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Abstract 

The objective of this thesis was to explore the usefulness of all-fiber 
modulators for laser applications. The modulators were all based on 
refractive index change achieved in the core of the studied fiber-
components, exploiting either the elasto-optic effect or the electro-optic 
effect. This was realized with the aid of electrodes inside the fiber 
cladding close to the core that provided either thermal stress in the core, 
or an electric field across the core. The electrodes consisted of low 
melting-point alloys, such as BiSn and AuSn, which were pushed into the 
hole-fiber, in the liquid state, which then solidified to form solid 
electrodes filling the entire hole. 

Together with an analyzer such as a polarizer or an interferometer 
the achieved refractive index modulation in the core could then be 
translated into an amplitude modulation of the guided light, which was 
subsequently utilized for switching fiber-lasers to generate cavity 
dumped, Q-switched, or mode-locked pulses. The fast rise/fall-time of a 
few nanoseconds for the elasto-optic devices was due to the fast thermal 
expansion of the electrodes. The maximum repetition rate, however, was 
limited to a few tens of kHz, due to the slow thermal processes for 
dissipation of the applied energy. The electro-optic fiber components, 
which displayed similar rise/fall-times on the other hand, showed a much 
higher cut-off frequency of 16 MHz.  

The electro-optic, all-fiber switch was also employed to select 
single pulses at 1 MHz repetition rate out of a 7 MHz train of pulses. 
Additionally, simulations using the finite element method were 
performed in order to gain insight and to explain the underlying processes 
of the observed response of a long-period grating written in a 2-hole fiber 
with electrodes, when applying HV-pulses to one of these.  

The thesis shows that the studied fiber-components show great 
potential of becoming complementary devices with high damage 
threshold for all-fiber laser applications in the future. 
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Chapter 1. Introduction 

Fiber lasers are attractive sources of light pulses as well as continuous 
wave (CW) for application in diverse fields of science and industry. 
Some of the advantages of all-fiber lasers and fiber amplifiers include 
minimal alignment, no periodic realignment of the laser, as well as the 
high-damage threshold operation of the fiber waveguides. One problem 
of high-power lasers in general is the heat developed in the gain medium 
due to the so-called quantum defect. This defect depends on the nature of 
the gain medium itself and is defined as the amount of energy that cannot 
be converted from pump light to laser light, and is thus lost as heat. 
Fibers handle this excessive heat well, thanks to the large surface area to 
volume ratio, so that the out-diffusion of heat is very effective leading to 
an optimal cooling of the fiber.  

Another aspect in which fiber lasers excel is the beam quality, i.e., 
the ability to focus much light into a small spot. The availability of high 
power semiconductor lasers with low beam quality allowed for pumping 
fiber lasers providing high output powers at even tens of kW with 
excellent beam quality [1]. 

Nowadays one may find fibers and fiber lasers almost everywhere, 
from the medical field in delivering light to activate photodynamic 
treatment of cancer, to high-power Yb fiber lasers for material 
processing, e.g., in the solar and photovoltaic arena, as well as in marking 
and welding. 

1.1. A Short History of the Optical Fiber 

Optical fibers have excellent light guiding capabilities and have become 
the backbone of communications. Light guiding by total internal 
reflection in fibers, or glass rods, was first demonstrated in the mid 19th 
century by Jacques Babinet [2], and Daniel Colladon [3], although the 
Egyptians of ~ 1600 BC, and the glass blowers of the last 2000 years 
must have seen the light guiding properties of glass and glass fibers. With 
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Snell’s law in mind, this is possible if the guiding glass has larger 
refractive index than the surroundings. The maximum angle θ at which 
the light can be launched into a fiber is described by the parameter called 
numerical aperture (NA), where 𝑁𝐴 = sin  (𝜃). The numerical aperture 

turns out to be equal to 𝑁𝐴 = 𝑛!"#$! − 𝑛!"#$! , where 𝑛!"#$ and 𝑛!"#!, are 
the core and the cladding refractive indices, respectively. Fig. 1.1 shows 
the cross-section of a step-index fiber with a ray optics illustration of a 
green light beam that is within the NA and is therefore guided along the 
fiber in the z-direction whereas the red light beam is launched at too large 
an angle to be guided. The figure also displays the radial refractive index 
profile.  

 
Fig. 1.1. Ray optics illustration of light guidance in fibers. The green ray 
is within the NA whereas the red is not, i.e., sin θ ≤ NA < sin Θ, therefore 
only the green ray is guided in the fiber.  

Babinet and Colladon were two out of several scientists who, studied 
light guidance by a water jet stream. Later in the early 1900’s, light 
guidance in glass-rods was studied with the aim of transferring images, 
but it was only in the 1950’s that the idea of cladding the fiber made it 
practical for guiding light over lengths exceeding a few meters. Fibers 
without a dielectric cladding, i.e., glass rods, are very sensitive to 
scratches on the surface that will cause scattering as well as any form of 
touch that will cause attenuation of the guided light by disturbing the 
internal reflection at that point. With cladded fibers, however, the guided 
light is protected from outside disturbances. In the early days, fibers were 
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very lossy with attenuations larger than 1000 dB/km and thus not suitable 
for long distance communication. 

The Nobel laureate Charles K. Kao suggested in 1966, together 
with George A. Hockham, that if the high attenuation stemming from 
absorption and scattering due to impurities in the glass could be reduced 
to less than 20 dB/km [4], long distance propagation should become 
possible. Charles K. Kao traveled the world “lobbying” for the quest of 
making fibers with sufficiently low attenuation for optical 
communication. Many research laboratories saw the potential and 
invested time and money in developing low loss optical fibers. In 1972, 
after many years of research, the glass company Corning Inc. had made a 
fiber based on fused silica with a germanium doped core that had 
~ 4 dB/km loss in the 800-850 nm wavelength range. This became the 
birth of fiber optics as we know it today. Nowadays, fibers have losses 
slightly less than 0.2 dB/km at 1550 nm wavelength, which is one of the 
optical communication windows used today. Fig. 1.2 shows the typical 
attenuation of telecom fibers as well as the physical origin of the losses, 
where Rayleigh scattering limits the transmission at shorter wavelengths, 
the water or OH content in the fiber cause absorption peaks around 1240, 
and 1380 nm wavelength. The three bigger arrows in the figure denote 
some common communication wavelength regions, around 800, 1300, 
and 1550 nm. 
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Fig. 1.2. Fiber losses for various wavelengths with indication of the origin 
of these losses (© the Royal Swedish Academy of Sciences [5]) 

Together with the emerging room-temperature semiconductor lasers 
emitting in the low-loss windows of silica fibers and later, the erbium-
doped fiber amplifier (EDFA) [6,7], fiber optic communication took over 
the world as a means for communication worldwide. For a “complete” 
history of the origin of glass fibers, readers are referred to the highly 
recommended book of J. Hecht [8]. 

Although laser action in fibers was proposed and demonstrated in 
the 1960s [9], it was not until the invention of the EDFA in the late 80s 
that the research in fiber lasers took off.  

1.2. Motivation of the Present Work 

The ruggedness and alignment-free possibility opened by using optical 
fibers for gain (rare-earth doped fibers) and control (fiber reflectors, 
splitters, and polarizers) is hampered by the fact that modulation of fiber 
lasers is generally accomplished with fiber-coupled bulk device such as 
crystals for electro-optic and acousto-optic modulation. This can be a 
problem because the high power in a fiber laser cavity can lead to damage 
of semiconductor-based modulators and photo-degradation of electro-
optical materials and polymeric glues used in pigtailing. Typical fiber-
coupled bulk modulators also lead to large excess loss (> 4 dB), they are 
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expensive due to the crystals used and the cost in the manufacturing by 
requiring alignment and mechanical parts, and have large size. If optical 
fibers could perform the modulation, then one could expect low losses, 
low cost, ease of manufacturing and a significantly improved laser 
system. Therefore, the all-fiber modulator is an attractive component. 

Unfortunately, in-fiber modulation at high repetition rates 
(hundreds of kilohertz and above) is not an easy task. Acousto-optic fiber 
devices based on a piezoelectric element placed against the fiber are often 
used for phase modulation in gyro applications at relatively low speeds 
(kHz) [10], for Q-switching [11,12] or mode-locking of fiber lasers 
[13,14]. However, the modulation achieved is sinusoidal, and 
piezoelectric elements also tend to exhibit hysteresis and long-term drift. 
Furthermore, the long risetime and the fact that they operate best at 
resonance, limits their use for laser applications.  

The focus of this thesis has been to investigate the use of two 
particular all-fiber components, both are based on microstructured fibers 
with internal electrodes. One employs the elasto-optic effect while the 
other relies on the electro-optic effect for modulating the refractive index 
in the core of the fiber. 

1.3. Outline of the Thesis 

This thesis summarizes the peer-reviewed Papers I-V that are reproduced 
at the back of the thesis. Chapter 2 gives relevant background to, and 
describes the basics of lasers, fibers, and the microstructured fiber-
components used in the experiments. At the end of Chapter 2, the 
numerical simulations that have been performed in conjunction with 
some of the experiments, are discussed. After this, in Chapter 3, the 
experimental setup and the results of Paper I-V are described in more 
detail. 

Chapter 3 starts with describing the results of Paper I in which an 
elasto-optic device, based on a 4-hole fiber, was employed as a 
polarization switch to cavity-dump an Er-doped fiber ring laser. In 
Paper II, the experience from the previous paper is built upon, and a 
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similar type of polarization switch was employed to Q-switch a linear 
cavity. There, all the intracavity flux was kept inside the cavity during the 
laser action buildup, to be quickly dumped after reaching a maximum 
intensity. In this way, the gain-medium lifetime was utilized more 
efficiently, generating pulses with peak powers of 100-1000 times the 
previous experiment. 

Paper III concerns the temporal and static behavior of long-period 
gratings written in a 2-hole fiber with electrodes when subjecting the 
electrodes with ~ 200 ns and ~ 1 kV electrical pulses. In particular, the 
numerical simulations and the results thereof are discussed in detail.  

The frequency bandwidth of the elasto-optic modulators described 
in Papers I-III is rather limited (less than a few tens of kHz) due to the 
fact that these components are based on a rather slow thermal process. 
The cut-off frequency of the electro-optic fiber modulator used in Paper 
IV-V, which is based on a poled 2-hole fiber, is 3 orders of magnitude 
higher.  

In fluorescence microscopy there is a need for pulsed light sources 
with variable repetition rates in order to match the fluorescence lifetime 
of many different samples. However, mode-locked lasers with variable 
repetition rates are difficult to produce. One solution to the problem is to 
employ a high repetition-rate, mode-locked fiber laser and an external 
pulse-picker to select pulses at an adjustable rate. Paper IV presents such 
a pulse-picking system based on the same type of poled 2-hole fibers 
running in the MHz regime. 

In Paper V, the same type of electro-optic fiber switch was 
employed for mode-locking an all-fiber erbium-doped ring laser. The 
laser had a fundamental frequency of 2.6 MHz, and produced soliton 
pulses of 460 fs duration. 

In Chapter 4, the conclusions of the experiments presented in 
Chapter 3 are summarized, as well as a brief discussion about the outlook 
of the all-fiber modulator based on hole-fiber with electrodes.  
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Chapter 2. Theory 

2.1. Laser Basics 

Shortly after the first laser was demonstrated using a Ruby crystal in 
1960 [15], laser action was achieved in many different host materials 
including gases, dyes, semiconductors and glasses (fibers). The lasers 
described in this thesis are all based on fibers doped with the trivalent ion 
of the rare-earth metal erbium. With these ions, laser action is achieved 
between the Stark-split levels of the ground state and first excited state, 
4I13/2 - 4I11/2. Fig. 2.1a below shows the energy level diagram of erbium 
doped-silica together with arrows indicating the two main pumping 
wavelengths 980 nm and 1448 nm. The red arrow indicates the main laser 
transition around 1550 nm, and the black arrow represents a non-radiative 
transition described later. 

a)  b)  

Fig. 2.1. a) Energy level diagram of Er doped into silica. b) 
Absorption/emission cross section of Er-doped aluminosilicate glass fiber 
(© 1990 Optical Society of America [16]). 

The Stark-split level transitions of these ions can usually be 
distinguishable as discrete lines if they are doped in a crystal. In contrast, 
when the rare-earth metals are doped in a glass hosts, the transitions are 

Ground'level'

980'nm'

1550'nm'

4I15/2'

4I13/2'

4I11/2'

1448'nm'
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broadened by both homogeneous and inhomogeneous line broadening 
resulting in a wide absorption and emission spectrum, c.f. the case of Er3+ 
in Fig. 2.1b, which shows a wide the absorption and the fluorescence 
spectrum. This wide spectrum enables large tunability, amplification in 
wavelength-division multiplexed (WDM) systems, and support the 
generation of fs pulses. 

