novel technique, we have obtained giant pulses 

(maximum peak power ~ 102 W, duration ~ 160 ns) at a low pump-power threshold 

(~3mW). 

Q-switched lasers which generate giant pulses with short pulse duration have found 

many important applications in material processing and metrology. Generally, there are 

two approaches to Q-switching: passive and active [4.10]. In a passively Q-switched laser 

a saturable absorber is incorporated into the cavity [4.11, 4.12]. Q-switching is then 

achieved automatically by means of the absorption property of the saturable absorber, 

which also determines the characteristics of the laser pulse train. (A new mechanism of 

passive Q-switching of fiber lasers based on stimulated Brillouin scattering has been 

demonstrated [4.13]) In contrast, active Q-switching uses an external means to control the 

loss inside the laser cavity [4.14, 4.15]. Active Q-switching thus allows control over the 

characteristics of the output pulses such as their repetition rate. The most widely used 

technique of active Q-switching employs an intra-cavity acousto-optic modulator. 

However, this method requires complex alignment of bulk optical elements, and 
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sacrifices the advantages of all-fiber format when applied to a fiber laser. Recently, some 

new developments of all-fiber active Q-switching laser based on magneto-strictive [4.16] 

and acousto-optic [4.17] modulation of a fiber Bragg grating and on micro-optical 

waveguide light modulator [4.18] have been reported. 

In the previous part (and in our recent publication [4.19]) we have shown that glass 

micro-sphere resonators can be used as wavelength-selective feedback mirrors in fiber 

lasers. (The working mechanism of the device is based on the enhanced backscattering of 

on resonant light inside the micro-sphere resonator [4.20, 4.21]). Previously, we have 

shown that CW single-frequency fiber laser is possible (even with long laser cavity) 

using the narrow reflection bandwidth of the micro-sphere resonators. In this part, we 

propose and demonstrate a new method of active Q-switching fiber laser using a micro-

sphere resonator. The reflectivity of a “microsphere mirror” depends strongly on the 

coupling between the micro-sphere and the fiber taper used to couple the light into and 

out of the micro-sphere. The coupling efficiency, in turn, is a function of the gap between 

the micro-sphere and the taper [4.22]. Consequently, in a laser cavity that contains at 

least one “micro-sphere mirror”, the Q-factor is dependent on the gap (i.e., distance) 

between the fiber taper and the micro-sphere resonator. Using this property, one can 

readily demonstrate Q-switching in a fiber laser by manipulating the gap. 
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Figure 4.5: Diagram showing a fiber laser having a FBG reflector on one side and an 

oscillating micro-sphere reflector on the other side of the Er-doped fiber. 

 

A schematic diagram of our fiber laser is shown in Fig. 4.5. The laser is pumped by a 

fiber pigtailed diode laser operating at λ = 1475 nm. For the active medium we use 

~ 6.0 meter of standard erbium-doped fiber (∼5dB absorption at λ ∼1475nm). One mirror 

of the laser cavity is a fiber Bragg grating (FBG) with 99.3% reflectivity centered at 

λ ∼1553.2 nm (FWHM bandwidth ∼1.16 nm). The other mirror is formed by a silica 

micro-sphere resonator (∼60µm in diameter, measured with an optical microscope) 

coupled to the cavity through a fiber taper [4.23] (taper diameter ~ 1-2 µm; loss ∼15% 

around λ =1550 nm). Our micro-spheres are made by heating fiber tips using a pair of 

electrodes in a fiber fusion splicer. This technique yields high-quality micro-spheres 

ranging in diameter from ~ 10 µm to ~ 500 µm. The Q-factor of our micro-sphere 

resonator, measured with a narrow linewidth tunable laser [4.24, 4.25], is in the range of 

107-108. Our micro-spheres possess very high Q-factor which is a direct indication of 

good surface quality. The gap between the “micro-sphere mirror” and the taper is 
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controlled with sub-micrometer precision using a piezo-electric actuator. The total length 

of our laser cavity (from the FBG to the coupling point between the micro-sphere and the 

taper) is ~10 m. A fiber-optic isolator is inserted after the taper (see Fig. 4.5) to avoid 

feedback into the cavity from parasitic reflections. The laser emission spectrum from one 

end of the cavity is analyzed using an optical spectrum analyzer (OSA). The output 

power is measured from the opposite end of the cavity using a standard power-meter. A 

small fraction of the output power is fed to a fast InGaAs photo-detector (FWHM 

bandwidth ~ 6.0 GHz), and the detector signal is monitored by a digital oscilloscope. 

At any pump power, when the gap between the fiber taper and the micro-sphere was 

large, we could not observe lasing in the emission spectrum as measured by the OSA. A 

sharp laser line appears around 1553.2 nm (the reflection wavelength of the FBG) when 

the gap is reduced below ~ 2.0 µm. For CW laser operation, we measured a threshold 

pump power of ~ 2.5 mW at a fixed gap (i.e., microsphere-to-taper distance). At ∼ 12mW 

of pump power, stimulated Raman emission lines appeared in the laser spectrum. The 

high Q-factor of the micro-sphere resonator is responsible for stimulated Raman lasing 

because of the build-up of resonant radiation inside the micro-sphere. 

To modulate the gap between the micro-sphere and the taper, we apply a sinusoidal 

voltage to the piezo-electric actuator on which the micro-sphere is mounted. Q-switched 

pulses are readily observed at a pump-power level just above 3 mW. To the best of our 

knowledge, this is the lowest threshold power observed in a Q-switched fiber laser. This 

effect may be explained by the relatively low loss of the laser cavity as well as that of the 

Q-switching element. Due to the limited travel range of our piezo actuator, we could 
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oscillate the gap-width with an amplitude of only ~ 10 µm. As a result, our Q-switched 

pulse-width at ∼7.0 µs (see Fig. 4.6) is quite long; this is due to the long Q-switching 

time, namely, the time it takes for the micro-sphere’s reflectance to go from zero to 

maximum. It is obvious that, at a given oscillation frequency, the Q-switching time is 

longer for smaller oscillation amplitude. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: Shape of the Q-switched pulse: pump power ∼60mW, oscillation 

frequency ∼700Hz. The inset is a photograph of the taper (horizontal white line) and the 

micro-sphere directly above the taper (silica glass, ∼60µm diameter, not oscillating when 

photographed). 
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To generate shorter pulses, we tried to increase the amplitude of the micro-sphere 

oscillations. This was achieved by tuning the frequency of the sinusoidal voltage that 

drives the piezo-actuator to the mechanical resonance frequency of the fiber tip at the end 

of which the micro-sphere had been formed. With the frequencies matched (at ~ 940 Hz), 

the amplitude of the micro-sphere oscillations reached ~100 µm, yielding significantly 

shorter Q-switched laser pulses at ∼160 ns. Figure 4.7 shows a typical train of such pulses 

generated under the condition of mechanical resonance; also shown in the figure is a plot 

of the sinusoidal driving voltage of the piezo-actuator. Figure 4.8 confirms that the 

FWHM pulse duration in this instance is ~ 160 ns; the inset shows a photograph of the 

oscillating micro-sphere. Pulse-to-pulse variations of the peak power were found to be 

below 15%. 

 

Figure 4.7: A typical output pulse train of the actively Q-switched laser: pump power 

∼20 mW, micro-sphere oscillation frequency ∼940Hz. Also shown (in red) is the 

corresponding signal that drives the micro-sphere oscillations. 
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Figure 4.8: Shape of the Q-switched pulse: pump power ∼20mW, oscillation 

frequency ∼940Hz. The inset is a photograph of the taper (horizontal white line) and the 

oscillating micro-sphere. 

 

Dependence of the average Q-switched laser power on pump power is shown in the 

inset of Fig. 4.9 (micro-sphere oscillation frequency ~ 940 Hz).. Due to the extremely 

low losses of the cavity, a lasing threshold of ~3 mW (pump power) is observed. The 

output power stayed linearly dependent on the pump power all the way up to the highest 

pump power of ~120 mW (The inset of figure 4.9 shows the laser output versus pump 

power dependence curve only up to 20 mW of pump power to make the threshold value 

readable). The maximum average output power obtained was 15mW, which corresponds 
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to a laser efficiency of ~13%. The maximum average output also corresponds to a peak 

power of ~ 102 W (repetition rate ~ 940 Hz, pulse duration ~ 160 ns). No significant 

changes in the pulse-width were observed when the pump power was varied. At this 

point, we see no limitation that could prevent the scalability of the output power. 

 

Figure 4.9: The laser’s emission spectrum at a pump power of ∼50mW. The inset 

shows the average output power versus the pump power. 

 

Figure 4.9 shows the emission spectrum of our Q-switched laser. Note that, in addition 

to a laser line at 1553 nm – corresponding to the FBG resonance – there are multiple lines 

around 1670 nm, which is ~120 nm away from the first laser line, a shift that corresponds 

to the maximum Raman gain in silica glass. We attribute the laser emission at λ ~ 1670 
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nm to stimulated Raman lasing inside the micro-sphere resonator. Lasing inside our Er-

doped fiber laser occurs at a wavelength that is matched not only to the FBG’s high-

reflectivity band, but also to a resonant mode of the micro-sphere. This explains why the 

high-Q micro-sphere is automatically pumped by resonant radiation, thus providing a 

condition for intensity build-up. The end result of all these effects is the stimulated 

Raman lasing within the micro-sphere resonator. We mention in passing that stimulated 

Raman lasing under resonance conditions has been shown by previous workers [4.24] to 

occur in similar micro-spheres at low pump powers, e.g., Ppump < 100 µW. 

Our mechanical structure for mounting the microsphere resonator was not specially 

designed for fast and long travel range oscillation. That is why the oscillation frequency 

is limited only to a few kHz due to the heavy stage and metallic parts. For some 

applications of Q-switched fiber lasers repetition rates in the range of tens of kilohertz are 

desirable. We believe the repetition rate of our device can be significantly improved to 

meet this requirement if the mechanical mounting structure is optimized. Due to the 

evanescent nature of the coupling between the micro-sphere and the fiber taper, coupling 

(and subsequently feedback) occurs only when the gap distance between the micro-

sphere and the fiber taper is less than about 2 µm. So for high repetition rate (>10kHz) 

travel range of less than 10 µm should be enough to Q-switch the laser and produce nano-

second pulses. In addition, the micro-sphere resonators are very small (<100µm in 

diameter) and lightweight which should enable them to be integrated in different so 

called micro-electro-mechanical systems (MEMs). Lightweight property should also 

enable operation at high frequency. 
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In conclusion, we have proposed and demonstrated a novel, actively Q-switched, all-

fiber laser using a micro-sphere resonator. Thanks to the low loss of the laser cavity, a 

very low threshold (pump-power ∼ 3mW) has been achieved. Our laser produces pulses 

of ∼160 ns duration and ~ 102 W peak power. We believe that significant improvements 

in pulse duration and peak power can be expected if the mechanical control of the gap 

between the micro-sphere and the fiber taper is further optimized. 

 

4.3 Self-locked excitation scheme for micro-sphere resonators. 
 

We propose a new scheme for exciting a resonant mode of a glass micro-sphere 

resonator. The concept is based on unique properties of coupled resonators. In the 

proposed setup, the micro-sphere plays the role of a feedback mirror in an erbium-doped 

fiber laser, where the lasing wavelength is automatically locked to a resonant mode of the 

micro-sphere. As a result, the laser radiation builds up to very high intensities inside the 

micro-sphere. Using a (multi-mode) pump diode laser at relatively low pump power, we 

achieve CW stimulated Raman lasing and generation of new laser frequencies by four-

wave-mixing. 

Micro-sphere resonators are of interest for a variety of applications such as compact, 

low-threshold lasers [4.25] and high-sensitivity bio-sensors [4.26]. These resonators 

exhibit the so-called Whispering Gallery Modes (WGMs), which normally possess ultra-

high quality factors (Q ∼108) [4.27]. The strong resonant build-up of optical energy inside 

these cavities allows nonlinear optical effects to occur at relatively low pump powers 
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[4.28, 4.29]. Dielectric micro-sphere resonators are also interesting for studies of 

quantum electrodynamics [4.30]. 

In existing publications, authors have typically required a tunable single-frequency 

narrow line-width laser to effectively excite a particular WGM of a micro-sphere 

resonator. This type of micro-cavity is normally associated with an ultra-high Q-factor, 

which produces an extremely narrow resonance line-width (less than a few MHz). Since a 

laser’s wavelength typically drifts in time (at best in the MHz range), it is difficult in 

practice to lock a tunable laser’s wavelength to a resonance mode of the micro-spherical 

cavity without the use of an active locking technique [4.31]. The present work shows a 

new scheme to lock the lasing wavelength of an Er-doped fiber laser to a resonance mode 

of a micro-spherical cavity. The locking is self-tracking and does not require 

expensive/complex control equipment. We believe this technique renders many of the 

applications of micro-spherical resonators (e.g., Raman lasers) practical. 

WGMs supported by structures such as micro-spheres, micro-rings, and micro-

toroids have been exhaustively studied in the literature [4.32]. Normally, each WGM of a 

microsphere resonator is characterized by three mode numbers plus a polarization state; 

these include a radial mode number n (which represents the number of maxima of the 

optical field in the radial direction), an angular mode number ℓ (which represents the 

number of maxima of the optical field around the circumference of the resonator), and an 

azimuthal mode number m (which matches the number of lobes around the equatorial 

circle). Modes with the lowest radial number (n = 1) – generally confined to the vicinity 

of the micro-sphere surface – possess the highest Q-factor. The spectrum of WGMs in a 
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dielectric micro-sphere is quasi-periodic, with a free spectral range defined by a change 

of the angular mode number ℓ by one unit. In practice, due to the non-ideal circular shape 

of the micro-sphere, the corresponding WGM spectra are rich in detail, as the degeneracy 

of modes having different azimuthal mode numbers m is lifted [4.33]. 

The self-locking excitation scheme is shown in Fig. 4.10 (similar to the lasers 

described in previous sections). The fiber laser is pumped by a fiber-pigtailed diode laser 

operating at λ = 1475 nm. For the active medium we use ~ 6m of standard Er-doped fiber 

(∼5dB absorption at λ ∼ 1475nm). One mirror of the laser cavity is a fiber Bragg grating 

(FBG) having 99.3% reflectivity centered at λ ∼ 1553.2 nm (FWHM bandwidth 

∼1.16nm). The other mirror is formed by a silica micro-sphere resonator, ∼55µm in 

diameter, coupled to the fiber laser via a fiber taper (taper diameter ~ 1-2 µm; loss ∼15% 

around λ=1550 nm). The gap distance between the micro-sphere and the taper is 

controlled with sub-micrometer precision using a piezoelectric-actuator. A fiber-optic 

isolator is inserted after the fiber taper to avoid feedback into the laser cavity from 

parasitic reflections. The laser emission spectrum from one end of the cavity is analyzed 

using an optical spectrum analyzer (OSA). Output power is measured using a power-

meter from the other end of the laser cavity. 
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Fig. 4.10: Diagram of an Er-doped fiber laser with a micro-sphere used as a reflector. 

The lasing wavelength is automatically locked to one of the micro-sphere’s modes. 

 

At Ppump > 10 mW, emission lines around λ ~ 1667 nm begin to appear in the output 

spectrum. We attribute this emission to stimulated Raman lasing inside the micro-sphere 

resonator. The construction of our laser requires that lasing inside the Er-doped fiber 

occur at a wavelength that matches not only the high-reflectivity wavelength of the FBG, 

but also that of a resonant mode of the micro-sphere. This is why the high-Q micro-

sphere is automatically pumped (on-resonance) by the laser radiation, which provides the 

condition for intensity build-up within the micro-spherical cavity. The final result of all 

these effects is stimulated Raman lasing inside the micro-sphere. (We mention in passing 

that stimulated Raman lasing was shown previously to occur in similar micro-spheres at 

low pump powers, i.e., below 100 µW, but not in a controlled CW fashion, as is the case 

in the present work.) The fact that our laser output stays linearly dependent on the pump 

power (even after Raman lasing has begun) is an indication that the Raman conversion 

efficiency is high and, possibly, that radiation at 1550nm was coupled back into the fiber 
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before it could be significantly depleted by the Raman effect. The onset of stimulated 

Raman lasing at relatively low pump power in our system suggests that the optical field 

inside the micro-spherical cavity is built up to sufficiently high levels, thus proving the 

utility of our self-locking concept for the lasing wavelength. 

Figure 4.11 shows the emission spectrum of our laser at Ppump ~ 70 mW. When the 

micro-sphere is resonantly pumped, stimulated Raman lasing occurs and, due to the large 

bandwidth of the Raman gain in silica glass, multiple Raman lines – separated by the free 

spectral range (FSR) of the micro-sphere – are observed. Our micro-sphere has a 

diameter of ~ 55µm, which corresponds to the ~ 9 nm FSR seen in Fig. 4.11. In addition 

to the (nonlinear) stimulated Raman lasing, we observe four-wave-mixing (FWM) peaks 

(generation of up- and down-shifted frequencies around 1553 nm). The observed FWM 

shifts in Fig. 4.12 around λ ~ 1553nm match the free spectral range of the micro-sphere 

resonator. The presence of FWM peaks in the output spectrum indicates a very high 

optical field has built up inside the micro-sphere resonator. This effect also then confirms 

the self-locking mechanism of the Er-laser wavelength into one of the resonance modes 

of the micro-sphere resonator. 
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Figure 4.11: Fiber laser’s emission spectrum at Ppump = 6mW. Inset: dependence of 

the laser output power on the pump power. Stimulated Raman lasing starts at Ppump 

∼10 mW. 

 

Figure 4.12: Fiber laser’s emission spectrum, obtained at a relatively high pump 

power (∼70 mW). The micro-sphere diameter in this system is ∼ 55 µm. 
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In conclusion, we have proposed and demonstrated a scheme for excitation of a 

WGM in a micro-sphere resonator. The lasing wavelength of an Er-doped fiber laser is 

automatically locked to one of the WGMs of the micro-sphere; the lock being self-

tracking, does not require expensive and complex equipment for its control. We believe 

this technique would make many of the applications of micro-sphere resonators (e.g., 

Raman lasers) practical. The proposed technique should be equally applicable to other 

types of resonator, such as micro-rings and micro-toroids, that support WGMs as well. 
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CHAPTER 5  

SATURABLE ABSORBER BASED ON FIBER TAPER 

EMBEDDED IN CARBON NANOTUBES/POLYMER 

COMPOSITE (FTECntPC) 

 

5.1 Introduction. 

 
In this chapter we propose and demonstrate a new saturable absorber based on a 

fiber-taper embedded in a carbon nanotube/polymer composite. Greater than 10% 

reduction in absorption (due to saturation) is directly measured for our saturable absorber. 

Using an embedded fiber-taper saturable absorber, we built an all-fiber mode-locked ring 

laser, which produces transform-limited 645 fs pulses with a repetition rate of 13.3 MHz. 

Mode-locked lasers producing femtosecond pulses have found numerous 

applications in material processing [5.1], super-continuum generation [5.2], ultra-precise 

frequency measurement [5.3], and many other significant areas of modern technology 

[5.4]. Recently, mode-locked fiber lasers have attracted considerable attention due to the 

possibility of producing sub-picosecond pulses in a compact, low-cost package. Many 

commercial mode-locked fiber lasers use semiconductor saturable absorber mirrors 

(SESAM) for initiating and stabilizing the pulses inside the laser cavity. However, 

SESAM is a complex and expensive device, which also requires cumbersome alignment, 

thus reducing the advantages of an all-fiber format. In the last few years, a new type of 
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fast saturable absorber based on single-walled carbon nanotubes (SWCNTs) has been 

discovered and extensively investigated [5.5-5.9]. The advantages of the new saturable 

absorber include ultrafast saturation recovery time (∼800 fs [5.10]), wide working 

wavelength range, high damage threshold, and low cost. Different methods of 

incorporating SWCNT-based saturable absorbers inside laser cavities (both fiber and bulk 

solid-state lasers) have been proposed, and different results for mode-locked lasers have 

been demonstrated [5.11]. The majority of the proposed techniques, however, have 

unavoidable drawbacks, especially when applied to fiber lasers. For example, saturable 

absorbers based on SWCNTs coated directly on one of the laser cavity’s mirrors require 

additional alignment and protection. When SWCNTs are incorporated between two fiber 

ferrules in a standard fiber connector [5.11], there is physical contact between the tubes 

and the polished fiber ends, making the device vulnerable to damage and difficult to 

control. Saturable absorbers applied to D-shaped fibers [5.8] have the advantage of 

compatibility with the all-fiber format, but they turn out to be polarization sensitive. In 

addition, the process of manufacturing such devices appears to be fairly complex. 