The homogeneous line broadening in rare-earth doped glass arises 
from lifetime broadening which is dominated by phonon scattering. 
Phonons, or vibrational waves in the glass, “collide” with the ion and 
reduce the level lifetime. The energy transfer occurs on the sub-ps scale 
in the Stark manifold through the emission and absorption of these 
phonons.  

Inhomogeneous broadening, on the other hand, originates from the 
amorphous nature of glass where the individual ions experience slightly 
different electric fields depending on the site where they are situated. The 
ions therefore exhibit different Stark splittings and the spectrum again 
broadens further. 

Er3+-doped glass is a multilevel system that can behave as a quasi-
two or three-level laser and sometimes even as a four-level laser 
depending on the pump and the lasing wavelengths. A thorough 
description of the different cases is outside the scope of this thesis and 
can be found elsewhere [17]. However, in order to get laser action, 
population inversion is required which is realized by optical pumping of 
the erbium-doped fibers. It is conventionally done with readily available 
semiconductor lasers emitting at ~ 975 nm wavelength through a WDM 
coupler (or pump combiner). Radiation at this wavelength will excite the 
ions up to the second excited state, 4I15/2, from which it relaxes rapidly 
and nonradiatively, c.f., the black arrow in Fig. 2.1a, down to the lower 
metastable state, 4I13/2, which is the upper laser level. Due to the rapid 
relaxation down to this level, and long life-time of it, which is in the 
~ 10 ms range, continuous pumping of the ground state eventually leads 
to more ions in the upper laser level than in the ground state, i.e., 
population inversion, and laser action can start. 



 9 

In this work, microstructured fiber with internal electrodes have 
been developed into all-fiber components, and were tested mainly for the 
control of Er-doped fiber lasers. By placing these fiber components in the 
laser cavity and modulating the transmission and/or output coupling, the 
laser can then be cavity dumped, Q-switched and even mode-locked. 
Although the work here was performed with Er-lasers emitting at ~ 1.5 
µm wavelength, the principal mechanisms of the components can easily 
be extended to other wavelengths, e.g., ytterbium or thulium systems 
emitting at ~ 1 µm and ~ 2 µm respectively. 

2.2. Fiber Basics 

As mentioned in Chapter 1, most fibers guide light by total internal 
reflection. Although there are many types of fibers made of different 
kinds of glass, the standard telecom fiber is basically made of fused silica 
with a germanium- and/or aluminum- doped core. The fabrication process 
of the fibers used in this thesis starts by depositing the dopants on the 
inside wall of a glass tube which is then carefully heated and collapsed to 
a solid rod that is called the preform. There are many techniques to dope 
the core but for Ge and Al doping this can be done by a modified-
chemical-vapor-deposition (MCVD) process [18]. The preform has the 
same cross-sectional proportions as the desired fiber and is placed in a 
furnace at the top of a tower. By melting the preform from the bottom and 
up, the glass first forms a drop that is pulled down, and from which the 
fiber is “drawn”.  

The numerical aperture, NA, mentioned in Chapter 1, is one of the 
most important characteristics of a fiber. Another one is the V number or, 
normalized frequency, which is defined as: 

 𝑉 ≡ 𝑘!𝑎𝑁𝐴,   (2.1) 

where 𝑘! = is the wavenumber in vacuum, and 𝑎 is the core radius. The 
𝑉 number is related to the number of bound spatial modes in the core and 
comes from the Bessel functions that appear as the solutions of the wave 
propagation in a cylindrical symmetry. The full theory and how to derive 
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these mode-solutions starting from Maxwell’s equations can be found in 
any standard textbook on fibers [19,20]. Higher 𝑉 numbers implies that a 
larger numbers of modes can propagate in the core. For fibers with  𝑉 
numbers less than 2.405, the fiber is single mode, which means that only 
one transversal mode is bound to the core. In general, the electric field 
distribution, 𝑬, of the guided light in a fiber can be written in the form: 

 𝑬 𝒓, 𝑧, 𝑡 = Re 𝑬 𝒓 e!!!!!!   ,   (2.2) 

where t is the point in time, 𝑟 is the position in the x/y-plane, 𝑧 denotes 
the position along the fiber, ω is the angular frequency of the light and 
α = 𝛿! + 𝑗𝛽, which is the spatial parameter containing the attenuation 𝛿! 
and propagation constant 𝛽 which equals 𝑘! ∗ 𝑛!"". The effective mode 
index, 𝑛!"", is the average refractive index that a specific spatial mode 
experiences as it is guided along the fiber. It is a complex number where 
the imaginary part represents the attenuation; however, since the 
attenuation is generally a negligible part for short distances in fibers, 
therefore, only the real part will be considered here when referring to 
𝑛!"" in the rest of the thesis, unless stated otherwise.  

All fibers described in this thesis are of the single-mode (SM) kind 
at the wavelength they were designed for. However, since 𝑉 is inversely 

proportional to the wavelength (due to the factor 𝑘! =
!!
!!

), there is a cut-

off wavelength for single-mode operation of fibers. The standard telecom 
fiber, SMF-28™, made by Corning Inc., has a cut-off wavelength of 𝜆! = 
1260 nm. Below this wavelength, the core supports two or more modes. 
Fig. 2.2 below displays the fundamental and the first higher order mode 
of SMF-28 at 𝜆 = 1064 nm, which is below the cut-off wavelength. The 
modes represent two numerical solutions of Re 𝑬 𝒓 , which are found 
by the commercial application COMSOL (described later in Sec. 2.5.4). 
The black circles indicate the location of the core edge. Here, it is evident 
that there is an evanescent wave outside the core.  
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a)  b)  

Fig. 2.2. Numerical solution for the profile of a) the fundamental and b) 
first higher order mode of SMF-28 at 1064 nm, i.e., below the cut-off 
wavelength 𝜆!. The height and color represents the normalized average 
power flow along the fiber, and the inset shows the normalized electric 
field distribution of the y-component, Re[𝐸! 𝒓 ] in the proximity of the 
core. 

The first higher order mode, shown in Fig. 2.2b, has a zero in the center 
making the y-component of the electric field displayed in the inset have a 
positive (read) and a negative (blue) lobe, which in turn makes the total 
power flow look like a donut in cross-section.  

Single-mode fibers (SMF) actually support two modes, i.e., the 
orthogonal polarizations of light. Generally, the polarization state of the 
guided light changes along the fiber on the meter scale due to varying 
refractive index of the two polarizations induced by bending and twisting 
the fiber. For fiber systems based on SM fibers, polarization independent 
components are employed. Otherwise, polarization controllers (PC) are 
required, for example, to ensure that the light has the right polarization 
before exiting the system, or if a polarizer is used in the system. 

Polarization-maintaining (PM) fibers can be constructed by, for 
example, placing boron-doped silica rods next to the core in the preform 
before drawing the fiber. These rods have different thermal expansion 
than that of fused silica, which results in that as the fiber cools down from 
the melting point in the drawing tower, the different thermal expansion of 
the rods and the rest of the fiber create stress-induced refractive index 
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difference. In this way the effective mode indexes, 𝑛!"", is separated for 
the two principal axes. This means that light with an electric field 
oscillating in the x-direction will experience a different refractive index 
along the fiber compared with the light with an electric field oscillating in 
the y-direction. This results in little or no cross-talk between the two 
degenerate modes for 100s of meters. A schematic drawing of the cross-
section of a PM fiber with the boron-doped stress rods is displayed in Fig. 
2.3 below. 

 
Fig. 2.3. A schematic drawing of a typical PM fiber with two boron-doped 
stress rods. 

The difference in refractive index for the two polarizations is called the 
birefringence and is defined as: 

   𝐵!   ≡    𝑛!   –   𝑛!   .   (2.3) 

For a standard PM fiber, 𝐵! is usually of the order of ~10-4 which is 
about 10-100 times larger than what is induced by normal twisting and 
bending. Light polarized in either of the two axes, therefore, keeps its 
polarization along the fiber. However, if polarized light is launched into a 
PM fiber at an angle to these principal axes, the polarization state will not 
be kept. The reason for this is that the x- and y-components of the light 
will experience different optical path lengths due to the separated 𝑛!"", 
causing the polarization state to evolve along the fiber, like in a wave 
plate. This evolution is schematically shown in Fig. 2.4, where linearly 
polarized light (marked with the red arrow) is launched into the core of a 
PM fiber, at 45° angle with respect to the principal axes, and then evolves 
along the fiber and finally ends up with the same polarization state as it 
entered with after one beat-length.  

Boron	  doped	  rods

x

y
Core

Cladding
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Fig. 2.4. Evolution of the polarization state in a PM fiber when launching 
linearly polarized light light (red arrow) at an angle of 45° to the principal 
axes of the PM fiber.  

The beat-length is defined as: 

 𝐿! ≡
𝜆
𝐵!
    ,   (2.4) 

and it is usually on the order of a few millimeters in a standard PM fiber. 
As shown in the figure above, the light is linearly polarized 90° to the 
angle at which it was launched after one half beat-length.  

This type of stress-induced birefringence can also be achieved by 
using metal rods instead of boron-doped silica rods. By controlling the 
temperature of the electrodes one can also control the polarization state at 
the output of such a fiber.  

2.3. Fiber Gratings 

Fiber gratings are devices that cause notches in the transmission 
spectrum, which are achieved by either reflecting the guided light at a 
certain wavelength or by converting it into cladding modes. By 
illuminating the glass-fiber with UV light, defects appear in the glass 
matrix, which will change the refractive index. Keeping in mind that 
small reflections occur at the interface between mediums of different 
refractive index, e.g., reflections in a glass window, one can understand 

Slow	  
mode

Fast
mode
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that a periodic modulation of the refractive index in the core can lead to 
small fractions of the guided light being reflected at each modulation 
interface. If then the periodicity is right, constructive interference can 
make sure that ~ 100 % of the incident light will be reflected. This type 
of fiber component, which is called fiber Bragg grating (FBG), is 
extensively used in fiber lasers for, e.g., selecting the wavelength of 
operation. The resonant wavelength, 𝜆, of such a grating is given by: 

 𝜆 = 2  𝑛!""𝛬  .   (2.5) 

where 𝑛!""  is the effective mode index of the guided light and 𝛬 
represents the grating period. The periodicity of a FBG designed for 
1550 nm is generally in the ~ 0.5 µm range. For more information on 
how such small periodicities can be achieved, and the theory and 
applications of FBGs, as well on the other type of fiber grating that will 
briefly be described below, readers are referred to the literature [21,22].  

If the grating period, 𝛬, is ~ 1000 times longer than the usual FBG 
grating period, the light is no longer reflected in the same manner, instead 
the grating becomes a spatial mode-converter of the guided light. One 
requisite for efficient energy transfer between different modes is that they 
have to be phase-matched, i.e., their propagation constants, 𝛽, have to be 
equal, which is never the case for (non-degenerate) modes. However, if a 
periodic perturbation with the right period is introduced into the fiber, the 

associated grating-vector (𝐾! =
!!
!

) can fill the gap between the two 

propagation constants of the two modes so that phase-matching is 
achieved. If the light in the core and the cladding has propagation 
constant 𝛽!"  and 𝛽!" , respectively, the phase-matching requirement 
becomes: 

 𝛽!" = 𝛽!" + 𝐾! =>
𝑛!"
𝜆
=
𝑛!"
𝜆
+
1
𝛬
  .     (2.6) 

Solving Eq. (2.6) for the wavelength results in the following expression: 

 𝜆 = 𝑛!" − 𝑛!" 𝛬 =   𝛥𝑛!""𝛬  .   (2.7) 

which describes the resonant wavelength of the so-called long-period 
grating (LPG) where, 𝑛!" and 𝑛!" are the effective mode index of the core 
and cladding modes, respectively. Note that every cladding mode gives 
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rise to a new value of 𝛥𝑛!"" , and, consequently, a new resonance 
wavelength. Due to the large diameter of the cladding, it has a large V-
number and, consequently, it supports many modes. In transmission, the 
LPG induces a notch at each wavelength that satisfies Eq. (2.7). 
However, in order to create a strong notch, the LPG also has to have the 
right length, since the coupling goes back and fourth between the phase-
matched modes of interest with a certain beat-length. An LPG with a 
length of half the beat-length will result in a strong attenuation, since all 
the light in the core will be converted into a cladding mode. The 
transmission spectrum of a 4 cm long LPG with 𝛬 = 540 µm, written in 
the core of a SMF-28 fiber with a UV laser, is displayed in Fig. 2.5 
below. The spectrum has several notches of different strengths; the 
strongest notch at 1620 nm has a beat-length that is close to twice the 
LPG length. 

 
Fig. 2.5. Transmission measurement of an LPG written in a SMF-28, 
where the several notches are caused by coupling of the energy from the 
core mode to specific cladding modes that fulfill the phase-matching 
condition. 