Saturable absorbers based on fiber-tapers coated with SWCNTs seem to be the best 

solution for fiber-based femtosecond pulsed laser applications. These devices are 

polarization-insensitive, and their fabrication process is not complicated. Nevertheless, 

saturable absorbers based on fiber tapers with SWCNTs directly sprayed on the taper’s 

surface (e.g., as reported in [5.9]) exhibit significant losses caused by scattering. Due to 

this drawback, the saturable absorber would work only if the SWCNTs were deposited on 

a very short length at a designated area of the taper. 
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In this chapter we propose and demonstrate an alternative method of incorporating 

the SWCNTs into the evanescent field of the fiber tapers which result in robust and 

efficient all-fiber saturable absorbers. Instead of spraying the nano-tubes directly on the 

taper, we first mix them with a transparent, low refractive index silicone elastomer, and 

then coat the taper with this mixture. Since it is fairly easy to form a uniform composite 

of SWCNTs within the elastomer matrix using conventional ultrasonic and magnetic 

stirring techniques, the scattering losses of our saturable-absorber tapers are low. The 

cured silicone coating also protects the fragile taper from environmental contamination, 

as well as providing adequate mechanical support, allowing the taper to be packaged into 

a rugged and robust device. 

 

5.2 Fabrication of fiber taper embedded in carbon nanotubes/polymer 

composite saturable absorbers. 

 

We fabricate our fiber tapers by using the standard flame brushing technique. During 

the pulling process, the optical transmission of the taper is monitored using a narrow 

linewidth diode laser (λ ~1530 nm) and a power-meter. For all the experiments described 

below, we used 30-50 mm long adiabatic tapers with diameters in the 3-7 µm range. The 

total loss introduced during the pulling process is typically less than 1%. Note that, at 

these dimensions, the transmitted light is no longer confined within the taper, but leaks 

into the surrounding air as well; in other words, there is a substantial evanescent field in 

the air, just outside the glass fiber taper. The evanescent field will interact with any 
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material medium brought to the vicinity of the taper, which, in our case, will be the 

SWCNT-polymer composite. 

In our work, we use commercially available SWCNTs made by high pressure CO 

process, mixing them (without any additional purification process) with a low-refractive-

index silicone elastomer (Polydimethylsiloxane, Dow Corning) using standard magnetic 

stirring for 24 hours. Figure 5.1 shows the absorption spectrum of our SWCNTs; the inset 

shows a SEM micrograph of the nano-tubes, spray coated on a silicon substrate. The peak 

of the absorption spectrum is around 1400 nm, but there is significant absorption within 

the C-band. As a result of the mixing process, our SWCNTs were homogeneously 

dispersed within the polymer matrix, showing no evidence of clustering under high 

magnification optical microscopy. 

 

 

 

 

 

 

 

Figure 5.1: Absorption spectrum of SWCNTs. Solution of SWCNTs in alcohol was 

prepared and sprayed on a microscope slide; the absorption spectrum of the SWCNTs 

was then measured using a spectrometer. Inset: SEM micrograph of SWCNTs spray-

coated on a silicon substrate. 
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Fiber tapers fabricated by the aforementioned method were fixed into a groove with 

the aid of an epoxy. The prepared polymer-nanotube composite was then poured into the 

groove, until it filled the region surrounding the taper; the liquid was allowed to cure for 

about 12 hours until it hardened. The nano-tubes in the polymer matrix can thus interact 

with the evanescent field that surrounds the taper, causing a fair amount of absorption 

loss for the light that passes through the (embedded) taper. We monitored the total loss of 

each taper before and after the embedding process by the same laser and power-meter 

used during the pulling step. The polymer matrix itself (refractive index n ∼ 1.4) does not 

cause a significant loss in transmission (< 2%); the loss is primarily due to the interaction 

between the evanescent field and the SWCNTs dispersed in the polymer matrix. Since the 

SWCNTs are fully dispersed into the matrix, we expect rather insignificant scattering 

losses in our device. The absorption of the light passing through an embedded taper can 

be readily controlled by changing the concentration of the nano-tubes within the polymer 

matrix, or by varying the various dimensions (length or diameter) of the tapered region 

while keeping the concentration of the nanotubes constant. 
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Figure 5.2: Photograph of bottles of carbon nanotubes in solvent and packaged fiber 

taper embedded in carbon nanotubes/polymer composite saturable absorbers. 

 

Figure 5.2 shows the picture of bottles of carbon nanotubes in solvent and fiber taper 

embedded in carbon nanotubes/polymer composite saturable absorbers. 

 

5.3 Passively mode-locked fiber laser with FTECntPC saturable absorbers. 

 

To test the quality of the embedded tapers, we tried to mode-lock different fiber ring 

lasers with a taper placed in the laser cavity, acting as a saturable absorber. Figure 5.3 

shows a typical configuration of our fiber ring lasers. The laser consists of about 2 meters 

of Er-doped fiber (Liekki) whose absorption at λ = 980 nm is ~ 11dB/m. The active fiber 

is pumped by a single-mode telecom-grade diode laser operating at λ ~ 980 nm via a 

fused 980/1550 WDM fiber coupler. An all-fiber optical isolator is added to the cavity to 
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ensure unidirectional operation. For optimal operation, a polarization controller is used to 

adjust the polarization state of the light within the cavity. The fused output-coupler 

extracts a fraction of the light circulating inside the cavity. What makes mode-locking 

possible, of course, is the short segment of the fiber taper which is embedded in the 

SWCNT-polymer composite and spliced into the ring. 

 

 

 

 

 

 

 

 

Figure 5.3: Diagram of a mode-locked fiber ring laser incorporating a saturable absorber 

in the form of a fiber taper embedded within a SWCNT-polymer composite. The ring 

consists of a 2 m length of Erbium-doped fiber (Leikki), about 1 m of Flexcor fiber in the 

WDM coupler (Corning), and about 12 m of SMF28 (Corning). 

 

Using a 2% output-coupler we could achieve mode-locking even with low-loss 

embedded tapers (absorption ∼5%); however, the average output power in this case was 

limited to less than 2.0 mW. To increase the average output power (and, consequently, 

the energy content of each pulse), we used a 3dB output-coupler. Under these 

980/1550nm 
WDM fiber coupler 

Output 
coupler 

Er+-doped 
fiber 

Isolator 

Fiber taper with 
SWCNTs 

980 nm pump 

Polarization 
Controller 

Laser output 



 77 

circumstances, the laser could be mode-locked only when embedded tapers with a larger 

absorption (transmission loss > 40%) were used. In this paper we present the results of 

mode-locking with an embedded fiber taper whose absorption loss was nearly 70%. 

As the pump power increases, the laser starts to operate in a (quite stable) Q-

switching regime. When the pump power is raised further to about 90 mW, the laser 

begins to mode-lock and produce single pulses per round-trip (repetition rate 

~ 13.3 MHz, output power ~ 2.5mW). This occurs without any Q-switching envelope or 

any CW light in the background, assuming that the polarization controller is properly 

adjusted. With about 260 mW of pump power, we achieved the maximum average output 

power of 23 mW, corresponding to 1.73 nJ pulse energy. At high levels of pump power 

we observed pulse splitting in agreement with the theory of soliton lasers. However, due 

to the strong modulation depth of our saturable absorber (see below), it was always 

possible, by adjusting the polarization controller, to force the split pulses to collapse into 

a single pulse. Theoretically, this regime of operation may correspond to the formation of 

high-order solitons within the cavity, which are sustained at higher pulse energies.  

Figure 5.4 shows the mode-locked output pulse train of the ring laser, measured with 

a fast digital oscilloscope fed with the signal from a fast photodetector, to which the 

output of our ring laser was connected. The observed pulse period is ~75 ns, 

corresponding to a repetition rate of ~13.3 MHz. 
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Figure 5.4: Output pulse train of the mode-locked ring laser, measured with a digital 

scope connected to a fast photodetector; the time interval between adjacent pulses is 

~75 ns. 

 

Figure 5.5 shows the RF spectrum of the first (fundamental) harmonic of the laser 

pulse train; the span of the spectrum in this figure is only 200 kHz. The RF peaks were 

strong, over 60dB above the background, and stable, which indicates that good mode-

locking has been achieved. 

75 ns 
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Figure 5.5: RF spectrum of the fundamental harmonic of the laser pulse train. 

 

Figure 5.6: Laser output optical power spectrum on a logarithmic scale. 

 

Figure 5.6 shows the optical spectrum of our laser on a logarithmic scale, when the 

average laser output power is 23 mW; the measured laser FWHM bandwidth in this case 

was 4.3 nm. Sidebands were observed as a result of the periodic perturbation of the laser 

cavity as expected. 



 80 

To measure the pulse duration produced by our mode-locked ring laser, we built an 

autocorrelator using the standard collinear configuration [5.13]. Figure 5.7 shows the 

result of the measurement. The inferred FWHM pulse duration is seen to be 

approximately 645 fs (assuming a sech2 pulse shape) for pulses at lower pump power 

(fig. 4.7.a)). At maximal pump power (260mW) the pulses acquired shorter pulse 

duration (∼594 fs) but were accompanied by a broad pedestal (fig. 4.7.b)). In the current 

literature several authors [5.14] referred to this regime of operation of mode-locked 

soliton fiber lasers as noise-like pulses regime. Intensity autocorrelation of the pulses is 

characterized by a femtosecond peak accompanied by a broad pedestal. That is why it is 

believed that the pulses coming out of the laser consist of many ultra-short spikes (which 

explains the broad spectrum that those lasers normally generate) with random phases held 

together in a bunch covering tens of picoseconds in the time domain.  

 

 

 

 

 

 

 

Figure 5.7: Second harmonic interferometric autocorrelation signal. a) at 90mW pump 

power; b) at 260 mW pump power, showing the appearance of a low-level pedestal 

accompanying the main pulse. 
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5.4 Measurement of the saturation absorption of FTECntPC saturable 

absorber. 

 

We measured the saturation absorption behavior of our embedded fiber tapers 

directly, using the output of the mode-locked laser described above. For this purpose, we 

split the output of the fiber ring laser into two separate channels, using a 2/98 % fused-tap 

fiber-coupler. The 2% channel was monitored by a power-meter for reference. The 98% 

channel was subsequently spliced onto one end of an embedded fiber taper, and the total 

transmission loss through the taper was measured using a second power meter at the other 

taper’s end. Figure 5.8 shows the results of these measurements. The embedded taper 

used in this experiment had an initial loss of ~ 89%, as measured with a low-power diode 

laser; see the left-most point in the graph of Fig. 5.8. It is clearly seen that, with an 

increasing average power of the mode-locked laser (corresponding to a larger peak power 

from individual pulses), the loss of light in passing through the taper is reduced, 

indicating that absorption has been saturated. For the particular taper whose performance 

is depicted in Fig. 5.8, the observed reduction in absorption (due to saturation) is more 

than 10%. 
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Figure 5.8: Absorption of a typical fiber taper (embedded in a SWCNT-polymer 

composite) as function of the average input power. The input beam is extracted from the 

mode-locked ring laser. Inset: Diagram showing an embedded fiber taper used as a 

saturable absorber. 