For the experiments performed in Paper III, a simulation (described more 
in detail in a later section) of the phase-matching condition between the 

1200 1300 1400 1500 1600 1700

!20

!15

!10

!5

0

Wavelength (nm)

T
ra

n
s
m

is
s
io

n
 (

d
B

)



 16 

core and the cladding modes of a 2-hole fiber was performed. The 
calculation solved the effective mode index numerically for 200 modes at 
every 20th nm in the 900-1600 nm span. Then, the required grating period 
required for phase-matching was calculated with the help of Eq. (2.7) and 
the position was marked with a dot in a 𝜆 versus 𝛬 coordinate system, 
which is displayed in Fig. 2.6. The figure shows that the cladding 
supports many modes, although, only a few of them have a large overlap 
with the core mode, which is also required for efficient coupling. The 
color of the dots therefore represents the mode-field overlap between the 
core and cladding modes. The overlap was normalized and displayed with 
128 integer colors, indicated by the color bar.  

 
Fig. 2.6. Resonant wavelength, 𝜆, for mode coupling between the core 
mode and 200 cladding modes (), as function of grating period, 𝛬. The 
128 integer color-scale represents the normalized mode-field overlap. 

One striking feature of Fig. 2.6 is that the cut-off wavelength for single 
mode operation of the fiber, mentioned in Sec. 2.2, is visible at ~ 1240 
nm. At this cut-off, one of the modes separates itself from the rest when 
going to shorter wavelengths. This mode, which is a cladding mode at 
longer wavelengths, becomes better confined to the core when going to 
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shorter wavelengths. Since it is guided in the core at shorter wavelengths, 
the overlap with the core-mode therefore gets bigger, i.e., redder which is 
clearly visible in the graph. 

2.4. Fiber Components with Internal 
Electrodes 

The main objective of this thesis has been to test all-fiber components for 
active control of fiber lasers. Here, this is achieved by changing the 
refractive index or birefringence in the core, and, together with an 
analyzer, such as a polarizer or interferometer, the index change can be 
translated into an amplitude modulation. All of the fiber components 
evaluated here are based on microstructured fibers with two or four holes 
running along the core, c.f., Fig. 2.7.  

2.4.1. Making Fibers with Holes and Filling with Metal 

The microstructured fibers were fabricated by drilling holes in the 
preform before the drawing. The relative cross-section is then maintained 
in the drawing process if appropriate pressure is applied to the holes. Fig. 
2.7a illustrates such a preform that has a middle section with four holes, 
and Fig. 2.7b shows two different finished fibers as seen with a scanning 
electron microscope (SEM). The 2-hole fiber is intended for poling and 
the holes are placed slightly asymmetrically, and the holes of 4-hole fiber 
are placed slightly further away from the core, and the purposes for the 
different placement of the holes in the cross-section will be explained in 
later. 
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a)  b)  

Fig. 2.7. a) Image of a preform to a 4-hole fiber before drawing. b) SEM 
end-face images of two typical fibers used in this work after drawing. 
(Top) 2-hole fiber intended for thermal poling and (bottom) 4-hole fiber 
used for cavity dumping and Q-switching. 

After drawing the fiber, the holes are filled with low melting-point metals 
such as BiSn, AuSn or pure Bi. The filling procedure is illustrated in Fig. 
2.8 below. First, a container with the metal is placed in a pressure 
chamber inside an oven at a temperature above the metals melting point. 
One end of a hole-fiber is immersed in the liquid metal while the other 
end of the fiber is outside the oven. Applying pressure to the chamber 
then forces the metal into the holes until the columns hit the edge of the 
oven where they solidify due to the lower temperature outside the oven 
(Fig. 2.8a). The chamber is then depressurized and the liquid metal 
container is removed. The hole-fiber section free of metal is then shifted 
carefully into the oven (Fig. 2.8b) and the pressure is applied again in 
order to push the metal columns further into the fiber to get both ends 
free from metal. 
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Fig. 2.8. Principle for filling hole-fibers with metal. a) The liquid metal is 
pushed into the fiber by high pressure and the fiber section inside the oven 
fills up with metal. b) Removing the metal supply and shifting the fiber 
slightly into the oven enables the two ends of the fiber to be free of metal 
for convenient splicing. 

After the electrodes are positioned inside the fiber they must be accessed 
in order to be able to apply voltage or current pulses. This is done by side 
polishing the fiber down to the electrode [23], and inserting a tungsten 
wire while locally melting the metal, c.f. Fig. 2.9. 

 
Fig. 2.9. Image of a) polishing wheel used for accessing the electrodes in 
hole-fibers, b) exposed electrode ready for local melting and c) bonding of 
a tungsten wire. 

After the electrodes are contacted, the fiber is mounted on an aluminum, 
brass, or plastic substrate with epoxy, UV-curing glue, or thermally 
conducting glue. One finished elasto-optic device is displayed in Fig. 
2.10 below. The tungsten wires from the bonded electrodes are soldered 
to SMA contacts, as indicated with R1 and R2, for easy access.  
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Fig. 2.10. Image of finished 4-hole fiber component mounted on a brass 
substrate, with SMA contacts. 

The BiSn electrodes in the hole-fibers are ~ 6 cm long to provide ~ 50 Ω 
resistance to ground with a capacitance ~ 4 pF. The distance from the 
electrodes to the splice to the SMF leads is ~ 1 cm on each side. The 
operation of this component is described in the next section, together with 
the description of the electro-optic fiber component, which has also been 
used in this thesis work. 

The LPG component that was studied in Paper III was similar to 
the components described above and showed in Fig. 2.10, although the 
LPG was written in the core between two electrodes, as illustrated in Fig. 
2.11. The image also illustrates how the HV-pulses are applied to these 
types of components, where one side is grounded and the other side acts 
as input. The same principle applies for the 4-hole fiber based 
components. 

 
Fig. 2.11. Schematic illustration of the LPG component studied in 
Paper III showing the holes running along the core, with electrically 
contacted BiSn electrodes. 
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2.5. Index Modulation 

Two main physical effects have been utilized in order to achieve index 
changes needed for in-fiber modulation. These are the elasto-optic and 
the electro-optic effects. Other mechanisms such as the thermo-optic or 
the acousto-optic effect can be used for switching. Although, these effects 
inevitably occur when heating in-fiber electrodes very quickly, efforts 
have been made to minimize their consequences. First, the components 
based on the elasto-optic effect will be described in the section below 
followed by a description of the electro-optic fiber components. 

2.5.1. The Elasto-Optic switch 

As mentioned earlier, the difference in the thermal expansion coefficient 
of the glass and rods in the preform can create a stress profile in the fiber 
that results in an induced birefringence for the core. Papers I-II are based 
on this type of 4-hole fiber component for rotating the polarization and to 
change the Q-value of the fiber laser. In order to rotate the polarization 
90° over the length of the ~ 6 cm long component, of light at 1550 nm 
wavelength, an induced birefringence corresponding to a beat length of ~ 
12 cm is required, i.e., 𝐵! = 1550  nm/12  cm =  ~ 1.3x10-5. This 
birefringence can be achieved in the core by the application of a ~ 50 ns, 
~ 1.5 kV, electrical pulse to the ~ 6 cm, ~ 50 Ω in-fiber electrode, which 
then expands rapidly and exerts a force on the core. The cross-sectional 
(non-absolute) birefringence profile, i.e., 𝑛! − 𝑛!, is displayed in Fig. 
2.12a below. The image shows the birefringence directly after the 
application of the HV-pulse to the upper electrode of the 4-hole fiber. The 
white circles represent the BiSn-filled holes and the structural 
deformation, due to the thermal expansion of the upper electrode, is 
exaggerated 1000 times in the image for visualization purposes. The 
green color represents areas of zero birefringence, and the core which has 
a light yellow tone, have an average birefringence of ~ 1.3x10-5, c.f., the 
color bar. 
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a) b)  

Fig. 2.12. a) The image shows the cross-sectional (non-absolute) 
birefringence profile, 𝑛! − 𝑛!, of a 4-hole fiber where a HV-pulse has 
been applied to the upper electrode, and b) shows the case where a second 
HV-pulse has been applied to the right electrode shortly (a few ns) after in 
order to counteract the birefringence induced by the upper electrode. The 
deformation due to thermal expansion is exaggerated 1000 times. 

The electrode expands instantly, limited mainly by the power of the HV-
pulse. However, the removal of the deposited energy (< 3 mJ) relies on 
thermal processes, and hence, the birefringence follows an exponential 
decay, which takes place on a ~ 200 µs timescale. Components utilizing 
only one electrode will, therefore, have a rise time of a few ns but a fall 
time of 100s of µs. However, by applying a second HV-pulse to the right 
electrode, c.f., Fig. 2.12b, shortly after the application of the first one 
(within a few 100 ns) the birefringence can be canceled instantly. After 
the application of the second HV-pulse, the two electrodes continue to 
cancel each other as they relax thermally together. Due to the low melting 
point of the BiSn alloy, and the slow removal of the deposited energy, the 
maximum repetition rate of these devices is up to a few tens of kHz 
without extra cooling techniques, such as Peltier elements. 

The elasto-optic effect in fused silica decreases the refractive index 
of glass proportionally to the physical stress σ (or strain). Assuming that 
there are no cross-terms, or shear stresses, the refractive index in fused 
silica can be expressed in terms of the stress σ as [24,25]:  
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 n! = n! − σ!B! − σ! + σ! B! + ΔTξ,   (2.8) 

 n! = n! − σ!B! − σ! + σ! B! + ΔTξ,   (2.9) 

 n! = n! − σ!B! − σ! + σ! B! + ΔTξ  .   (2.10) 

Here, n0 is the initial refractive index, B1 and B2 are the elasto-optic 

coefficients (m2/N) and ξ ≡ !"
!"

 is the thermo-optic coefficient (K-1). Of 

these two, the elasto-optic effect is the main physical effect exploited in 
Paper I-III, in which the application of a HV-pulse to one of the 
electrodes of a hole-fiber rapidly rotates the polarization or changes the 
resonance wavelength of an LPG due to the induced birefringence. 

2.5.2. The Electro-Optic Fiber Switch 

In Paper IV-V, the electro-optic effect in fused silica is utilized. Fused 
silica is a centrosymmetric material, implying that the second-order 
susceptibility, 𝜒(!), is equal to 0. Consequently, in order to control the 
refractive index with an applied electric field, the third-order 
susceptibility, 𝜒(!) ,   must   be   used. This quadratic electro-optic Kerr 
effect is very weak in silica glass (~ 2x10-22 m2/V2 [26], and transparent 
crystals have up to two orders of magnitude higher nonlinear coefficient). 
Nevertheless, it is possible to utilize the 𝜒(!),   in  silica with either, large 
electric fields, or by recording a strong electric field in the fiber by 
thermal poling [23]. After this, a much smaller superimposed field can be 
used to modulate the refractive index in the core.  

The index change due to an applied electric field 𝐸 in fused silica 
can be written as [19,21], 

 Δ𝑛 = !
!!!

𝜒(!)𝐸! .   (2.11) 

Since Δ𝑛 depends quadratically on the electric field, the index change due 
to an electric signal with a bias, 𝐸!"#, will be bigger. Fig. 2.13 shows how 
such a recorded field, 𝐸!"#, acting as a biasing field, can enhance the 
response of an applied electric field,  𝐸!"#. The top left graph shows the 
transfer function from an applied electric field to the index change, i.e., 
Eq. (2.11). The bottom graph shows two sinusoidal electrical signals 
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applied to silica, differing only by a DC offset, and the right graph then 
shows the expected index response of the two. The blue curve is seen to 
result in a rather modest response with twice the frequency of the input 
signal, whereas the red curve, which has the same amplitude but with a 
DC component equal to 𝐸!"#, the response is much larger. 

 
Fig. 2.13. Principle of the response enhancement induced by utilizing a 
recorded electric bias field.  

If we now substitute 𝐸!"# + 𝐸!"# for 𝐸 and express only the relevant parts 
of the 27 element tensor 𝜒 !  in Eq. (2.11) with the 3 times degenerate 

element, 𝜒!!!!
! , we end up with the following expression: 

 Δ𝑛 = !
!!!

3𝜒!!!!
(!) 𝐸!"#! + 2𝐸!"#𝐸!"# + 2𝐸!"#! .   (2.12) 

If 𝐸!"# ≪ 𝐸!"#, then the term 𝐸!"#!  becomes small compared to the other 
two terms, resulting in the almost linear response as seen in the red curve 
of Fig. 2.13. Here, we are only interested in the change of the refractive 
index, so the static term 𝐸!"#!  is ignored since it simply represents making 

E

Δn

E(t)

t
t

Δn(t)Erec



 25 

the optical path a little longer. With these assumptions, and with the 
introduction of the effective second order susceptibility as in [23], 

𝜒!""
(!) ≡ 3𝜒!!!!

(!) 𝐸!"#, Eq. (2.12) is now reduced to: 

 Δ𝑛 =
!!""
(!)

!!
𝐸!"#.   (2.13) 

In order to record such an electric field, 𝐸!"#, in a 2-hole fiber, it is first 
placed on a hot plate and then it is heated to ~ 265 °C. The same positive 
potential is then applied to the electrodes in the fiber [27], while the fiber 
with coating is grounded (it is sufficient to ground the hot plate). The 
Na+-ions (which are mobile in the glass at this elevated temperature [28]), 
start to move away from the electrodes. It should be mentioned here that 
the ions are present in the glass as an impurity in the ppm level. The 
negative region that the displaced ions leave behind is partly neutralized 
through the injection of positive charges (or the ejection of negative ions 
into the electrodes). 

A ring develops around the anodes that mark the edge of the 
charged region, which spreads out from the anode. If the timing is right 
one can stop this spreading by decreasing the temperature just as the two 
rings of ions meet at the midpoint between the electrodes. Then, in order 
to end up with an electric field across the core, one needs to put this 
midpoint outside the core. Therefore, fibers used for poling with two 
anodes have a slight asymmetry where one of the holes are placed closer 
to the core than the other, c.f., top image in Fig. 2.7b. After a poled fiber 
has been cut and the end is etched in hydrofluoric acid (HF), ring-
structures appear around the electrodes that are believed to be the 
neutralized and depletion regions. This is shown in Fig. 2.14 below where 
the two rings have not yet reached the midpoint.  

This idea that the induced nonlinearity is confined in at the rim of 
the circle is supported by second harmonic generation (SHG) microscopy 
of poled fused silica and fibers [29,30] which only show SHG at the edge 
of the structure formed from the anode. 
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Fig. 2.14. Image of a poled fiber cross-section after etching it in 50% HF 
for 30 seconds. The visible thick rings around the electrodes are believed 
to represent the neutralized region with the depletion region at the edge of 
the circle. 

After a fiber is thermally poled, it is characterized for the electro-optic 
effect in a Mach-Zehnder interferometer by applying a voltage ramp of 
± 2.5 kV, and measuring the number of π-phase shifts. Fitting a parabola 
to this measurement then gives the equivalent recorded potential of the 
fiber, from which the recorded electric field is then estimated with the 

expression 𝐸!"# =
!!"#
!

, where 𝑑 is the distance between the electrodes. 

Such a measurement of a fiber that was poled, at 265 °C, for 3 hours and 
30 min, with + 4 kV applied to both electrodes, that had a separation 𝑑 = 
22.7 µm is displayed in Fig. 2.15 below. The measured π-phase changes 
as a function of the applied voltage are denoted with black squares, and a 
fitted parabola reveals an equivalent recorded potential of ~ 7 kV, or an 

𝜒!""
(!) = 0.32 pV/m.  



 27 

-7 -6 -5 -4 -3 -2 -1 0 1 2 3
-25

-20

-15

-10

-5

0

5

10

15

Ph
as

e 
sh

ift,
 π

Applied voltage, kV
 

Fig. 2.15. Measured π-phase shifts () of a poled fiber device and fitted 
parabola (red curve), reveals an equivalent recorded potential of ~ 7 kV.  

Another parameter of the poled component is the so-called Vπ, which is 
the required voltage to achieve one π-phase shift of the guided light and is 

related to 𝜒!""
(!)  by the following expression: 

 V! =
λ𝑛!𝑑

2𝐿𝜒!""
(!)   ,   (2.14) 

where L is the length of the poled fiber.  

The induced 𝜒!""
(!)  of these poled fibers is stable over time, 

provided that it is not heated too much (<	  200 °C) so that the ions are not 
mobile. One electro-optic fiber from a previous PhD work [31], has been 
subjected for long-term measurements of its Vπ for almost 8 years. Since 

Vπ is inversely proportional to 𝜒!""
(!) , the measurement displayed in Fig. 

2.16 below is therefore an indirect measure of the stability of 𝜒!""
(!)  over 

time, where no sign of degradation of the induced 𝜒!""
(!) , can be seen. 
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Fig. 2.16. Long-term stability measurement of Vπ indicates that 𝜒!""
(!)  is 

stable over time. 

2.5.3. The Electro-Optic Fiber Switch 

In the last two Papers of the thesis, an all-fiber switch based on a poled 
fiber was investigated for pulse picking and mode-locking in the MHz 
frequency range. The switch consisted of a Sagnac interferometer (SI) 
with one or two all-fiber phase modulators inside the loop. The electro-
optical fibers used had been subjected to thermal poling at 265 °C for ~ 3 

hours and had a 𝜒!""
(!)   ~ 0.25 pm/V. The poled fiber had a length of ~ 75 

cm, and a Vπ of ~ 150 V at 1550 nm. The resistance of the metal columns 
are ~ 280 Ω/m and they provide a capacitance of ~ 60 pF/m. An SEM 
image of the cross-section of this fiber, a schematic of the component and 
a photograph of the packaged modulator are displayed in Fig. 2.17, 
below. The fiber component is spliced to SMF leads and has electrical 
input for accessing the two electrodes running along the core. 
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Fig. 2.17. a) SEM image of the cross-section of the fiber used for poling. 
b) Schematic image of the all-fiber phase modulator and the fiber 
components used in Papers IV-V. c) Image of the same. The electro optic 
fiber was wound and glued in a 4.5 cm diameter loop inside the black box 
with SMF-28 leads. 

The Sagnac loop is an interferometer where the two arms are linked 
together so that the same beam splitter acts as both input and output port. 
In fibers, such a device can be achieved by fusing two legs of a 3dB-
coupler together. Generally, the Sagnac interferometer will reflect all 
incoming light since the length and the acquired phase shift of the 
clockwise and the counter clockwise direction of the interferometer are 
exactly the same. However, in a real loop based on non polarization-
maintaining SM fibers, the polarization will shift along the fiber so that 
the phase of the clockwise and the counter clockwise propagating light, 
will not always be the same as they return to the splitter. Consequently, 
some of the light will be transmitted. If polarization controllers are used 
in the loop, one can adjust the amount of the reflected and transmitted 
light as desired. The temporal transmission through a Sagnac loop 
(ignoring nonlinear phase-shift) can be expressed in terms of the relative 
phase-difference, Δϕ t , between the clockwise and the counter 
clockwise light returning to the beam splitter at time t: 

125	  µm

+-‐

a)
b)

c)
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 T t =
1 − cos  (Δϕ t )

2
  .   (2.15) 

If the phase modulator is placed at the center of the loop, i.e., with equal 
length on both sides from the modulator to the beam splitter, nothing will 
happen at the output if the modulator is actively driven. This is due to the 
fact that the clockwise and the counter clockwise propagating light will 
gain the same amount of phase-shift at the same time so that there is no 
relative phase difference. If, however, the modulator is placed off-center 
in the loop, the distance from the modulator to the analyzing beam splitter 
will differ for the two directions, thus, a sudden phase change will induce 
a transmission window equal to the length difference of the two sides 
from the modulator to the beam splitter. Fig. 2.18 below shows a typical 
setup for characterizing the response of a Sagnac fiber loop with an off-
center phase-modulator. The system is probed by a CW laser through an 
isolator followed by the Sagnac loop. The static transmission depends on 
the PC setting whereas the temporal transmission depends on the phase-
modulator. 

 
Fig. 2.18. Schematic diagram of a Sagnac fiber loop setup probed with a 
CW laser. The Sagnac interferometer contains an electro-optical, off-
center phase modulator, a few meter extra fiber and a polarization 
controller. 

If the modulator in Fig. 2.18 changes the phase back and forth fast 
enough, there will be two transmission peaks. One transmission window 
occurs when the counter clockwise propagating light reaches the beam 
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splitter, and the other window occurs when the clockwise does the same 
thing. 

The Sagnac loop can also provide a large wavelength acceptance 
bandwidth, provided that the 3-dB coupler supports a 50/50 % coupling 
for a large enough bandwidth. This was measured for the setup shown in 
Fig. 2.18 and the temporal and spectral transmission is displayed below in 
Fig. 2.19. The setup was probed with a tunable CW laser, while switching 
at 1 MHz and the spectral and temporal transmission were recorded for 
the wavelengths of 1500 - 1560 nm. 

The graph below shows two consecutive open-time windows of the 
Sagnac loop when the electro-optic fiber was addressed voltage-pulses 
from a CMOS-circuit. The transmission, which is represented by the 
height, is plotted against both time and wavelength. And the response is 
seen to be almost equal for the entire wavelength span.  

 
Fig. 2.19. Resulting transmission of the Sagnac loop in the temporal and 
the spectral domain, when the modulator in the Sagnac interferometer was 
subjected to voltage pulses of 105 V amplitude (without a 50 Ω resistive 
load). 

The electrodes in the fiber were connected to the output of the CMOS-
circuit in an open-end configuration. This resulted in suboptimal voltage-
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pulses, resulting in the leakage seen after the transmission-windows at t = 
0, and at 1000 ns. 

The response-time of the electro-optic fiber modulator is ultimately 
related to how fast the electric field can be established across the fiber 
electrodes. In other words, how quickly the voltage across the electrodes 
will result in a phase shift of π. Since the components are ~ 75 cm long 
and the electrodes running along the core with a certain separation, the 
device acts as a capacitor. One can deduce the RC time constant, 𝜏!" , for 
these devices by measuring the current flowing into them during the 
capacitance charge up, when applying a voltage step function. From the 
measured current, 𝑖, the developed voltage over the electrodes can then be 

estimated as 𝑉 = !
!

𝑖𝑑𝑡, where C is the capacitance. Such a current 

measurement is displayed in Fig. 2.20a together with the normalized 
voltage step function applied, and the calculated voltage developed across 
the electrodes. The ripples in the curves are caused by the reflections in 
the open-end configuration of the electrodes. The estimated voltage 
reaches 50 % after 𝑡!/! =  ~ 7 ns, implying that the system has an RC 

time-constant of 𝜏!" =
!!/!
!"!

≈ 10 ns.  

 
Fig. 2.20. a) Measured current (green) to the electrodes when applying a 
voltage step function (blue). The voltage developed over the electrodes 
(red) is calculated as the normalized integral of the current. b) Same as 
previous with the application of a 13 ns pulse instead of the voltage step. 

In Paper IV, we have applied voltages higher than Vπ for a short period of 
time in order to utilize the steep part in the beginning of the charge-up. 
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This is illustrated in Fig. 2.20b where a ~ 13 ns square pulse was sent to 
the electrodes, and, subsequently, the maximum voltage developed was 
reached after ~ 14 ns. The temporal FWHM value of the developed 
voltage was measured as ~ 16 ns, where the discharge followed the usual 
exponential decay characterized by the ~ 10 ns RC time-constant.  

The 10 ns time constant of the device results in a 3dB cut-off 

frequency for the modulator equal to 𝑓!   =
!

!!!!"
≈ 16 MHz. One way of 

increasing the cut-off frequency is by shortening the devices, when both 
the internal resistance and the capacitance drop. Making the component 
half the length would result in a time-constant one fourth of the original 
one, and a 4 times higher 3 dB cut-off frequency. The drawback with this 
setup is that the Vπ of the component would be twice as large. 

2.5.4. Numerical Simulations 

Numerical simulations have been performed in conjunction with most 
experiments in order to evaluate the assumptions needed to reproduce the 
experimental data. The numerical simulations have been executed with 
the commercial application COMSOL Multiphysics, which numerically 
solves physics problems based on the finite element method (FEM). This 
tool allows for solving partial differential equations over any geometry by 
dividing the body of interest into small elements that are then solved in 
relation to each other, given a set of boundary conditions. The full 
description on how to set up and solve the partial differential equations 
with FEM can be found in any standard textbook on the matter [32,33].  

The finite element method uses some mathematical tricks to 
simplify the equations describing the physics of interest by multiplying 
them with a weight function and integrating over the full 
length/area/volume of the body to be analyzed. After the division into 
smaller elements, or mesh, and specifying some boundary conditions, this 
can be translated into a system of equations that can be solved to a 
desired accuracy after a number of iterations. The software includes 
modules for solving different kinds of physics. Primarily three modules 
have been used in this thesis, in combination with each other or 
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separately: thermal stress, for calculating birefringence in hole-fibers; 
heat transfer, to calculate the temperature spread after the application of 
HV-pulses to the electrodes in the fiber; and electro-magnetic mode 
analysis, to solve the supported modes in the fiber-core/cladding. Below, 
the basic ideas will be described that lies behind the equations involved in 
the performed simulations. For the full context, readers are referred to the 
COMSOL users manual [34-36]. 