 

5.5 Conclusion. 

In conclusion, we have demonstrated the fabrication and operation of an all-fiber 

saturable absorber based on an adiabatic fiber taper embedded in a low refractive index 

SWCNT-polymer composite. A reduction of more than 10% in absorption (due to 

saturation) was directly measured for a taper whose initial (low power) absorption loss 

had been measured at 89%. We built a mode-locked, all-fiber ring laser using one such 
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saturable absorber. The laser produced a stable mode-locked pulse train at a repetition 

rate of 13.3 MHz. The laser has been working for months and we observe no sign of 

degradation of our SWCNTs saturable absorber which was observed in [5.7]. We believe 

the mode-locked pulse duration can be further reduced by optimizing the distribution of 

the dispersion within the ring laser’s cavity; this could be achieved, for instance, by 

adjusting the relative lengths of the active and passive segments of the fiber ring. 
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CHAPTER 6 

DYNAMICS OF PASSIVELY MODE-LOCKED ALL-FIBER RING 

LASER WITH CARBON NANOTUBES SATURABLE ABSORBER 

 

6.1 Introduction. 

 

In this chapter various regimes of operation of a passively mode-locked ring laser are 

investigated. The laser is constructed from all-fiber components. Mode-locking is 

achieved by a fiber taper embedded in a carbon nanotube/polymer composite described in 

the previous chapter. Depending on the pump power level, different regimes of operation 

of the laser are observed and analyzed. At low pump power the laser produces single 

transform-limited soliton-like pulses per cavity round-trip. When the pump power is 

increased, pulse splitting is observed in agreement with the soliton pulse shaping theory. 

In this regime, the split pulses can be adjusted to have uniform spacing between adjacent 

pulses (so called harmonic mode-locking regime), or they can be held together in a bunch 

with temporal spacing of only about several picoseconds. At higher pump power levels 

yet another regime, the so-called “noise-like pulse regime” referred to by many authors is 

observed. 

The theory of soliton lasers is well understood and documented [6.1]. It is my 

intention here not to include theoretical calculations but, instead, to concentrate on new 

experimental results. 
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6.2 The laser and the tools. 

 

The laser, whose schematic is shown in figure 6.1, is constructed similar to the laser 

described in the previous chapter. Note that the dispersion of the laser is not managed; we 

only made sure that the total cavity dispersion is negative by adding enough SMF28 fiber 

to enable soliton pulse formation. The total absorption of the saturable absorber taper is 

about 70%. 

 

 

 

 

 

 

 

 

 

Figure 6.1: Diagram of a mode-locked fiber ring laser incorporating a saturable 

absorber in the form of a fiber taper embedded within a SWCNT-polymer composite. The 

ring consists of a 2 m length of Erbium-doped fiber (Leikki), about 1 m of Flexcor fiber 

in the WDM coupler (Corning), and about 12 m of SMF28 (Corning). 
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The laser dynamics is investigated in the time domain by using a fast (2 GHz) 

photodetector in combination with a fast oscilloscope (10Gc/s). Since the pulse duration 

is typically less than one picosecond, an autocorrelation measurement has to be 

performed to characterize the pulse. For this purpose an interferometric autocorrelator 

was built. The schematic of the autocorrelator is shown in figure 6.2. Although not the 

best configuration for an interferometric autocorrelator, it is built with components that 

were readily available and its performance is adequate. The autocorrelator has a long 

delay line (3 ns), which is useful for characterizing pulses with long pedestal or temporal 

spacing. 

 

 

Figure 6.2: Schematic diagram of the interferometric autocorrelator. 
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The input pulse train (wavelength ~ 1560 nm) is divided into two by the 50/50 cube 

beam-splitter. The split pulses are then recombined in the same beam-splitter after being 

reflected from corresponding corner-cubes. One of the corner-cubes is fixed to a 

translation stage with a travel range of about 50 cm. A time delay between split pulses is 

introduced by moving the translation stage. After being recombined the pulses are 

focused with a low magnification microscope objective into a nonlinear BBO crystal 

(thickness ~1mm). With proper alignment of the BBO crystal, the second harmonic (SH) 

signal (λ ~ 780 nm) is readily observed using a standard CCD camera with silicon 

detector array. (Note: the camera cannot see the fundamental infrared signal.) Figure 6.3 

shows a picture of the SH spot seen by the CCD camera. For quantitative autocorrelation 

measurement the CCD camera is replaced by a sensitive silicon detector connected to an 

oscilloscope. 

 

 

Figure 6.3: Photograph of the SH spot generated by focusing the infrared laser beams 

into a nonlinear BBO crystal. 
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6.3 The laser dynamics. Single pulsing regime. 

 

 

Figure 6.4: Dependence of the average laser output power on pump power. 

 

Figure 6.4 shows the dependence of the average output power of the laser on pump 

power. The laser threshold is about 14mW. As the pump power is increased, the laser 

starts to operate in a Q-switched regime. Then mode-locking occurs at about 80mW of 

pump power. Mode-locking can still be maintained when the pump power is lowered to 

about 30mW. Figure 6.5 shows a picture of the typical mode-locked output pulses; the 

optical spectrum of the laser is shown in figure 6.6. Increasing the pump power beyond 

90mW results in multiple pulses being generated per cavity round-trip. Figure 6.7 shows 

a picture of the output laser pulses in the multi-pulse-per-round-trip regime. 
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Figure 6.5: Laser output pulse train. The pulse repetition rate was about 13MHz. 

 

 

 

Figure 6.6: Optical power spectrum of the femtosecond pulsed laser. 
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The operating principle of soliton lasers is the interplay between Kerr nonlinearity 

and group velocity dispersion (GVD). The Kerr nonlinearity is positive in silicate optical 

fibers, which is why negative GVD is needed in the cavity to enable soliton pulse 

formation. If the pump power is too high (causing excessive gain and nonlinearity 

experienced by the pulse that circulates inside the cavity), the pulse will break-up. This is 

the limiting factor for pulse energy scaling in soliton lasers. 

 

 

 

Figure 6.7: Laser output pulses in the multiple-pulse-per-cavity round trip regime. 

 

To measure the laser pulse duration, we used the home-built interferometric 

autocorrelator described earlier. Figure 6.8 shows the result of our measurement in the 

single-pulse-per-cavity round-trip regime. The FWHM pulse width is ~ 1 ps, which 
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corresponds to a pulse duration of about 650 fs if a sech2 pulse shape is assumed. Note 

also that the pulses are transform-limited without any sign of chirp. The single pulse 

operation was verified by first using the fast detector in combination with the 

oscilloscope (500 ps resolution), and then with the long-range autocorrelator. It is also 

easy to check if the laser produces only one pulse per cavity round-trip by adjusting the 

polarization controller. When there is more than one pulse in the cavity, they will get 

separated from each other by a distance that the photodetector can in fact resolve; see 

figure 6.7. 

 

 

Figure 6.8: Second harmonic interferometric autocorrelation signal in the single–

pulse-per-round-trip regime. 

1ps 
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6.4 Multiple-pulsing regime. 
 

When the pump power was set to above 90mW the laser operated in multiple pulse 

regime, i.e., instead of a single pulse, there were several pulses circulating in the cavity. 

The temporal spacing between adjacent pulses could be set in a wide range by adjusting 

the polarization controller. Near uniform spacing, normally referred to as harmonic 

mode-locking, was also observed, although the laser seemed to prefer to operate in a 

regime where the pulses bunched up, with a temporal separation of only a few 

picoseconds between adjacent pulses. In this case, the pulses observed on the 

oscilloscope had the appearance of a single pulse; see figure 6.9. This is the reason why a 

long-range autocorrelator is needed to discover the presence of multiple pulses. 

 

 

 

Figure 6.9: Pulse signal as seen on the screen of an oscilloscope. Due to the limited 

bandwidth of the photodetector, multiple closely spaced pulses appear as a single pulse. 
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Depending on the pump power level, a different number of solitons per cavity round 

trip were observed. Figure 6.10 shows a typical autocorrelation trace of a state where 

only one pair of solitons was generated (a pair of pulses results in three interference 

patterns in the autocorrelation trace). Note that the duration of each pulse is about the 

same as that observed for pulses in the single-pulsing regime (i.e., 650 fs). The distance 

between the two pulses in the present case is about 4ps. It is also interesting to note that 

the pulses are coherent relative to each other, that is, the relative phase between them is 

quite stable, which results in the coherent interference signal observed in figure 6.10. The 

temporal spacing between pulses turned out not to be fixed but varied depending on the 

setting of the polarization controller. Figure 6.11 shows another autocorrelation trace 

where the distance between adjacent pulses was about 24 ps. Note that for longer delay 

traces (> 50ps), the scanning is so fast that the detector only records the intensity 

envelope of the interferometric autocorrelation signal. It is also interesting to look at the 

optical spectrum of the laser output in this regime of operation, since the time and 

frequency domains are connected. As it turns out, the optical power spectrum of the laser 

pulse train changes dramatically, as shown in figure 6.12. The modulation observed in the 

optical spectrum agrees well with the presence of closely spaced pulses in the time 

domain. 
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Figure 6.10: Autocorrelation trace showing a pair of pulses circulating 

simultaneously inside the laser cavity; the pulses are coherent relative to each other. 
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Figure 6.11: Autocorrelation trace showing the separation between adjacent pulses to 

be ~24 ps. 

 

Figure 6.12: Typical optical spectrum of the laser output in the multiple-bound-

pulses regime. 
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The autocorrelation trace contains information about the number of pulses 

circulating inside the laser cavity. For example, if there are only two pulses, the 

autocorrelation signal should have three peaks; however, if there exist more than two 

bound pulses, then the number of peaks in the autocorrelation trace will depend on the 

temporal spacings between different pulses. For instance, if the spacings are equal, the 

number of peaks in the autocorrelation signal should be twice the number of pulses minus 

one. In addition, the envelope of the peaks will be triangular if the pulses have identical 

energies. However, if the spacings are not equal anywhere, then the number of peaks 

should be equal to the number of pulses squared minus the number of pulses plus one. 

Figure 6.13 shows the autocorrelation traces for the case where three pulses are bound 

together. When the spacings are equal, five peaks are observed in the auto-correlation 

trace; see figure 6.13(a). However, seven peaks show up when the spacings are unequal; 

see figure 6.13(b). 