Thermal stress occurs in a body due to a change in temperature, 
when some parts are constrained from expanding/contracting freely. 
Since the electrodes and the glass in the hole-fibers have different thermal 
expansion, a change in temperature will inevitably introduce forces on the 
materials, at their interfaces. The temperature at which the whole body is 
free from stress is called the reference temperature, 𝑇!"#. In the linear 
elastic model used by the thermal stress module in COMSOL, the stress-
strain relation used for linear isotropic materials looks like: 

 σ = σ! + 𝐷 ε − 𝜀! − 𝜀!!   .   (2.16) 

where D is the elasticity matrix, σ! and ε! are the initial stress and strain 
vectors, and the thermal expansion part is 𝜀!! = 𝛼!!(𝑇 − 𝑇!"#), with αth 
being the coefficient of thermal expansion (K-1). The elasticity tensor 
contains information based on the material properties, Young’s modulus 
𝐸 (Pa), and Poisson’s ratio 𝜈.  

The heat transfer module in COMSOL uses the principle of the 
first law of thermodynamics, i.e., the conservation of energy, although, 
for simplicity, the temperature is used as the main variable instead of the 
energy. The problem can be solved in either the static or the time-
dependent case.  

Mode analysis of the electromagnetic waves in COMSOL gives the 
electric field distribution, 𝑬 , which is an eigenstate of Maxwell’s 
equations for the out of the plane propagation: 

 𝛻× 𝛻×𝑬 − 𝑘!!𝜖!𝑬 = 0  .   (2.17) 

where, 𝑘! is the wavenumber in vacuum, and 𝜖! ≡ 𝑛 − 𝑗𝑘 !. Here, 𝑛 is 
the refractive index of the material and 𝑘 is the imaginary part. The 
solution is of the form, viz: 
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 𝑬 𝒓, 𝑡 = Re 𝑬 𝒓 e!!!!!!   .   (2.18) 

In this case, 𝛼 = 𝛿! + 𝑗𝛽, which represents the spatial parameter, where 
𝛿!  is the damping factor in the propagation direction, and 𝛽  is the 
propagation constant, from which the real part of the effective mode 

index can be retrieved as 𝑛!"" =
!
!!

. 

All of the physical properties of the glass fiber, except those of the 
refractive index properties, are taken from the predefined values for 
“Corning 7940 (fused silica)” in the COMSOL Multiphysics materials 
library. The refractive index for the cladding is calculated using the 
Sellmeier equation [37], i.e., 1.4440 and 1.4497 at 1550 nm and 1064 nm, 
respectively. The index difference between the core and the cladding is 
measured with a refractometer on the preform, and the thermo/elasto-
optic constants are taken from the literature Table 1 below contains these 
values as well as the material properties of BiSn, which was the alloy 
used in most of the electrodes in the hole-fibers.  

Table 1. Material properties used in the FEM simulations. 

Name: Expression:  Description: 
αBiSn 15.35x10-6 Thermal expansion (K-1) 
EBiSn 42 x109 Young's modulus (Pa) 
ρBiSn 8560 Density (kg/m^3) 
νBiSn 0.4 Poisson's ratio 
κBiSn 19 Thermal conductivity (W/(m*K)) 
CpBiSn 167 Heat capacitance (J/(kg*K)) 
nBi 1.78+j2.8 Bi refractive index @ 590 nm [31]. 
nSn 2.384+j4.727 Sn refractive index @ 632 nm [38]. 
B1 4.2 x10-12 1st stress optic coefficient (m^2/N) [25]. 
B2 0.65 x10-12 2nd stress optic coefficient (m^2/N) [25]. 
ξ 7.65x10-6 Thermo optic coefficient @ 20 °C (K-1) [39]. 
T0 21 Initial temperature (°C). 
Tref -15 to 35 Reference temp, i.e., no thermal stress (°C). 
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The consequent index change due to the temperature variations of the 
glass and the mechanical stress evolution, are calculated using Eqn. (2.8)-
(2.10)  

2.5.5. Losses of Fibers with Electrodes 

One of the first applications of hole-fibers filled with metal was as an all-
fiber polarizer [40] with up to 60 dB polarization extinction ratio (PER). 
Prior to that, metal cladding D-fibers had been shown to have a polarizing 
effect [41,42]. The polarizing effect originates from the fact that an 
electric fields oscillating at normal incidence to the metal surface 
experience dramatic loss differences compared to an electric field 
oscillation perpendicular to the surface. The attenuation is also strongly 
coupled to the distance between the core and the metal surface, i.e., how 
much of the evanescent wave that overlaps with the metal. For 
illustration, the attenuation for the two polarizations is simulated in a 2-
hole fiber as a function of the core to electrode distance, 𝑑!". In the 
simulation, the holes are filled with the eutectic alloy 58Bi42Sn, and one 
electrode is stepwise moved away from the core. The attenuation is 
solved numerically at each step for the two polarizations. In lack of good 
refractive index data, the alloy is assumed to have a complex refractive 
index of the average of the constituents: 

 
𝑛!"#$ ≈ 0.58𝑛!" 590𝑛𝑚 + 0.42𝑛!" 632𝑛𝑚
=   2.384 + j4.727  .   (2.19) 

The alloys morphology consists of islands enriched by one of the 
constituents, Bi, or Sn, and the sizes depends on thermal prehistory of 
both temperature and cooling/heating rate. Furthermore the calculation is 
performed at 1064 nm, whereas the refractive index of the two 
constituents is known from the literature at a different wavelength. 
Hence, the complex refractive index of BiSn used in the simulations is 
bound to cause some error in comparisons to the measurements.  

The results of the simulation is displayed in Fig. 2.21, where one 
can see that the induced loss of the slow axis decreases significantly with 
increased 𝑑!", while the fast axis loss is kept below 2 dB/m. Note that the 
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values are the logarithmic attenuation. Taking the difference in 
attenuation between the two polarization eigenstates gives the 
polarization dependent loss (PDL), which is displayed in the inset. 

 
Fig. 2.21. Numerically calculated attenuation and (inset) PDL at 1064 nm 
in a fiber as function of 𝑑!" for the upper electrode shown in the fiber 
cross-section illustration. 

From the PDL-curve displayed in the inset above it is clear that the 
theoretical insertion loss for hole-fibers with 𝑑!" ≥	 9.5 µm is < 0.1 dB/m. 
In Papers I-III, the electrodes in the fibers used hade a 𝑑!"~ 13 µm and 
were < 10 cm long, therefore, they were not significantly affected by the 
PDL. However, in the last two Papers, dealing with poled fibers for 
modulation, the insertion loss was significant. In order to get good poling 
results there is a need to place at least one of the electrodes as close as 
possible to the core. The reason for this is to maximize the electric field 
across the core; thus, there is a trade-off between efficient poling and 
high attenuation when designing the fibers. 

It is possible to reduce the optical impact of the electrodes by 
inserting wires instead of filling the holes with metal. The wires have to 
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be smaller than the hole so there will inevitably be some air gap in-
between the glass and the metal wire. This results in that the guided light 
will be better confined in the fiber rather than in the hole and, hence, 
experience less attenuation, since the index step from the fiber to the hole 
is much larger. Unfortunately, the wires are usually slightly bent while 
being inserted, so it does not keep the same position inside the hole, 
which will result in some voltage drop in the air. The magnitude of this 
drop is randomly distributed along the length of the fiber leading to less 
reproducibility than with the solid electrode technique. In this thesis, 
however, all of the poled fibers have solid electrodes. 

At longer wavelengths, the evanescent wave of the core mode gets 
larger, so one would expect the loss to increase with the wavelength. This 
was simulated, and measured, through a 2-hole fiber with 𝑑!" ~ 6.5 µm, 
as shown in the setup in Fig. 2.22 below. A commercial supercontinuum 
white light source (WLS) with a flat output spectrum spanning 900 - 
1550 nm was passed through either the fast or the slow axis of the 2-hole 
fiber with the aid of a fiber-coupled polarization beam combiner. The 
spectral transmission was recorded with an optical spectrum analyzer 
(OSA) and a reference spectrum from a standard PM fiber was subtracted 
from the measurements. 

 
Fig. 2.22. Setup for measuring the spectral transmission of a 76.5 cm long 
2-hole fiber with BiSn electrodes. The spectrum from a WLS was 
launched into the 2-hole fiber in the slow and the fast axis, respectively, 
and the transmission was measured with an OSA 

The results of the measurements and simulations are displayed in Fig. 
2.23. There one can see that light polarized in the fast axis has a rather 
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flat insertion loss in the region of 900-1200 nm, whereas light in the slow 
axis experience much greater attenuation at longer wavelengths.  

 
Fig. 2.23. Simulated (☐) and measured (–) spectral transmission through a 
76.5 cm long 2-hole fiber filled with BiSn. The measured curves are 
normalized to dB/m and shifted to 0 loss at 1064 nm. 

The fast axis loss flattens out at ~ 1150 nm, which is attributed to the 
rather low polarization extinction ration of ~ 20 dB of the light launched 
into in the 2-hole fiber. Since the fast axis has a low loss in comparison to 
the slow axis, there will be a point where the attenuated light in the slow 
axis is comparable to the small portion of the light unintentionally 
injected into the fast axis. The rapid oscillation in the region > 1200 nm 
of the slow axis measurement is believed to originate from an 
interferometric beating between the two modes. 

The measured curves in Fig. 2.23 both have a small drop at shorter 
wavelengths. This is likely due to a measurement error than rather than 
the loss induced by the electrodes. It might in fact be related to the 
coupling-loss due to the difference in the refractive index profile of the 
poled fiber and the PM980 fiber leads.  

The last discrepancy between the measurements and the 
simulations is the water absorption-line at 1380 nm, c.f., Fig. 1.2, which 
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is clearly visible in the measured transmission, whereas it is not 
accounted for in the simulation.  

Despite the crudely estimated complex refractive index of BiSn, 
there is a high resemblance between the simulated and the measured 
attenuation. The systematic shift could originate from either the error in 
the value of 𝑛!"#$  and/or the fiber cross-section geometry/dimensions 
used in the simulations. 

2.5.6. Polarization Characteristics of Fibers with Electrodes 

All of the components used in Papers I-III were based on hole-fibers with 
BiSn-electrodes. Just like water, BiSn expands slightly (~ 0.5%) during 
the transition from liquid to solid at 138 °C. The BiSn-electrodes will 
therefore apply a force on the glass wall as is solidifies. When the 
electrodes and the fiber then are cooled down to room temperature, the 
force will decrease since BiSn will shrink faster than the glass due to its 
higher thermal expansion coefficient. At a certain temperature, the force 
between the electrode and the glass will be equal to zero. This 
temperature is called the reference temperature, 𝑇!"# , and it can be 
calculated by taking the difference in thermal expansion coefficient and 
multiplying it with the needed temperature drop necessary for it to equal 
the 0.5% expansion from the solidification. Calculating 𝛥𝑇, we obtain 

𝛥𝑇 = !.!%
!!"#$!!!"#$$

≈ 338  °C which result in 𝑇!"# = 138 − 𝛥𝑇 =

−200  °C.  
One can then simulate the expected birefringence in the core of a 

2-hole fiber with BiSn-electrodes by using the thermal stress module of 
COMSOL and Eqn. (2.2)-(2.9). The expected birefringence, using 𝑇!"# = 
- 200 °C, turns out to be ~ 2x10-4. However, previous measurements of 
the birefringence in this type of fiber [43,44] reveals that the actual values 
are usually < 4x10-5. This order of magnitude error originates from the 
BiSn-alloy being almost free to expand along the holes of the fiber as it 
solidifies. Thus, the radial solidification expansion of the electrode is 
reduced, which, in turn, results in an increased reference temperature. 
Fig. 2.24 displays the simulated birefringence in the core as function of 
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the reference temperature from - 20 to + 60 °C, as can be seen, it 
decreases linearly with 𝑇!"# . From the graph, it is clear that the 

birefringence, 𝑛!   –   𝑛! ,  is less than 4x10-5, between these two 
temperature points.  

 
Fig. 2.24. Simulated (non-absolute) birefringence (i.e., 𝑛! − 𝑛!) in the 
core of a 2-hole fiber (at room temperature, 20 °C) as a function of the 
reference temperature, i.e., the temperature at which the glass and the 
BiSn-electrodes are free of stress.  

For illustration, the resulting birefringence profile of a 2-hole fiber at 
20 °C, and with BiSn-electrodes and a reference temperature of 34 °C, is 
displayed in Fig. 2.25 below. The electrodes, which are represented by 
the white circles, have contracted slightly from the original shape, which 
is marked with black lines. For visibility, the contraction is exaggerated 
1000 times in the image. The rest of the fiber is mostly green which, by 
comparing with the color bar, indicates that the stress in that area is close 
to zero. However, around the electrodes and in the middle of the fiber, 
there is a shifting birefringence. The yellow and red areas indicate that 𝑛! 
is larger than 𝑛! whereas the blue areas represent the opposite case. The 
average birefringence of the core is ~ 1.5x10-5 which makes the fiber 
relatively polarization maintaining, at room temperature. Components 
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based on this type of hole-fiber with PM fibers spliced at the ends have 
shown > 25 dB PER. 