 

 

 

 

 

 

 

Figure 6.13: Autocorrelation traces for three bound pulses. a) Pulses with equal 

spacing. b) Pulses with unequal spacing. 

a) b) 
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In cases where more than three bound pulses are generated, the spacing between 

adjacent pulses may be a combination of equal and unequal intervals. Figure 6.14 shows 

a typical autocorrelation trace in this regime, where there are 5 equally spaced pulses 

(two are doublets) in addition to a pulse with a different spacing.  

 

 

 

Figure 6.14: Autocorrelation trace showing multiple pulses. 

 

An interesting question arises as to the nature of the force that keeps the pulses 

together. The gain competition should naturally make the pulses repulsive, keeping them 

apart from each other. Therefore, there must be a mechanism that would enhance the 

laser output when the pulses are bunched together; this is because lasers tend to operate 

in a regime of maximal output power. To understand this, one should take a closer look at 

the element that enables mode-locking in the system, namely, the carbon nano-tubes and 
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their property of saturable absorption. It turns out that the saturable absorption recovery 

time of carbon nanotubes has two components [6.2]: the fast one is ~ 500fs, while the 

slow component is on the order of tens of picoseconds. This could be the mechanism that 

binds the pulses together, although a similar bound state of soliton pulses was observed in 

fiber lasers that were mode-locked using a nonlinear polarization rotation (NPR) 

mechanism [6.3]. Since NPR is believed to be instantaneous (i.e., very short recovery 

time), we may need a new mechanism to explain the bound state of soliton pulses, unless 

NPR turns out to have a slow switching component as well. 

 

6.5 Noise-like pulse regime. 

 

Another interesting mode of operation of the laser is frequently observed where the 

short pulses collapse into a single long pulse (tens of picoseconds). This is normally 

achieved by adjusting the polarization controller at a high level of pump power. The 

individual pulses are no longer resolved in the autocorrelation measurement. Instead, the 

autocorrelation trace has a peculiar shape that resembles a short coherent pulse with 

broad wings. Figure 6.15 shows the interferometric autocorrelation trace of such pulses. 

 

 

 

 

 
85ps 
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Figure 6.15: Autocorrelation trace in the long pulse regime. (a) Entire trace. (b) 

Central part only. 

 

The long range scan trace shows a broad pulse (85 ps) with a sharp (< 1ps) coherent 

spike in the middle. The short range scan showing the central part of the autocorrelation 

signal is normalized so that the maximum signal level is 8. If we take the SH background 

level as 1 the maximum (not including the sharp spike) incoherent SH signal level of the 

trace is about 2. Near the top of the trace the incoherent curve suddenly returns to the 

background level (1) and from there the coherent interferometric pattern is observed. This 

shape of the autocorrelation trace is typical for lasers operating in this specific regime. In 

addition, smooth and broad optical spectra are normally observed. A radio frequency 

(RF) analysis of the electrical pulse train coming out of the fast photodetector was also 

conducted using an RF spectrum analyzer. This type of measurement renders information 

on how well the laser is mode-locked, as well as quantitative information about the pulse-

a) b) 

85ps 
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to-pulse intensity fluctuation and time jitter (uniformity of the temporal spacing between 

pulses). Figure 6.16 shows the fundamental harmonic peak of the RF spectrum of the 

pulse train coming out of a laser that operates in the long pulse regime. Overall, the RF 

peaks were strong and stable, indicating good mode-locking had been achieved. The 

fundamental harmonic (corresponding to the repetition rate of the laser) was narrow and 

showed very weak sidebands, confirming that the intensity fluctuation and the timing 

jitter is insignificant. 

 

Figure 6.16: RF signal at the fundamental harmonic of the pulse train coming out of 

a laser that operates in the long-pulse regime. 

 

This mode of operation, commonly referred to as “noise-like” or “noise burst” mode, 

has been reported by several workers [6.4, 6.5]. These authors believe that the pulses 
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correspond to a burst of noise which consists of short and random spikes (which might 

explain the broad spectrum). 

 

6.6 Conclusion. 

 

In conclusion, I have experimentally investigated the dynamics of an all-fiber 

passively mode-locked ring laser with fiber taper embedded in a carbon 

nanotube/polymer composite. Three distinct regimes of operation of the laser were 

observed. In the first regime, the laser produced single transform-limited femtosecond 

pulses per cavity round trip with appropriate pump power. Pulse splitting occurred at 

elevated pump powers due to wave breaking effect as a result of excessive nonlinearity 

experienced by the laser pulses. A detailed study of this regime of operation was 

presented with the use of a long range interferometric autocorrelator in combination with 

a fast photodetector and an optical spectrum analyzer. The result of this investigation 

shows that extra care must be taken to ensure single pulse operation in the cavity, 

especially when the exact energy of the pulses is needed to be measured. A good sign of 

multiple pulses is the modulation of the optical spectrum as a result of closely spaced 

pulses. However, this may not be the case when the spacing between pulses is so large 

that the optical spectrum analyzer does not have enough resolution to reveal the 

modulation. In this case, a long-range autocorrelator is indispensable. In addition to the 

two operation regimes mentioned above, there was another regime where the laser 

generated what appeared to be a single pulse per cavity round-trip (when observed on the 
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oscilloscope screen). However, interferometric autocorrelation revealed a long pulse 

(~ 85ps) with a femtosecond coherent spike at the top; see figure 5.15. Smooth and broad 

optical spectra are normally observed in this regime. 
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CHAPTER 7 

PULSE ENERGY SCALING OF PASSIVELY MODE-LOCKED 

FIBER LASER 

 

7.1 Introduction. 

 

In the previous chapter we presented a detailed experimental study of the dynamics 

of a passively mode-locked all-fiber soliton laser. This chapter will be devoted to a 

discussion concerning the scaling of the pulse energy of soliton fiber laser. Fiber lasers 

have many advantages over their bulk analogs. This includes compact, lightweight, low 

cost and alignment free operation. However, practical applications of fiber lasers have 

been limited by the relatively low pulse energies available. The reason for this has to do  

with the nature of waveguiding in fibers. The light is confined in a very small core (a few 

microns) which results in enhancement of intensity in the fiber core, where nonlinear 

effects take place. The other factor is the long travel path that light normally has to 

propagate inside an optical fiber. The net result is nonlinear effects such as self-phase 

modulation, stimulated Raman scattering, and stimulated Brillouin scattering become 

dominant and strongly affect the laser dynamics, limiting the available high quality 

output pulse energy. For this reason, mode-locked fiber lasers operating in the soliton 

pulse-shaping regime have in the past produced pulse energies below 100pJ [7.1, 7.2]. To 
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access higher pulse energies in fiber lasers, various nonlinearities must be managed and 

brought under control. 

Different design approaches have been proposed and demonstrated to increase the 

available energy of pulsed fiber lasers. First, the well-known stretched-pulse mode-

locked fiber laser was introduced by the MIT researchers several years ago [7.3, 7.4]. 

This laser was constructed from segments of positive and negative GVD fiber. The 

design criterion sets the total dispersion of the laser cavity to nearly zero (slightly positive 

total GVD appeared to give shorter pulses and higher pulse energies [7.5]) so that the 

pulse is stretched and compressed temporally twice while circulating one cavity round-

trip. The stretching ratio of 10-20 times is normally observed. Due to this stretched pulse 

operation the pulse experiences less nonlinearity, which results in a higher pulse energy 

at the output. With this design, highly-chirped pulses (which could then be compressed 

externally to below 100fs) with energies of 1-2nJ (ten times improvement) were 

produced. The drawback of this approach is the need for external compression which 

makes the laser more complex. 

Recently, a new mode of operation of fiber amplifiers and lasers called self-similar 

or parabolic pulse were discovered and investigated [7.6, 7.7, 7.8, 7.9, 7.10]. Pulses 

traveling in a normal dispersion fiber with gain will evolve in a self-similar way without 

breaking up. This turns out to be related to a solution of the Nonlinear Schrödinger 

equation when the term corresponding to optical gain is added. Pulses with energies as 

high as 26nJ/100kW peak power were demonstrated [7.10] in an ytterbium doped fiber 

laser operating in self-similar regime at a wavelength of ~1 micron. Output pulses from 
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this kind of laser are highly chirped, so external compression is also required to obtain 

femtosecond pulses. To the best of our knowledge, a self-similar erbium doped fiber laser 

with high pulse energy has not been demonstrated to date. This may be a good 

experiment in the future to try to generate self-similar pulses with the “carbon nanotube” 

saturable absorber in both erbium- and ytterbium-doped fiber lasers. 

Meanwhile, we will demonstrate in this chapter a simple way for power scaling in 

soliton lasers using standard well-known techniques. The first technique uses a high 

percentage output coupler. The logic of this method is that, as soon as the pulse is 

amplified in the doped fiber, we need to extract most of it (>95%) out of the cavity; 

consequently the remaining (feedback) pulse will have very low energy to cause any 

nonlinearity. This approach will produce not only higher pulse energies, but also it results 

in a more efficient power conversion. The second technique is to reduce the repetition 

rate, so that for the same average power we will obtain a higher pulse energy. 

 

7.2 The design of the passively mode-locked fiber laser. 

 

Figure 7.1 shows the sketch of our laser design for operation in the high energy 

regime. The components are almost the same as the laser described in the previous 

chapter. The major difference here is that the distance from the erbium-doped fiber to the 

output coupler is kept short, and the output coupler now has a higher output coupling 

percentage. We did not try to manage the dispersion map of this laser (this would help 

reduce the pulse duration), so it operates with a fairly large, negative GVD. The 
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performance of the taper saturable absorber used here is improved by using carbon 

nanotubes/polymer composite with a smaller amount of carbon nanotubes; the taper 

diameter is smaller too (2 microns). This helps to reduce the loss due to scattering and 

also to increase the intensity of the light at the taper’s waist, thus lowering the onset of 

saturable absorption. It was also found experimentally that placing the saturable absorber 

(SA) before the output coupler helps with self-starting of the mode-locked operation and 

avoiding the CW background. This is especially critical when a large output percentage is 

used. 

 

 

 

Figure 7.1: Schematic diagram of the laser. Numbers show the length of the fiber 

between splices in centimeters. Three types of fibers are present in the cavity: 290cm of 

Er-doped fiber and 55cm of 980nm Lucent fiber; the rest is Corning SMF28. 
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The length of fiber from the erbium-doped fiber to the fused output coupler is kept as 

short as possible (135cm), the limitation is set by the fusion splices (some minimal length 

of fiber must be there for comfortable low-loss splicing). Forward pumping would help to 

reduce the length of the fiber from the erbium doped fiber to the output coupler, but it 

may introduce some of the unabsorbed pump light into the laser output. That is why 

backward pumping was chosen; additionally, this procedure provides more gain with the 

same level of pump power. 