 
Fig. 2.25. Thermal-stress induced birefringence (color bar = 𝑛! − 𝑛!), in 
a 2-hole fiber filled with BiSn, at 20 °C, and with a reference temperature 
of 34 °C. The deformation is exaggerated 1000 times and the average 
birefringence in the core is 𝐵! = ~ 1.5x10-5. 

The components used in Papers IV-V were based on 2-hole fibers filled 
with the eutectic alloy 80Au20Sn. This alloy, as opposed to BiSn, does 
not expand during solidification. Hence, the reference temperature will be 
equal to the solidification temperature of 280 °C. Components based on 
this alloy, however, were never seen to possess PM characteristics, 
despite the fact that the thermal expansion coefficient (~ 16x106 K1), is 
slightly larger than that of BiSn (~ 15x106 K1). The main reason is 
believed to be that the shrinkage, from solidification to room temperature, 
is so large (~ 0.42% or ~ 100 nm in diameter) that the alloy randomly 
looses contact with the glass wall along the length of the fiber. This is 
believed to create a non-uniform birefringence profile that makes the 
polarization rotate randomly along the fiber. 
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Chapter 3. All-fiber Experiments 

3.1. Cavity Dumping with a 4-hole Fiber 
Component 

In Paper I, we demonstrated as proof-of-principle how an all-fiber 
polarization switch could be used to cavity dump an erbium-doped fiber 
ring laser. The main advantages of this type of an all-spliced polarization 
switch are the low insertion loss, and the fast rise/fall-time, which is in 
the range of a few tens of ns.  

The electrodes are placed at a distance of ~ 13 µm from the core, 
so that they do not induce additional loss, or PDL. The insertion loss of a 
fiber with electrodes is low for core-electrode distances of > 9.5 µm, as 
can be seen in Fig. 2.21b. Nevertheless, the insertion loss of the device 
employed was ~ 0.5 dB, and this excess loss was attributed to non-
optimal splicing between the SMF and the 4-hole fiber. The all-spliced 
configuration of the switch should allow the laser to operate at power 
levels up to the limit set by the nonlinear effects. In this laser setup, 
however, the maximum optical power through the device was limited by 
the available pump power. 

The cavity-dumped laser system consisted of an erbium-doped 
fiber ring laser with one leg of a fiber-coupled polarization splitter as the 
output. The system is depicted in Fig. 3.1. It was run by first bringing it to 
stable laser operation without output coupling. Then, the polarization was 
rotated 90° by the polarization switch, so that the intracavity optical flux 
was rejected by the polarization splitter.  
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Fig. 3.1. Schematic illustration of the all-fiber laser. 

The polarization-switch employed here was based on the 4-hole fiber 
depicted in Fig. 3.2a. In Fig. 3.2b, one switching event is displayed, 
where the first HV-pulse (red curve of the top trace) opens up the cavity 
and lets out the flux as a pulse, which is displayed in the bottom trace of 
Fig. 3.2b. After the cavity is emptied another HV-pulse (blue curve of the 
top trace) is applied to the second electrode closing the cavity again in 
order to restart the lasing process. 

a) b)  

Fig. 3.2. a) Image of the 4-hole fiber that is used in the all-fiber 
polarization switch. b) Electrical pulses applied to the switch and the 
resulting optical output. 

The rejection ratio of the component was limited due to the non-perfect 
geometry of the fiber used. Detailed inspection of the 4-hole fiber, shown 
in Fig. 3.2a, reveals that at least one of the electrodes was placed a few 
micrometer off the symmetry line. This resulted in that only the switching 
ON, or, alternatively, the switching OFF, could be truly optimized with 
the PCs involved in the system. For this reason, perfect cancellation of 
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the induced birefringence was not possible and components based on this 
fiber will always have a long thermal relaxation time on the 100 µs scale. 

Nevertheless, single cavity-dumped pulses were achieved and the 
intracavity flux was relatively well suppressed in the output signal. Fig. 
3.3 below displays both the output signal of the beam splitter and the 
intracavity signal from the 1% tap during one switching event. The 
rise/fall-time (10-90 %) of the output pulse was ~ 45 ns. These were 
limited mainly by the high voltage supply delivering a peak voltage of 
only 600 V.  

 
Fig. 3.3. a) Output pulse from the laser barely showing the small leakage 
of the intracavity flux (measured at the 99/1% splitter, c.f. Fig. 3.1) as 
shown in b). 

The optical peak power/pulse energy of the output pulses showed a linear 
dependence on the optical pump power, c.f. Fig. 3.4a. The pulses 
generated by cavity dumping have durations equal to the cavity round-
trip time. Therefore, adjusting the cavity length by introducing an extra 
fiber section allowed for adjusting the output pulse duration, c.f. Fig. 
3.4b. (Cavity lengths of ~ 3 km have been tested, with ~ 15 µs round-trip 
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time. However, with such long cavities, the thermal relaxation time of the 
polarization switch became prominent) 

 
Fig. 3.4. a) The graph shows both output the peak power and the pulse 
energy (•), and the inset shows a typical output pulse. b) Output pulses 
from the same laser with cavity lengths of 18 and 37 m fiber, respectively, 
the corresponding pulse widths are 90 and 185 ns, respectively.  

3.2. Q-switching with a 4-hole Fiber 
Component 

In Paper II, we examined the possibility of Q-switching a fiber laser by 
means of a fiber-switch, similar to the one in Paper I. The device was 
employed to prevent lasing while pumping the gain medium to 
accumulate a large population inversion. Then, the fiber-switch was 
addressed to enable lasing without output coupling like that in the 
previous Paper I, with the main difference being that much more energy 
was now stored in the gain-fiber during the lasing startup process, leading 
to a giant pulse which was then dumped out by addressing the fiber-
switch a second time.  

Similarly to the fiber switch described in in Paper I, a 4-hole fiber 
based component was employed in a cavity in order to modulate the 
output coupling. However, here, the active component was placed in a 
double-pass configuration, reducing the required energy for π-phase shift 
to one half the original value. Furthermore, the HV pulses in Paper I were 
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delivered from a HV switch into two coaxial cables, and the delay 
between the ON and the OFF pulses were determined by their length 
difference. In Paper II, however, the system requirements on the delay 
between the ON and the OFF pulses were more critical as the Q-switched 
pulse needed to be dumped exactly at its maximum level. Therefore, two 
separate HV-switches were used, so that the delay could be controlled 
with better than ns precision. The active component consisted of a 
polarization switch based on the same type of 4-hole fiber as in Paper I, 
however, with the addition of a highly reflective (HR) FBG spliced 
directly to one end of the 4-hole fiber. This setup enabled both narrow 
linewidth of the laser as well as a double-pass through the component. 
The setup is depicted in Fig. 3.5, below. 

The laser worked as follows. A pigtailed fiber polarization splitter 
in the middle acted as polarizer for the left hand side, as well as a 
polarizer/output-coupler for the right hand side. PC1 was set to maximize 
the feedback from the left hand side, while the PC2 was set to act as a 
λ/2-plate, thus providing no feedback from the right hand side. The two 
HR FBGs, being matched to each other, resulted in a high-Q Fabry-Pérot 
cavity, although, only when the component was switched to ON, did it act 
as a λ/4-plate. After some roundtrips, and subsequent amplification, a 
HV-pulse was applied to the second electrode, which then removed the 
λ/4-plate action of the all-fiber component, and the intracavity pulse was 
let out of the cavity through the y-port of the polarization beam splitter. 

 
Fig. 3.5. Schematic drawing of the Fabry-Pérot type cavity used with two 
HR FBGs as end mirrors. 

Due to the intense optical powers of a Q-switched laser system, the pump 
was protected by 3 WDM with a total of > 20 dB isolation each from the 
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intracavity flux. The intracavity WDM provided enough leakage of the 
laser signal at 1550 nm, to allow the monitoring of the intracavity signal 
through the second WDM. With this information, the delay between the 
ON and the OFF signal could be optimized.  

To characterize the all-fiber component, it was probed through the 
x-port with a CW laser at a wavelength within the span of the integrated 
FBG, and the temporal response at the output y-port was registered while 
switching ON and OFF. The resulting oscillogram is shown in Fig. 3.6, 
below, which displays a 500 ns square pulse with fast rise/fall-time of 
only a few nanoseconds. 
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Fig. 3.6. Optical response of the polarization switch with incorporated 
FBG, through the output (y-port) of the polarization splitter when probing 
it with a CW laser through the x-port as shown in Fig. 3.5. 

The negative (positive) spike seen in the square pulse ~ 75 ns after the 
ON-switching (OFF-switching) is caused by an acoustical wave in the 
fiber, which can be reduced with better mounting of the fiber on the 
component substrate. The imperfect symmetry of the 4-hole fiber 
employed resulted in a non-optimal OFF switching, which can be 
observed as the level after switching off is not completely settled down to 
the original starting level. 
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Due to the fact that the rise-time of the component is much shorter 
than the cavity round-trip time, when switching from a low to a high Q-
value, i.e., 𝜏!"#$ < 𝜏!", multi-peak phenomena is expected to occur in the 
intracavity signal [45]. The short rise-time leads to an almost square 
shaped optical feedback that is then periodically amplified. Eventually, 
the gain suffers saturation leading to the front end of the pulse being 
amplified more than the tail. This pulse shortening mechanism, therefore, 
leads to pulses with ~ 10 ns duration which is much shorter than the 
cavity round-trip of ~ 85 ns. Fig. 3.7 displays two ways of running the 
laser. First, a test was run on how well the output could be suppressed by 
only switching the laser ON, so that lasing started and a pulse was formed 
which grew to a maximum just before 400 ns and then faded away as 
seen in the intracavity signal of Fig. 3.7a. Because no optical flux was let 
out of the cavity, the output trace was flat as shown in Fig. 3.7b. In the 
second case, the Pol.-switch was turned ON and a pulse was formed 
again as shown in Fig. 3.7c. Now, however, the Pol.-switch was turned 
OFF as the main pulse reached its maximum, letting out a single, high-
power output pulse as shown in Fig. 3.7d below. 
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Fig. 3.7. a) Intracavity signal when only one electrode was addressed with 
a HV-pulse, showing the multi-peak structure caused by pulse distortion 
due to gain saturation. b) Corresponding flat output signal since there was 
no OFF-pulse to let the intracavity flux out. c) Intracavity signal when 
addressing both of the electrodes. First, switching the cavity ON, then 
switching it OFF when the optical signal reaches its maximum. The 
output, shown in d) then contains a single pulse.  

In this linear and rather narrow linewidth laser, if the power is high 
enough, the light will be subjected to stimulated Brillouin scattering 
(SBS). This is an interaction between the optical field and the phonons in 
the glass material, resulting in a reflected optical pulse of a few ns 
duration and with a small frequency shift. Such an event is displayed in 
Fig. 3.8, c.f. Ref. [46], where the buildup of the pulse is not completely 
determined by the cavity round-trip time, implying that the pulse was 
reflected before the HR FBGs. 
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Fig. 3.8. Single-pulse output with the intracavity signal (in the inset). The 
short pulse is formed with the aid of SBS and is much shorter than the 
round-trip time. 

The frequency shift of the SBS, for light scattered in the backward 
direction, is given by: 

 𝛥𝜈! =
𝜔!
2𝜋

=
2𝑛𝑣!
𝜆!

.   (3.1) 

Here, vA = 5.96 km/s denotes the speed of sound in the silica glass, 
n = 1.444 is the refractive index, and λp denotes the wavelength of 
~ 1550 nm. Unfortunately, the optical spectrum was not measured during 
the experiments reported in Paper II. However, it was measured at a later 
time in a similar setup and with a linear ytterbium-doped all-fiber laser. 
So, with the wavelength now being λp = 1064 nm, and with the refractive 
index n = 1.45, the frequency is νB = ~ 16 GHz. Hence, the shift in 
wavelength becomes: 

 Δ𝜆 =
Δ𝜈!𝜆!!

𝑐
= ~  0.06  nm.   (3.2) 

The output trace of such an SBS-formed pulse is displayed in Fig. 3.9a. 
The first and the second Stokes shift is clearly visible in the 
corresponding spectrum shown in Fig. 3.9b. 
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a)  b)  

Fig. 3.9. a) Output trace with an SBS formed pulse from a linear 
ytterbium-doped fiber laser Q-switched with 4-hole polarization switch 
and b) the corresponding optical spectrum. The arrows indicate the 
0.06 nm wavelength shift due to SBS.  

Although the occurrence of SBS was not determined in the experiment at 
1.5 µm, it is likely that some scattering occurred there too. This may have 
also contributed to the pulse shortening, c.f., Fig. 3.8.  

As mentioned before, one of the main advantages with the all-fiber 
components is the high damage threshold which is a direct result of the 
possibility of splicing the modulators directly into the cavity. During the 
4 years of experiments with these hole-fiber based components, none of 
them (> 50) suffered breakdown due to optical damage. On the other 
hand, several other fiber-coupled polarizers, isolators, pump-diodes, as 
well as pump combiners suffered severe optical damage. 

In the first two papers described above, the polarization is rotated 
due to the induced stress in the core. The maximum repetition rate of a 
few tens of kHz is set by the slow thermal dissipation of the energy 
deposited by the applied HV-pulses to the component. In the next section, 
these thermal processes will be examined in a similar fiber, but with only 
2 electrodes. 

3.3. Dynamics of Long-Period Gratings 

As mentioned before, the LPG provides a notch in the transmission 
spectrum, which can be used for various filtering applications in the static 
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case. In Paper III we studied the dynamic behavior of such gratings. 
Previous experiments have shown the possibility of switching the 
resonant wavelength of FBGs a few 100 pm [47]. In Paper III, where we 
studied the dynamics of the LPGs, we achieved switching of the resonant 
wavelength, which were two orders of magnitude larger than that of the 
FBGs. We found that the x-polarization resonance, λx blueshifted 7.7 nm, 
and λy redshifted 5.2 nm. Steady-state studies were carried out with the 
fiber placed in an oven, while nanosecond dynamics makes use of short 
duration (~ 200 ns) HV-pulses (kV). The measurements were compared 
qualitatively with numerical simulations, which will be explained more in 
detail below.  

The LPG component had a transmission spectrum, which is 
displayed in Fig. 3.10 at 21 °C. It showed a distinct attenuation at 
1514 nm for the x-polarization and at 1525 nm for the y-polarization 
(polarization is defined as shown in the inset). 

 
Fig. 3.10. Transmission spectrum of the LPG fiber component studied in 
Paper III for the two polarizations, defined as shown in the inset. 

3.3.1. The Fiber Reference Temperature 

At the reference temperature, 𝑇!"#, the birefringence in the fiber is equal 
to 0, implying that the effective mode index of the x- and y-polarization 
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are the same. Hence, the resonant wavelength, for the two polarizations, 
𝜆!  and 𝜆! , becomes degenerate according to Eqn. (2.7). Thus, by 
scanning the temperature while looking for the crossing of 𝜆! and 𝜆!, the 
reference temperature can be deduced. Fig. 3.11 shows the experimental 
results of such a measurement, where the LPG component was placed in 
an oven and the temperature was scanned from 21-45 °C. The measured 
values are marked with squares (☐) while the simulated values are 
marked with triangles (△). 

 
Fig. 3.11. Simulated and measured resonance wavelength, 𝜆!  and 𝜆! , 
versus temperature for the two polarizations of LPGs written in a 2-hole 
fiber with BiSn electrodes.  

Due to the thermal expansion of the fiber and the substrate it was 
mounted on, the grating period changed slightly during the 
measurements. Although the difference in period length, 𝛿𝛬, due to the 
~ 30 °C temperature difference, is ~ 2 ‰ (< 1 µm) and, consequently, 
caused the systematic shift as seen in Fig. 3.11, it was ignored in the 
temporal simulations since the component substrate showed virtually no 
heating when subjected to the HV-pulses described in the next section. 
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3.3.2. Time Dependent Refractive Index Profile 

We first calculated the refractive index profile with the help of Eqn. 
(2.8)-(2.9), of the fiber at t = 0. Here, the thermal stress was only 
dependent on the thermal expansion differences and the reference 
temperature. After that, the temperature rise as caused by the application 
of a 930 V, 200 ns square pulse to one of the electrodes in the 37 Ω 
component was calculated to ΔT = 104 °C, using the known dimensions 
of the fiber electrode and the physical properties of BiSn. The power 
density in a resistive load, when a voltage pulse is applied to it through a 
50 Ω impedance, can be expressed as: 

 𝑊 𝑡 =   
4𝑈 𝑡 2

  

𝑅0 1+ 𝛼𝑅  𝛥𝑇
𝑉 𝑅0 1+ 𝛼𝑅𝛥𝑇 + 50 2  ,   (3.3) 

where	  𝑈 𝑡  represents the instantaneous voltage applied, 𝑅! is the initial 
resistance, 𝛼! = 3.368×10-3 (K-1) denotes the measured linear resistance 
coefficient of BiSn, and 𝑉 is the volume of the electrode.  

The calculated temperature in the electrode then served as the 
starting point for the subsequent time-dependent heat transfer simulation. 
We simulated how the heat spreads from the electrode to the rest of the 
fiber at 800 time-steps, logarithmically spaced between t1 = 200 ns and 
t5 = 2 ms. For each time-step, the refractive index profile was calculated. 
Fig. 3.12 below illustrates how the temperature and refractive index of 
the fiber cross-section is altered over time. The left column displays how 
the temperature spreads over the cross-section of the fiber, while the 
middle and right column shows the refractive index change from the 
initial refractive index at time t = 0 for the x- and y-component 
respectively.  
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Fig. 3.12. Heat transfer from a metal electrode simulated with COMSOL. 
The temperature distribution T, Δnx and Δny are shown at times 
t1 = 200 ns, t2 = 2.5 µs, t3 = 25 µs and t4 = 280 µs. The color scales are 
normalized in each figure. 

The boundary conditions of the fiber did not take into account the cooling 
effect provided by the heat-conducting glue, but they were simply 
specified in order to radiate out into an ambient temperature of 20 °C. 
Therefore, the heat spreading at the longer time scales (> 100 µs) of the 
simulation will most likely result in slightly higher temperatures, i.e., 
birefringence, than in the measured case. 

Furthermore, the thermo-optic coefficient of the core is also 
slightly higher than that of the fused silica due to the Ge-doping, which 
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was not taken into account either in the simulations, neither was the 
thermo-optic coefficient dependence on temperature [48] which in our 
case was fixed and was specified at 20 °C.  

The cladding-mode to which the LPG couples, is displayed in Fig. 
3.13 below. There, the color represents the normalized power-flow going 
from zero to maximum power-flow with a blue-to-read color scale 
gradient.  

 
Fig. 3.13. Power flow of the main mode that the LPG coupled to. 

One can see that even though this is a cladding mode, the power flow is 
relatively concentrated close to the core, which results in that the mode-
field overlap, 𝜂, is about 30 %, when integrating over the entire fiber 
cross-section using the expression: 

 
𝜂 =

∫ 𝐸!" ∗ 𝐸!"dxdy

∫ 𝐸!"! dxdy ∗ ∫ 𝐸!"! dxdy
    ,   (3.4) 

where E!" and E!" represents the local electric field amplitude for the core 
and cladding modes respectively. 

3.3.3. Resonance Shift 

In Paper III, we also presented the measured temporal change in 
transmission for the LPG components which is displayed in Fig. 3.14. 
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The grating was probed at two wavelengths in the neighborhood of the 
central wavelength, indicated by the arrows. The expected shift of the 
resonance peak of the LPGs for x- and y- polarizations was also 
calculated from the simulation mentioned above and compared 
qualitatively in order to confirm the expected physics behind the process. 

a) b)  

c) d)  

Fig. 3.14. Schematic illustration of the wavelength displacement of the 
LPG at various times, upon switching, shown in blue and red curves (a-b). 
The arrows indicate the probing wavelengths used to study the time 
evolution of the signal transmitted through the LPG. Trace A (violet), for 
instance, shows the time evolution for the x-polarization probed at 1500 
nm. Trace C (pink), for instance, shows the time evolution for the y-
polarization probed at 1517 nm. 

From the refractive index distribution, modified due to the heated 
electrode (see Fig. 3.12), we calculated the effective mode index, 𝑛!"", 
for the core- and the cladding-modes at each time-step. COMSOL solves 
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the propagation using Eqn. (2.18), with the simplification that the holes 
are now filled with air instead of metal. The solutions contain the 
effective propagation constant for each mode and the associated electric 
field distributions. The problem was solved for the specific wavelengths 
of the grating. 

To calculate the LPG resonance shift we assume that the resonant 
wavelength of an LPG with period Λ, is given by: 

 𝜆 =   𝛥𝑛!""   Λ,   (3.5) 

where 𝛥𝑛!"" ≡ 𝑛!"–𝑛!". Note that every cladding mode gives rise to a 
new value of 𝛥𝑛!"", and, consequently, a new resonance wavelength. 

Experimentally, we know that Λ = 415 µm (nominal value before 
packaging), and λ0x = 1514 nm and λ0y = 1525 nm, are the respective 
resonance wavelengths before switching from the static measurements at 
room temperature.  

Differentiating Eqn. (3.5), and assuming that δΛ = 0, as mentioned 
above, we obtain: 

 𝛿𝜆   =   Λ𝛿𝛥𝑛!""   .   (3.6) 

Making the time dependence explicit, we obtain the following exprssion: 

 𝛿𝜆 𝑡 =   Λ 𝛥𝑛!"" 𝑡 –   𝛥𝑛!!""   ,   (3.7) 

 𝛿𝜆 𝑡 = Λ 𝑛!" 𝑡 − 𝑛!" 𝑡 − 𝛥𝑛!!""   .   (3.8) 

The resulting resonant wavelength evolution 𝜆 𝑡 = 𝜆! + 𝛿𝜆(𝑡), for the 
dominant mode, was then calculated at each time-step with the help of 
Eqn. (3.8) for the x- and y-polarization, respectively, and is plotted in Fig. 
3.15a and b, respectively.  
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 x-polarization y-polarization 

a)  b)  

Fig. 3.15. The excursion of the resonant wavelength (•) of an LPG for a) 
the x- and b) the y-polarization in a 2-hole fiber, when a HV-pulse is 
applied to one of the electrodes.  

The most striking feature of the simulations illustrated above is the good 
agreement with the measured time evolution signals shown in Fig. 3.14 
(violet and pink traces). Not only do the qualitative shapes of the 
oscilloscope traces match the simulated curves, but also at all times do 
the calculations coincide relatively well with the experimental values 
measured. This is an indication that the dominant effects are actually 
included in the simulation and that the material parameters used as related 
to the thermal flux of energy are close to the actual values for the metal 
and the glass. Note, however, that the simulation examines the time 
evolution of the resonant wavelength, while the experiments monitor the 
response of the grating where a good signal-to-noise ratio can be 
obtained, i.e., in the flanks of the grating and not at its resonance.  

Nevertheless, the simulations, performed for Paper III, did show 
one systematic error in that we measured a maximum wavelength 
excursion of 8 and 5 nm (for the two polarizations, respectively) whereas 
the simulations described above indicated 16 and 12 nm, respectively, 
i.e., roughly twice as large. It was later found that the plain-strain 
approximation used, in which the movement in the z-plane was restricted, 
overestimated the induced birefringence in the core with a factor slightly 
less than 2. Hence, the fiber should be regarded as being able to move 
slightly in the z-direction, and, by using the so-called plain-stress 
approximation instead, the results of the simulations coincided much 
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better with the measured resonance shift, c.f. the static response 
simulation shown in Fig. 3.11, which has been adjusted since. The fiber is 
mounted on an Al-substrate with rather soft glue, which agree with the 
condition that the fiber is not completely restricted to move in the z-
direction.  

Given that there are many parameters involved in the simulations, 
all with their respective uncertainties, the model employed for calculating 
the effective refractive index must be considered approximate. However, 
we still believe that we have identified the elasto-optic and thermo-optic 
effects as the two most important underlying processes for the response 
of an LPG written in a 2-hole fiber when impressing one of the electrodes 
with an HV-pulse to one of the electrodes. 

In the experiments described above, in Papers I-III, the all-fiber 
components relied on a thermal process, which allows s fast switching 
ON and OFF but only at frequencies less than a few tens of kHz. 
Although the repetition rates of these components could be improved by 
employing active cooling, the energies required for one switching event, 
which is in the ~ mJ range does not allow switching in the MHz regime, 
which is required for the experiments in the last two papers described 
below. 

3.4. Pulse-Selection with an Electro-Optical 
Fiber 

The work presented in Papers IV-V was performed within the European 
project CHARMING, which aims at developing an all-fiber system for 
generating short pulses for fluorescence microscopy. The concept is to 
generate ps pulses at ~ 80 MHz which are then subject to pulse selection 
at variable repetition rates. The variable rate is desired since the 
biological samples have different fluorescence life-time anywhere in the 
single to hundreds of nanosecond range, and the standard light source for 
this type of microscopy is the mode-locked Ti:sapphire laser. The reason 
for selecting pulses at variable repetition rates rather than producing them 
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at a specific repetition rate themselves, is that it is very difficult to build a 
variable rate laser where, the output pulses have the same characteristics 
independent of the frequency. The properly selected pulses are then 
supposed to be frequency doubled, which doubles the extinction ratio, 
before being employed in fluorescence microscopy. 

Our part in this project is to construct and to build an all-fiber pulse 
picker. The project aims at wavelengths around 1 µm, but as a proof of 
principle and before the fibers suitable for the 1 µm wavelength region 
were fabricated, we performed the pulse selection experiment and mode-
locking experiment (presented in the next section) at 1550 nm.  