7.3 Pulse energy scaling with high output coupling fiber coupler. 

 

Four different output couplers are used with increasing percentage of power being 

coupled out, namely, 50/50 (49.6/50.4); 95/5 (95.3/4.7); 98/2 (97.8/2.2) and 99/1 

(99.15/0.85). Here the values in parentheses are experimentally measured, whereas the 

first numbers indicate the output percentage. With all the output couplers self-starting 

stable mode-locking is achieved. For each output coupler we measured the optical 

spectrum of the laser operating in the mode-locked condition and the output power 

dependence on pump power. Also, the limit of single pulse operation was verified using 

the fast photodetector/fast oscilloscope combination along with the long range 

autocorrelator described in the preceding chapter. Other signs of multiple pulsing such as 

modulation of the optical spectrum or splitting of the pulse caused by adjusting the 

polarization controller (if there are multiple pulses, they would be separated during the 

adjustment to a distance that the fast photodetector/oscilloscope would resolve them) 
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were also checked to confirm the single-pulse operation before the average output power 

was measured. 

Figure 7.2 shows the optical spectra of the laser for different output couplers. 

 

Figure 7.2: Optical spectra of the mode-locked laser with different output couplers in 

the cavity. 

 

As is seen in figure 7.2, the laser wavelength was blue shifted with increasing the 

output coupling ratio. The component around 1530nm also became stronger when a 

higher output coupler was used. This effect is associated with the increase in pump power 

needed to reach the mode-locking condition for higher output coupling. It is well-known 

for erbium doped fibers that when the pump power is low the gain around 1560nm is 

higher than that at 1530nm (due to the reabsorption of the spontaneously emitted light at 
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1530nm). But when the pump is high enough the highest gain wavelength shifts toward 

1530nm. 

Figure 7.3 shows plots of the output power versus pump power for different output 

couplers. At 50% output coupling the slope efficiency is only about 8%, but it increases 

to nearly 17% (more than double) at 95% output coupling. The slope efficiency does not 

change significantly with output coupler greater than 95%. 

As expected, with higher output coupling percentage, we observe an increased mode-

locking pump power threshold as well. This also results in higher maximum average 

output power (higher pulse energy) without multiple pulsing. Figure 7.4 shows the 

dependence of the highest pulse energy achieved without wave-breaking on the output 

coupling ratio of the output couplers (i.e., the power before the output coupler divided by 

the remaining power after the coupler). The dependence turns out to be linear. However, 

the slope is not one to one, meaning increasing the output coupling ratio 100 times does 

not result in increase in the pulse energy 100 times but only about 8 times. This is 

understandable since the large output coupler reduces the pulse energy right after the 

output coupler until the pulse reaches the gain fiber. In the doped fiber, the pulse is 

amplified rapidly to high energy and excessive nonlinearity starts to kick in, which 

eventually breaks up the pulse. It is clear from the above discussion that higher pulse 

energies should be achievable with shorter gain fibers (i.e., higher doping concentration) 

and shorter passive fiber from the erbium-doped fiber to the output coupler, where the 

pulse peak power is high. 
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Figure 7.3: Dependence of average output power on pump power for different output 

couplers. 

 

Figure 7.4: dependence of maximum pulse energy on output coupling ratio. 
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Autocorrelation measurements were also performed for pulses generated from the 

laser with different output couplers. Each measurement was carried out when the laser 

operated at maximum average output power without wave-breaking. It is found that the 

pulses were transform-limited, which is characteristic of soliton lasers. The pulse 

duration did not vary with the change of the output coupling ratio and stayed almost 

unchanged at ~ 620fs (a sech2 pulse shape is assumed) for all the output couplers. The 

pulse duration could be adjusted from about 580fs to 655fs by manipulating the 

polarization controller. Figure 7.5 presents the result of this measurement for the case 

when the 99/1 output coupler was used. It is clear from the figure that the pulses were 

clean and without satellites or pedestals. 

The limit of the pulse duration for this laser is believed to be set by the total 

dispersion of the cavity. Reducing the total dispersion would definitely reduce the pulse 

duration; we plan to optimize the laser further in this regard. For this we will need to 

know the exact GVD for each fiber used in the cavity, then try to control the dispersion 

by varying the length of the fiber segments in the cavity. 
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Figure 7.5: Autocorrelation trace of short pulses generated by the laser with the 99/1 

output coupler. The inset shows the result of a short-range scan. 

 

Up to this point, we have shown that output pulse energies close to 1nJ level are 

accessible in a soliton fiber laser. This is about 10 times improvement in term of output 

pulse energy over standard fiber lasers with soliton pulse shaping mechanism. 

Nevertheless, one may ask the question: What are the limits of this power scaling 

method? It appears that the pulse energy can be pushed further with the use of couplers 

having higher output coupling ratio (see figure 6.4). Since couplers with higher output 

coupling ratios were not readily available, we used cascaded couplers instead. For 

instance, by placing a 50/50 coupler immediately after a 99/1 coupler, one can double the 

output/feedback power ratio (from 99 to 198), and it works as expected; the pulse energy 
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was doubled using this method. The maximum pulse energy available is thus about 1.6nJ 

from a laser with a 99/1 output coupler followed by a 50/50 output coupler 

(output/feedback ratio ∼ 230). Note that most of the power (99%) still emerges from the 

regular output port. Being encouraged by the result, we placed the 95/5 output coupler 

immediately after the 99/1 coupler. This would result in a coupling ratio of about 2500, 

more than 10 times the previous arrangement, with over 10 times the pulse energy 

expected. However, the laser could not be mode-locked with such a large output coupling 

ratio. First, the available pump power was not sufficient even though the laser could be 

mode-locked. Second, the feedback was so weak (~ 0.04%) that it became comparable to 

the level of scattering from the components inside the cavity. Spurious stimulated lasing 

started to occur, which prevented the normal mode-locking condition. This problem may 

be solved by adding optical isolators and using high quality components with low 

scattering. 

 

7.4 Higher pulse energies with long laser cavity design. 

 

At this point we believe we have reached the limit of power scaling with the method 

of high output coupling, which reaches into the “several nJ per pulse” energy level. Other 

techniques must now be used to further scale up the pulse energy. The long cavity 

concept seems to be attractive. Its logistics are rather simple. The pulse energy is 

calculated by dividing the average output power by the repetition rate. So, for the same 

level of average power, the pulse energy rises if the repetition rate is reduced. For fiber 
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lasers this concept can be easily implemented by adding more length of fiber to the 

cavity. For this purpose 10m of SMF28 was added to the previously described laser with 

the 99/1 output coupler, thus more than doubling the cavity length. The pulse repetition 

rate was accordingly reduced to about 11MHz. Adding fiber into the cavity also increases 

the total dispersion. SMF28 has negative GVD of about -0.023ps2/m, which means that 

the total GVD has increased by -0.23ps2. Higher dispersion in the cavity needs stronger 

pulse shaping from the saturable absorber since the lasing modes must be equally spaced 

in the frequency domain to fulfill the mode-locking condition. Nevertheless, it was 

possible to mode-lock the laser without any major difficulties. The maximum average 

power achieved in the single pulsing regime (19.8mW) did not change significantly in 

comparison to the laser before 10m of SMF28 was added (20.7mW). This corresponds to 

pulse energy of 1.8nJ. Figure 7.6 shows the dependence of the laser average output power 

versus pump power. For comparison, the same power dependence curve of the laser 

before lengthening the cavity is also shown. 

 

Figure 7.6: Output power versus pump power. The laser with extra 10m of SMF28 

tends to be slightly more efficient than the original laser. 
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Another important factor that limits the pulse energy in soliton fiber lasers is the 

generation of spectral sidebands. This effect is rooted in the periodic perturbation 

experienced by the soliton along the laser cavity. At some resonant frequencies the effect 

is enhanced due to the positive feedback property of the cavity. The generated CW 

radiation also participates in the laser dynamics, taking out part of the gain from the pulse 

and, therefore, preventing its growth. It is well-known that spectral sidebands are more 

severe in an unmanaged cavity with large amount of negative dispersion (which is the 

case here). So it is important to look at the spectrum of the above laser to see the effect of 

the sidebands. Figure 7.7 shows the optical spectrum of the laser output pulses on both 

logarithmic and linear scales. It is clear that the sidebands are stronger but overall they do 

not carry a significant portion of the total energy. Obviously, the effect of sideband 

generation is not severe in this particular laser. The reason for this may be that the cavity 

has a very low Q-factor (as a result of its high output coupling ratio); periodic 

perturbations are not enhanced effectively with this design. 
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Figure 7.7: Optical spectrum of the laser pulses on both logarithmic and linear scales. 

10m of SMF28 was added to the laser cavity. 

 

The pulse duration is measured and the single-pulsing condition is verified using the 

long range interferometric autocorrelator. Figure 7.8 shows a typical autocorrelation trace 

of the laser pulses. 

 

Figure 7.8: Autocorrelation trace of the pulses with 1.8nJ energy. The pulse duration 

is 360fs. 
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Next, 20m of SMF28 was added to the laser in addition to the 10m of SMF28 that 

was added earlier. The total cavity length is now close to 40m. In this configuration, it 

was still possible to mode-lock the laser. The repetition rate was about 5.1MHz. The 

maximum average output power achieved in the single-pulsing mode was about 17mW. 

This corresponds to an output pulse energy of 3.3nJ. Optical spectrum and 

autocorrelation trace for pulses generated from this laser are shown in figure 7.9 and 

6.10, respectively. We see here again that the spectral sideband generation is not severe 

and does not take much of the total energy. The pulses, however, have more chirp and are 

longer (∼780fs). This may results from the large negative dispersion in the cavity. 

 

Figure 7.9: Optical spectrum of the laser with 5.1MHz repetition rate. Spectral 

sidebands are not severe here. 
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Figure 7.10: Autocorrelation trace of the laser having 5.1MHz repetition rate. The 

pulse has more chirp and its duration is increased to about 780fs.  

 

It should be possible to further reduce the repetition rate of the laser by adding more 

length of fiber. However, Q-switching instability will be a problem since erbium atoms 

have quite a long relaxation time (a few milliseconds). That is why the lowest possible 

repetition rate for mode-locked erbium-doped fiber lasers is in the range of 1MHz. Self-

starting would be another problem. We observed experimentally that when the laser 

cavity is long (with a large amount of uncompensated dispersion) the laser has difficulty 

self-starting in the single pulse regime. Nevertheless, this problem can be solved by 

using, for example, a dispersion shifted fiber instead of SMF28. A dispersion-shifted 
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fiber will have a small dispersion at a wavelength around 1.5µm, so adding the fiber will 

result mainly in a longer cavity but not in greater dispersion. 