This work was based on the ~ 75 cm long components operating 
below the electrical cut-off frequency, at a few MHz. In this section, the 
pulse selection experiment presented in Paper IV will be described. Here, 
we utilized two similar electro-optic fiber components in a push-pull 
configuration. They were placed symmetrically in a Sagnac loop and 
electrically connected in parallel with a 50 Ω terminating load, in order to 
avoid the effect of the slow recovery time of the CMOS-circuit 
(mentioned earlier in Sec. 2.5.2). Placing the components in parallel does 
not alter the time-constant but it did reduce the total Vπ-voltage to one 
half the average value of the two components. The light source in the 
experiment was a pulsed semiconductor distributed feedback (DFB) laser 
diode, emitting pulses of ~ 4 ns duration at 1550 nm wavelength and with 
a 7 MHz repetition rate. The push-pull setup is depicted in Fig. 3.16 
below.  
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Fig. 3.16. Setup for selecting every 7th pulse from a pulsed DFB laser. The 
light transmitted by the circulator was either reflected or transmitted by 
the Sagnac loop before the detection in the photodiode (PD)  

The pulse train emitted by the DFB laser is shown in Fig. 3.17a. These 
pulses were sent through a circulator and into the Sagnac interferometer 
and were either transmitted or rejected. Voltage pulses of 7 ns duration 
were then synchronized to the seed laser pulse-train, and applied to the 
electro-optical fibers. This resulted in that every 7th pulse in the pulse 
train was transmitted through the Sagnac loop (red trace of Fig. 3.17b) 
and the remaining pulses were rejected back through the circulator (blue 
trace). 

 
Fig. 3.17. a) The DFB seed laser pulse train sent to the Sagnac loop, and 
b) the reflected (blue) and transmitted (red) normalized signal. The 
measured peak voltage applied over the fiber electrodes was 131 V. 
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The transmitted pulse amplitude was measured for a range of input 
voltages, U, which gave the transfer function of the system, as displayed 
in Fig. 3.18. As the applied voltage, U, is increased, i.e., the induced 
phase-shift,   Δϕ  is increased, hence, the modulation of the system 
increased, following the cosine behavior of Eq. (2.15).  

 
Fig. 3.18. Transfer function of the Sagnac loop as a function of the input 
voltage. The inset shows how the transmission is measured from the time-
resolved reflected signal, illustrated for an input voltage of 65 V. 

The modulation was calculated from the reflected signal, as shown in the 
inset of Fig. 3.18. Here, we assumed that the part of the pulse that was not 
reflected represented the transmitted pulse power, Ptr(U). By dividing this 
value with the incident pulse peak power, Pin, the modulation of the 
system was found.  

Maximum modulation was obtained when applying voltage pulses 
of ~ 2Vπ rather than the Vπ of the system. This was a consequence of the 
fact that the applied voltage pulses were ~ 7 ns long, i.e., comparable to 
the RC-time constant of the system. In order for the developed voltage 
across the electrodes to reach Vπ during the 7 ns, we had to apply roughly 
twice the voltage. 
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The extinction ratio between the transmitted pulses and the part of 
the rejected pulses that were leaking through the Sagnac interferometer, 
was calculated with help of the expression 10*log10(Plk(U)/Ptr(U)), where 
Ptr(U) was the transmitted pulse peak-power, and Plk(U) was that of the 
pulses leaking through the Sagnac interferometer. Fig. 3.19 below shows 
this calculated extinction ratio as function of the input voltage and at the 
optimal voltage and PC settings, we measured < - 30 dB extinction ratio. 
The inset graph displays the temporal transmission of the Sagnac for one 
of the data points marked with an arrow, which corresponded to a modest 
extinction ratio of - 16 dB. The transmitted pulse peak-power and leaked 
pulses are also marked with arrows in the inset. 

 
Fig. 3.19. The extinction ratio as function of the input voltage applied to 
the two electro-optic fibers. The inset shows how the extinction ratio is 
measured from the transmitted signal for the designated point in the graph 
with a modest extinction ratio of - 16 dB. 

This measured ratio does not follow a smooth curve because the results 
depend on how well the PCs were set during the measurements. The 
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polarization state, along the fiber, varied with the temperature. Since the 
temperature of the electrodes is dependent on the current delivered to 
them, the increased root-mean-square (RMS) voltage applied to the 
electrodes caused them to heat up and thus change the polarization 
behavior of the Sagnac loop. Therefore, the PC settings had to be 
adjusted slightly for each point on the curve, and hence, some points are 
better adjusted than others. 

For simplicity, the setup was assembled using commercial 
connectors rather than being all-spliced. This lead to very small sub-
reflections in the connections, appearing as small mini-pulses next to the 
indicated pulses that were leaking through the system. Splicing the whole 
system, however, would eliminate these reflections. 

3.5. Mode-Locking with an Electro-Optical 
Fiber 

The bandwidth provided by the switch used in Paper IV, consisting of the 
all-fiber phase modulator placed in a Sagnac fiber loop, is > 10 nm, as 
shown in Fig. 2.19, therefore it is suitable for switching in fs-applications. 
In Paper V, this switch was placed in a ring laser cavity for mode-
locking. A schematic drawing of the cavity used is presented in Fig. 3.20 
below. The Sagnac is marked with the dashed line and an image of the 
7 ns temporal transmission-window is shown in the inset. 

The ring laser comprised of an erbium-doped fiber that was 
optically pumped through a WDM, an isolator, a polarizer, a 30 % output 
coupler, the Sagnac with the electro-optic fiber as well as a 38 m SMF 
delay line for rendering the average cavity dispersion anomalous. Three 
PCs were placed in the cavity to control the polarization. The diode laser 
used allowed for pumping up to 100 mW at 976 nm wavelength. 
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Fig. 3.20. Schematic drawing of the mode-locked erbium all-fiber ring 
laser with the amplitude modulator consisting of a Sagnac loop and with 
the electro-optic fiber component. The inset shows the temporal 
transmission of the Sagnac loop. 

In this experiment, the electro-optic fiber component was driven 
with ~ 7 ns voltage pulses with amplitudes smaller than Vπ, and 
consequently, the Sagnac loop did not provide 100 % modulation depth. 
The voltage-pulses employed in the experiment provided only 20 - 40 % 
modulation depth. However, since the whole cavity was based on SM 
fiber components, it was still possible to adjust the PCs so that the Sagnac 
provided 100 % transmission at the peak of a switching-event. The trade-
off was that this configuration had a baseline transmission through the 
Sagnac greater than zero. Nevertheless, this level still provided enough 
loss in between the transmission-windows to prevent CW-lasing. 
Furthermore, it was also possible to run the laser with an even lower 
modulation depth, even down to a few percent, although at this low 
modulation depth the laser was rather unstable. 

The main pulse shortening mechanism in the cavity was actually 
not performed by the ~ 7 ns transmission window of the Sagnac loop. 
Instead, the low intensity wings of the main pulse were cut off by 
nonlinear polarization rotation (NPR). This is a process where the 
interplay between cross-phase modulation (XPM) and self-phase 
modulation (SPM) makes the pulse change its polarization along the 
fiber. The peak of the pulse will thus gain more polarization shift than at 
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the low intensity wings. Placing a polarizer in the cavity that favors 
transmission of the peak rather than the low intensity wings can therefore 
shorten the pulse. A thorough description of NPR and the interplay 
between XPM and SPM can be found elsewhere [19,49].  

In this sense, the title of Paper V is a bit misleading, since it is not 
the electro-optic fiber that mode-locks the cavity, but it simply stabilizes 
the pulse formation by providing a transmission window for the pulse that 
is then shortened by the NPR in the rest of the cavity.  

A typical autocorrelation measurement of the laser output is 
displayed in Fig. 3.21 together with its corresponding spectral profile. For 
this measurement, the laser was pumped with 25 mW power and the 
modulator provided ~ 25% modulation depth. The output pulse duration 
and the spectral FWHM were 460 fs and 5.3 nm, respectively.  

 
Fig. 3.21. Autocorrelation trace showing that the output pulses had a 
deconvoluted FWHM of 460 fs. The inset shows the optical spectrum 
with the characteristic Kelly side-lobes [50] when generating solitons. 

These measured values resulted in a time-bandwidth product of 0.30, 
which is less than the minimum expected value of 0.315 for sech2 pulses, 
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errors in the estimation of the spectral and the temporal widths. While the 
average output power of the laser showed a linear dependence with the 
pump power, as can be seen in Fig. 3.22, the peak power of the pulses 
displayed a noticeable fall-off. This stems from the solitons shedding 
energy to the dispersive waves at higher pump powers as a result of the 
periodic loss and amplification in the laser cavity. 

 
Fig. 3.22. Output power (☐) and peak power (△) as function of pump 
power. 

Since the laser was actively mode-locked, it was straightforward to 
employ harmonic mode-locking with similar output. However, the 
available electronics delivering the voltage pulses could not operate at 
frequencies much higher than the 2.6 MHz fundamental frequency of the 
laser. Nevertheless, the cavity was successfully mode-locked up to the 
10th harmonic by a 5 V function generator, although at this point the laser 
became quite sensitive to polarization adjustments and the output was 
rather unstable. At even higher harmonics, the laser only operated in the 
Q-switched mode-locked regime due to a combination of limited pump 
power and that the laser was operating well above the 3-dB cut-off 
frequency of the electro-optic fiber component. 
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Although the laser was not packaged and was constructed mainly 
with SMF, and was not polarization maintaining, it showed stable output 
pulses for at least 30 min. Fig. 3.23 below shows several consecutive 
autocorrelation measurements of the laser output, and the peak power had 
a relative standard deviation of 2 %. 

 
Fig. 3.23. Several consecutive autocorrelation measurements. 
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Chapter 4. Conclusions 

In this thesis, the physics of all-fiber modulators based on hole-fibers, and 
their applicability for fiber lasers has been investigated. In the first study 
(Paper I) we demonstrated the possibility of employing an elasto-optic, 
all-fiber polarization switch, based on a microstructured 4-hole fiber, to 
cavity dump an all-fiber laser system in a well-controlled way. The laser 
had a variable repetition rate together with the possibility of adjusting the 
output pulse duration by controlling the cavity length. 

The following experiments, presented in Paper II, took the idea 
from the first experiment one step further, by Q-switching a linear cavity 
with a similar elasto-optic, all-fiber polarization switch, with an 
integrated fiber Bragg grating, in a double pass configuration. The 
required switching voltage was considerably decreased, and the output 
peak power of the laser signal increased significantly, even up to the level 
where the intracavity signal started being affected by stimulated Brillouin 
scattering. 

In Paper III, the thermal behavior of the elasto-optic, 2-hole fiber 
based components was studied. Numerical simulations were performed in 
conjunction with the experiments, and they showed qualitative 
agreement. This led us to identify the elasto-optic and the thermo-optic 
effect as the most important underlying processes for the response of a 
long-period grating in a hole-fiber when being subjected to HV-pulses. 

The experiments presented in Paper IV demonstrate the feasibility 
of constructing an all-fiber system for selecting single-pulses with broad 
bandwidth from a train of high-frequency pulses. Extinction ratios of up 
to - 30 dB were demonstrated.  

In Paper V it was shown that it is possible to generate fs-solitons 
with the aid of an all-fiber electro-optic switch. The output pulses had a 
spectral and temporal FWHM of 5.3 nm and 460 fs, respectively.  
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4.1. Outlook 

Many improvements can be made to both the elasto-optic and the electro-
optic components used in this thesis. The major improvement from a 
commercial and practical point-of-view would be to extend the 
components to polarization-maintaining versions. 

One can envision that an electro-optic PM fiber with one electrode 
close to the core, i.e., with a small 𝑑!", would both present better poling 
parameters due to higher electric fields, while at the same time be slightly 
polarizing. Employing a traveling-wave arrangement would also decrease 
the required peak voltage for the π-phase shift, while being able to 
operate at frequencies higher than the 3-dB cut-off frequency. This would 
also reduce the open-time window of the Sagnac component and give 
better discrimination.  

In principle, the elasto-optic components could also be extended 
into PM versions by splicing them so that the principal axes of the PM 
fiber would be aligned to the holes. One could imagine using these 
components in order to Q-switch or to control the resonant wavelength of 
a laser by operating at the flank of a long-period grating, or possibly by 
making a rocking filter out of such a device. In order to splice PM-leads 
to a 4-hole fiber-based polarization switch, extremely high symmetry is 
required in both the cross-section of the 4-hole fiber as well as the 
electrode length, in order not to rotate the polarization unintentionally 
during the thermal relaxation of the fiber component. 

It is clear that these components can be improved in many ways 
and that there are still many exciting experiments to be performed with 
them. 

 
In conclusion, the all-fiber modulators used in this thesis have shown 
great potential of being complementary components for a number of all-
fiber laser applications. Maybe, some day, they will replace the expensive 
but well-established fiber-coupled bulk versions of the electro-optic and 
acousto-optic modulators of today. 
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