The same experiment with lengthening the cavity was also performed for the laser 

with a 98/2 output coupler. Figure 7.11 shows the optical spectra of the lasers with ~ 20m 

and ~40m long cavities. The optical spectra (in logarithmic and linear scales) of the 

shorter cavity is in red, that of the longer cavity in blue. Except for the strength of the 

peaks around 1530nm, the general shape of the curves are close to that of the laser when 

the 99/1 coupler was used. Note also the shift of the spectral sidebands toward the peak 

of the curves when the cavity has a larger amount of negative GVD (longer cavity). 

 

 

Figure 7.11: Optical spectra of the laser having a 98/2 output coupler, with different 

lengths of SMF28 added. The red curves are spectra of the laser with 10m of SMF28 

added, while  the blue curves are the spectra of the laser with 30m of SMF28 added. 
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Corresponding autocorrelation traces were also measured for the lasers with 

lengthened cavities; the results are shown in figure 7.12(a) and 7.12(b). For the lasers 

with 10m and 30m of SMF28 added to the aforementioned cavity, the pulse durations 

were 405fs and 780fs, and the pulse energies were ~0.75nJ and 1.4nJ, respectively. These 

results are similar to that of the laser with the 99/1 output coupler. 

 

 

 

 

 

 

 

Figure 7.12: Autocorrelation traces of the laser having the 98/2 output coupler and 

different amounts of SMF28 added to the cavity. a) 10m of SMF28 added. b) 30m of 

SMF28 added. 

 

7.5 Conclusion. 

 

In conclusion, we have demonstrated in this chapter some simple techniques for 

power scaling of an all-fiber, passively mode-locked ring laser. The highest pulse energy 

of 3.3 nJ was achieved so far using high output coupler ratio and long cavity approaches. 

Further improvements are possible, for example, using shorter gain fiber and shorter 

a) b) 
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segments of passive fibers from the gain fiber to the output coupler, where the pulse 

energy is high. We conjecture that femtosecond pulses with energies beyond the 10nJ 

level may be feasible from an all-fiber, passively mode-locked soliton laser. 
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CHAPTER 8 

ALL-FIBER, BIDIRECTIONAL, PASSIVELY MODE-LOCKED, 

RING LASER 

 

8.1 Introduction. 

 

In this chapter we report the operation of the first all-fiber, bidirectional, passively 

mode-locked ring laser. Erbium doped fiber was chosen as the active element in a ring 

cavity arrangement. A fiber taper embedded in carbon nanotubes/polymer composite 

saturable absorber was used to enable bidirectional mode-locking.  

Bidirectional mode-locked femtosecond lasers are attractive for various sensing 

applications. For several decades, bidirectional lasers based on different active media 

have been investigated and built for precision rotation measurements. The advantage of a 

pulsed laser gyroscope is the reduced lock-in effect, which is the major concern for this 

type of device. 

The first bidirectional mode-locked laser gyroscope was demonstrated by N. Buholz 

and M. Chodorow in 1967 [8.1]. The next laser was the famous ring dye colliding pulse 

mode-locked laser [8.2]. In 1990, Salin et al. observed a beat-note between the counter-

propagating pulses coming out of a bidirectional colliding mode-locked ring dye laser 

when the two were overlapped temporo-spatially [8.3]. The authors speculated that the 

observed beat frequency could be the result of the Sagnac effect. Later, Gnass et al. 
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showed that the beat frequency was indeed in good agreement with the Sagnac theory 

[8.4]. Dennis et al. elaborated on the ring dye laser gyroscope, and demonstrated the 

substantial reduction of the notorious lock-in effect in their device [8.5]. A carbon 

dioxide ring laser gyroscope was studied by the same group in 1992 [8.6]. In 1991, W. R. 

Christian and M. J. Rosker proposed and demonstrated the picosecond pulsed diode ring 

laser gyroscope [8.7]. Recently, Liu et al. demonstrated the first bi-directional Nd:YVO4 

colliding mode-locked ring laser for rotation sensing [8.8]. 

In this chapter, we report the first stable, all-fiber, Er-doped, bidirectional, passively 

mode-locked, ring laser. This simple, compact, lightweight, and low-cost device may find 

important applications in rotation-sensing. 

 

8.2 Design of the bidirectional ring fiber laser. 

 

 

 

 

 

 

 

 

 

Figure 8.1: Diagram of the bi-directional passively mode-locked fiber laser. 
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The diagram of our laser is presented in figure 8.1. A 2 m length of Erbium-doped 

fiber was chosen as the active element. The laser was pumped with a standard fiber-

coupled single-mode diode laser at 980 nm (with the help of 980/1550 WDM fused fiber 

couplers). We tried both pumping configurations, bidirectional and unidirectional; no 

obvious differences in the operation of the laser were observed between the two pumping 

schemes. That is why for all the experiments described below we used uni-directional 

pumping with the pump light going in the clock-wise direction. A 2 × 2, 50/50 coupler is 

used to extract the pulses out of the laser cavity in each direction. To enable mode-

locking, a fiber taper embedded in a carbon nanotube/polymer composite (FTECntPC) 

saturable absorber was added to cavity. For better mode-locking, a polarization controller 

was used to optimize the polarization state of the light inside the ring. No isolator was 

used in the cavity so that the laser could lase in both clock-wise (CW) and counter-clock-

wise (CCW) directions. We did not attempt to manage the total dispersion of the laser 

cavity, but ensured that a sufficient length of SMF28 (a fiber with a negative group 

velocity dispersion, GVD, at λ ~ 1550nm) was present to make the total GVD of the 

cavity negative, thus enabling soliton pulse-shaping. 

 

8.3 Bidirectional fiber laser with FTECntPC saturable absorber having large 

amount of absorption. 

 

In our first experiment, we used a strong fiber taper saturable absorber (total loss ~ 

88%) in the laser cavity. This strong level of absorption, we believe, would give a large 
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saturable modulation depth. As a result of this, collision mode-locking was enabled, as 

the counter-propagating pulses needed to work together to experience a lower net loss per 

cavity round-trip. 

At low pump power the laser started to operate in a Q-switched regime in both 

directions with mode-locked modulations. The average powers obtained from the two 

directions were almost identical at the outputs. Figure 8.2 shows a picture of typical Q-

switched pulse trains. The yellow and green traces correspond to the CW and CCW 

directions, respectively. The repetition rates were about 45kHz. It is clear from the figure 

that the two pulse trains are synchronized in time. To the best of our knowledge, this is 

the first time that this mode of operation has been observed in a fiber laser. 

 

Figure 8.2: Q-switched pulse trains emerging from the outputs of the bi-directional 

fiber laser. 
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At about 300mW of pump power, the laser switched to a mode-locked regime of 

operation. The average output powers were nearly the same for the two directions 

(~10.5 mW); the corresponding pulse trains are shown in figure 8.3. Note that the laser in 

this case is bi-directionally mode-locked, i.e. there are two pulses circulating around the 

laser cavity in opposite directions. The pulse trains were locked together in time, 

suggesting that the pulses must meet at the same point in the cavity where the saturable 

absorber is located. We verified this conjecture by measuring the time delay between the 

two pulses at the outputs; the delay matched the difference in optical path lengths from 

the saturable absorber to the output coupler. This is the reason why we believe that 

colliding pulse mode-locking is the mechanism responsible for the operation of the laser 

in the observed regime. 

 

Figure 8.3: Mode-locked laser output pulse trains. Yellow and red traces correspond 

to the CW and CCW outputs, respectively. 
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The optical power spectra of the laser outputs are shown in figure 8.4 (both on linear 

and logarithmic scales). The FWHM spectral bandwidths are 6.1nm and 3.2nm for the 

CW and CCW directions, respectively. The optical spectrum of the CW pulse train was 

slightly broader than that of the CCW. The discrepancy in optical spectrum may be the 

result of the asymmetry in the cavity. Indeed, the CW pulse was first amplified and then 

passed through the saturable absorber, whereas the CCW pulse did the reverse. This 

means that the pulses must have met at the saturable absorber with different peak powers. 

Spectral sidebands, which are typical for soliton fiber lasers, are also observed.  

 

 

 

a) 

 

 

 

 

 

 

 

 

Figure 8.4: Optical power spectra of the laser outputs. a) logarithmic scale; b) linear 

scale. Yellow and red traces correspond to CW and CCW directions, respectively. 

a) 

b) 

a) 
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We characterized the pulses further using an interferometric autocorrelator; see 

Chapter 6. Figure 8.5 presents the results of this measurement. The autocorrelation traces 

in both directions show a characteristic shape of noise-like pulses. The coherent parts of 

the traces are sub-picosecond for each direction. Long-range scans (see figure 8.5) 

revealed that the temporal extent of the pulses is tens of picoseconds. The FWHM pulse 

width in the CW direction was about 185ps, while the pulse width in the CCW direction 

was only 137ps. The spikes in the middle of the autocorrelation traces come from the 

coherent interferometric signal. The widths of the coherent interferometric 

autocorrelation traces match the optical power spectra of the pulses quite closely. 
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Figure 8.5: Short- and long-range autocorrelation traces of the CW and CCW pulses. 

The FWHM width of the CW pulses is ~185ps, while that of the CCW pulses is ~137ps. 

Spikes in the middle of the autocorrelation traces come from the coherent interferometric 

signal. 

 

Results of the cross-correlation measurement of the pulses from opposite outputs of 

the laser are presented in figure 8.6. In contrast to autocorrelation traces which exhibit 

coherent spikes at the center of the curves, the cross-correlation trace does not have this 

feature, indicating that the pulses are not coherent (relative to each other). This result, of 

CW CCW 

CW CCW 
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course, is expected, as the pulses should have a random relative phase (i.e., noise-like 

pulses). 

 

Figure 8.6: Cross-correlation trace between the CW and CCW pulse trains. No 

coherent interferometric signal is observed in the middle of the curve. 

 

From the measurement results described above we conclude that the laser generates 

noise-like pulses bidirectionally. The pulses circulating in opposite directions are not 

coherent due to their random phase, which is characteristic of noise-like pulses. It is 

obvious that, in this regime of operation, the laser cannot be used for rotation sensing. It 

is crucial, therefore, to try to understand the principle of operation of the laser in this 

mode. As discussed in Chapter 6, noise-like pulses are generated in a soliton laser when 

the pump power is too high. About 300mW of pump power was required for this bi-

directional laser to be mode-locked. This is several time higher than the pump power 

required to mode-lock the laser in the uni-directional mode (when an optical isolator is 
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added to the cavity to force lasing in one direction only). The formation of a standing-

wave pattern in the cavity may be the reason behind the observed high threshold for 

mode-locking. As a result, the pulses are formed when there is excessive gain in the 

cavity for single-pulsing operation in each direction; this is why noise-like pulses take 

over and emerge at the outputs. 

As discussed in Chapter 6, there are three modes of operation in a uni-directional 

soliton ring fiber laser: (1) single-pulse per cavity round-trip, (2) multiple pulses per 

cavity round-trip, and (3) noise-like pulses. It is possible to go from one mode of 

operation to the other by changing the pump power and, sometimes, by adjusting the 

polarization controller. For instance, if the laser is operating in the noise-like mode, 

reducing the pump power will make it switch to the multiple-pulsing mode. Further 

reduction of the pump power will eventually make the laser operate in single-pulsing 

mode. However, things are different for the bi-directional laser. We tried to reach the 

single-pulsing mode by reducing the pump power when the laser had been bi-

directionally mode-locked in the noise-like regime. However, the Q-switched mode 

started to take over as soon as the pump power was reduced by about 50%, thus 

preventing the appearance of the single-pulsing mode. The mechanism of this effect 

needs further investigation. 
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8.4 Operation of the bidirectional fiber laser with FTECntPC saturable 

absorber having moderate absorption loss. 

 

In our experimental observations, we have noticed that Q-switching tends to be the 

preferred mode of operation when the saturable absorber (SA) has a large total loss. That 

is why we replaced the previous high-loss (88%) taper SA with another SA with total a 

loss of about 37%. With this new SA in the cavity, we observed several new modes of 

operation of the bi-directional passively mode-locked laser, which we will describe 

below. 

Similar to our previous laser, the synchronous bi-directional Q-switching started 

immediately after the pump power was raised above the lasing threshold. But, in contrast 

with the previous laser, the new laser did not switch to the mode-locked regime even after 

its pumping power had been raised to ~ 420mW. Bi-directional mode-locking was 

achieved only by tapping the fiber (normally just a few times) in the laser cavity at low 

pump power. We found that there were certain positions for the polarization controller in 

which mode-locking could be achieved easier with tapping the fiber. Presently, we do not 

fully understand this behavior, but it may be the result of standing-wave formation inside 

the cavity. The mode-locked operation, once started, remained stable for many hours. 

At pump powers above 150mW, colliding pulse mode-locking was achieved (after 

tapping the fiber), but the laser generated noise-like pulses. However, by adjusting the 

polarization controller, we could avoid the noise-like regime, but then the laser worked as 

two independent lasers, each generating its own pulses which were not locked in time. 
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For instances, in one direction the laser generated a single pulse per cavity round trip, 

while in the other direction there were two (or ten) pulses per round trip;  see figures 

8.7.(a) and 8.7(b). 

 

 

 

 

 

 

 

 

 

Figure 8.7: Laser output pulse trains. a) Two pulses per cavity round-trip in the CW 

direction and a single pulse in the CCW direction. b) Ten pulses per cavity round-trip in 

the CCW direction, and a single pulse in the CW direction. 

 

In addition to the difference in the number of pulses being generated in the two 

directions, the pulse trains were also moving with respect to each other when they were 

observed on the oscilloscope. This indicates that the fundamental repetition rate for each 

pulse train is different or, equivalently, the effective cavity lengths seen by the pulses in 

the two opposite directions are not identical. The effect is explained by the asymmetry of 

the cavity. The main contribution is probably due to the fact that, in the CW direction, the 

a) b) 
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pulses are amplified before passing through the SA, while in the CCW direction, the 

pulses see the gain medium and the SA in the reverse order. As a result, the pulses in 

opposite directions go through the saturable absorber with different intensities. The 

unidirectional pumping scheme also makes the cavity asymmetric. However, we 

observed the same behavior when bi-directional pumping (with equal power) was used. 

We thus concluded that, in our laser at least, asymmetry due to uni-directional pumping is 

not a dominant factor. 

Reducing the pump power down to about 65mW, we observed single pulsing per 

cavity round-trip in both directions; see figure 8.8. However, the repetition rates were not 

equal for pulses circulating in opposite directions. The difference in repetition rates could 

be readily measured by combining the output signals from the two directions, then 

analyzing with an RF spectrum analyzer, as shown in figure 8.9. The measurement was 

performed at the fundamental harmonic; it is clear that two peaks are present in the 

spectrum. The distance between the two peaks is ~10Hz, which is therefore the difference 

in the repetition rates. (A repetition rate difference as large as 110Hz was also observed 

when a 70% SA was used in the cavity.) 
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Figure 8.8: Oscilloscope screen showing single pulsing in both CW and CCW 

directions. 

 

Figure8.9: RF spectrum of the combined signals from the CW and CCW pulse trains. 

The span is 100Hz. 

 

The separation between the two RF peaks (or the difference in repetition rates) could 

be adjusted by rotating the polarization controller. In the extreme case, we could adjust 
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the polarization controller to have equal repetition rates for the CW and CCW pulses 

making the two RF peaks collapse into a single one; changing the pump power also 

varies, although slightly, the difference in the repetition rates. However, this regime is not 

the same as colliding mode-locking, where the pulses must meet at two fixed points in the 

cavity (one of them being the location of the SA). The colliding points of the pulses (or 

the relative time delay observed on the oscilloscope) were not fixed but varied depending 

on the setting of the polarization controller. 

We also measured the optical power spectra of the pulses; see figure 8.10. The 

spectra are smooth and wide, indicating good mode-locking in both directions. The 

FWHM spectral bandwidths are 7.4nm for the CW and 4.6nm for the CCW direction. 

 

 

Figure 8.10: Optical power spectra of the two pulse trains emerging from the laser 

outputs. Yellow and red curves correspond to CCW and CW pulse trains, respectively. 
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Autocorrelation measurements also confirm operation in the single-pulsing mode. 

The autocorrelation traces of figure 8.11 show that the pulses from both directions are 

slightly chirped. The CW pulses seem to have more chirp than the CCW pulses; this 

explains the broader optical spectrum. The pulse durations are about 600 fs for both the 

CW and CCW pulses. 

 

 

 

 

 

 

 

 

Figure 8.11: Autocorrelation traces obtained for the CW and CCW pulse trains.  

 

We could not measure the cross-correlation of the CW and CCW pulses since the 

relative time delay between the pulses was not fixed. Any perturbation to the laser cavity 

would change the time delay and, correspondingly, the crossing points of the pulses. We 

tried to force the pulses to cross at the SA by adjusting the polarization controller. But as 

soon as the pulses were locked (they meet each other at the SA; this could be recognized 

by the fact that when pulses crossed at the SA the time delay between them observed on 

the oscilloscope appeared slightly more stable when the laser cavity was perturbed) their 

CCW CW 



 138 

autocorrelation traces changed dramatically; see figure 8.12. The autocorrelation traces 

appeared as though the soliton pulse in each direction had been transformed to a pair of 

pulses. This may be explained by the reduced overall loss experienced by the pulses in 

the opposite directions, as a result of which the pulses split up. The pump power must be 

reduced (to avoid excessive gain and wave break-up)_in order to achieve the single-

pulsing mode bi-directionally. Note also that the split pulses are not coherent. This 

behavior differs from that of the uni-directional laser described in Chapter 6. 

 

 

 

 

 

 

 

 

 

Figure 8.12: Autocorrelation traces of the CW and CCW pulses when they crossed at 

the saturable absorber. The pump power was too high so the pulses split up when they 

collided at the saturable absorber. 

 

Therefore, the pump power must be in an appropriate range to achieve bi-directional 

colliding mode-locked operation. We attribute to the long and distributed absorption of 

CCW CW 
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the FTECntPC the weak locking of the crossing point of the pulses to the SA location. 

Our fiber tapers are normally 30mm long, and their waist (where the taper is thinnest) is 

at least a few millimeters long, which is large compared to the spatial extent of the pulses. 

We believe reducing the interaction length of the optical field with the SA should 

improve the colliding mode-locking condition. 

 

8.5 Other modes of operation of the bidirectional passively mode-locked 

fiber laser. 

 

By adjusting the pump power and manipulating the polarization controller, we 

observed two more modes of operation of the bi-directional laser. Figure 8.13 shows the 

oscilloscope screen when the laser was mode-locked in the CCW direction, but operated 

in the Q-switched mode in the CW direction. The asymmetries of the laser cavity (with 

regard to the pump direction and the location of the SA) are probably the reason why the 

laser was excited in this particular mode of operation. Since there are modulations in the 

envelope of the mode-locked pulse train which was synchronized with the Q-switched 

pulses in the other direction, we conclude that the optical fields in the two directions were 

not completely independent. 
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Figure 8.13: Photograph of the oscilloscope screen showing mode-locked operation 

in the CCW direction and Q-switched operation in the CW direction. 

 

It was possible to switch the laser into another mode of operation by adjusting the 

polarization controller. The Q-switched pulses could be suppressed and the laser could 

operate in a continuous-wave mode. Figure 8.14 is a photograph of the oscilloscope 

screen showing mode-locked pulses in the CCW direction and continuous-wave radiation 

in the CW direction. 
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Figure 8.14: Photograph of the oscilloscope screen showing mode-locked operation 

in the CCW direction and continuous-wave operation in the CW direction. 

 

8.6 Conclusion. 

 

We have demonstrated, to the best of our knowledge, the first all-fiber, bi-

directional, passively mode-locked, ring laser. Different modes of operation of the laser 

have been analyzed. At low pump power, the laser operates, bi-directionally, in a Q-

switched mode-locked regime. The Q-switched pulses from both directions are always 

synchronized, thus indicating strong co-operative (not competitive) behavior. With an 

appropriate level of pump power and saturable absorber in the cavity, the laser could be 

bi-directionally mode-locked, i.e. it generates two pulse trains in the CW and CCW 
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directions at the same time. In this regime of operation, the two counter-propagating 

pulse trains could be locked together (colliding mode-locking due to the action of the 

saturable absorber) or could be unlocked (the pulse repetition rates are slightly different 

in each direction). Noise-like pulses were observed in both directions when a strong SA 

was used. With a weaker saturable absorber in the cavity, the number of pulses generated 

per cavity round-trip in each directions may not be the same. For instance, there may be 

two pulses (per cavity round-trip) in the CW direction but only a single pulse circulating 

in the CCW direction. To achieve the single-pulsing mode bi-directionally, it is critical to 

set the pump power at an appropriate level. 
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