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Preface

Optical fibers, an important and promising material, have been the subject of intensive
research and development due to their many scientific and practical applications. They
are designed to guide light along its length by confining as much light as possible in
its core. The interaction between the propagating light with the fiber material is the
foundation of the development of various applications such as optical amplifiers, fiber
lasers, sensors etc. The use and demand for optical fibers have grown in tandem with
numerous new applications that have been continuously introduced by researchers
and engineers. The development of optical fiber technology for communication
networks, medical applications and other areas represents a unique confluence of the
physics, electronics and mechanical engineering disciplines. This new book presents
the latest researches in the field optical fiber technology, which consists of four
sections.

Many current research efforts are focused on comprehending the theories, operating
characteristics and technology of fiber laser and amplifier devices, which are mainly
based on rare-earth-doped silica, as newfound technologies are expected to have
profound impacts on a broad variety of communication and industrial applications.
Section 1 presents the recent advances on fiber laser researches. The role of rare-earth
optical fibers in fiber laser development is highlighted in Chapter 1. Chapters 2 and 3
describe the fabrication technique of rare-earth doped fibers using a modified chemical
vapor deposition (MCVD) in conjunction with solution doping processes. Chapter 4
reviews on various efforts to comprehend and improve the spectroscopic properties of
some rare-earth and thulium ions doped into silica. Chapter 5 demonstrates tunable
fiber laser systems based on multimode interference effect. Chapter 6 describes
microlens based fiber grating external cavity laser modules with low cost and good
performance. Chapter 7 presents a review on the generation of few-cycle fs light pulses
using gas-filled hollow-core fiber. Chapter 8 demonstrates a novel whispering-
gallery—-mode (WGM) fiber laser. The properties of the fiber laser, including energy
threshold, produced length and polarization of lasing emission are discussed. Two
important applications of the fiber lasers on optoelectronics, linearly polarized three-
color lasing emission and single WGM lasing emission, are also demonstrated in this
chapter.

Section 2 reviews the applications of optical fibers to medical, imaging, spectroscopy
and measurement. Chapter 9 discusses the development of near infrared spectroscopy
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system based on optical fiber for skin moisture measurement. Chapter 10 investigates
the presence of cellular optical fibers in the retina. Chapter 11 gives a technical review
of near-infrared light and systems, which are applicable to optical brain imaging.
Besides for medical purpose, optical fiber imaging can also be used in spectroscopy
and other applications. Chapter 12 introduces a novel optical fiber application in the
form of conductive and transparent optical fiber probe in multifunctional scanning
tunneling microscropy. This kind of probe can be utilized for high-quality scanning
tunneling microscope (STM) imaging, near-field excitation and detection of high-
intensity STM-induced electroluminescence (STML). Chapter 13 describes the
applications of coupling optical fibers to spectroscopic instrumentation for
applications in chemical and biological threats, and explosives detection. Chapter 14
presents a research work on point diffraction interferometry (PDI) and phase shifting
(PS) method. The development of PS/PDI having two point sources of optical fibers for
absolute surface figure measurement of large apertured optics is demonstrated. In this
work, attempts are made to eliminate the inevitable wavefront distortion via
numerical reconstruction of the wave based on inverse problem. Highly precise
measurements of spherical and spherical mirrors are realized.

Recently, several types of new fibers are developed for various applications. Section 3
reports on research advances on these fibers. Chapter 15 describes a newly developed
“crystalline” plastic optical fiber with excellent heat resistance and dimensional
stability. In this chapter, changes in the fine structure and lamella
arrangement of the fibers formed by tetrafluoroethylene copolymers upon
drawing are investigated by using wide-angle X-ray diffraction (WAXD) and
small-angle X-ray scattering (SAXS) methods. This study is valuable as a
fundamental research in the field of polymer physics. Chapter 16
demonstrates a single mode microstructured optical fiber (MOF) with
improved bend performance. This chapter describes on research efforts on the
finding and implementation of a few novel MOF designs that could effectively
combine the large core dimensions and the expanded spectral operation range as
compared to classical MOFs. It is obvious that new structures should be actualized by
applying principles different from the basic concepts of the standard MOF technology.
Chapter 17 thoroughly describes the fabrication of microfibers and its structures such
as microfiber loop resonator (MLR), microfiber coil resonator (MCR) and microfiber
knot resonator (MKR). A variety of applications of these structures will also be
presented in this chapter. Chapter 18 discusses and compares how the shape of the
modulated signal (e.g, exponential-wave, sine-wave, Gaussian, etc.) can improve the
system performance when using both positive and negative dispersion fibers. With
this method it is possible to improve each of the WDM system channels individually,
offering a low-cost solution since it only involves changes in the transmitters and
avoids replacing the fiber. This chapter also presents analytical and simulation results
pertaining to the transmission of chirped optical signals in a dispersive fiber.

Current progress of optical fiber sensors is reviewed in section 4. Chapter 19 describes
the mechanical properties of commercial optical fibers such as the elastic constant, the
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Young modulus and the mean strain limit. The understanding of these properties can
be useful for the design and modeling of optical sensors, and on the determination of
aging performance of optical fiber deployed in telecommunication networks. Chapter
20 briefly summarizes recent studies of macroscopic fiber fuse propagation behaviour
in silica fibers. The strong heat-induced absorption of silica glass and the highly
confined supply of laser energy cause captured plasma to shift to the light source
along the fiber leaving catastrophic damage behind it. Chapter 21 discusses the
phenomenon of light production by a particle passing near the fiber, which is referred
to as particle induced guided light (PIGL). Chapter 22 presents simulation results of
nonlinear parametric studies of photon in a fiber Bragg grating (FBG). It is shown that
it is plausible to use soliton for FBG writing and the soliton can be controlled by
manipulating the parametric effects. Chapter 23 opens with some general
considerations on the radiation—-matter interaction, and continues with a review of
irradiation effects on different types of optical fibers (silica optical fibers, plastic optical
fibers, special optical fibers), effects which should be considered when developing
radiation sensors. The bulk of this chapter is dedicated to the designs of promising
intrinsic and extrinsic optical fiber sensors for radiation measurements. Chapter 24
presents nano-optic sensors, which uses optical fibers as a pointed probe to exploit
optical and mechanical effects on the nano-scale, i.e., of very close proximity, even less
than 5 nm.
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Part 1

Fiber Lasers






Rare-Earth Doped Optical Fibers

Efrain Mejia-Beltrdn
Centro de Investigaciones en Optica
Meéxico

1. Introduction

An optical fiber becomes active by doping its core with one or more atomic elements,
usually (but not restricted to) rare-earths (RE’s), more specifically, the lanthanides that
occupy the atomic numbers 57 to 71 of the periodic table. As it will be mentioned later in
more detail, they use three electrons in bonding to the condensed materials such as crystals
and glasses to become triply ionized ions. Because they present absorption and emission
bands from UV to NIR, the materials doped with these become very active in converting the
properties of optical signals. Most optical fibers are made of crystal quartz (S5iO;) that is
melted and cooled down such that stays “frozen” in its vitreous state. This disordered
pattern of the constituents, Silicon and Oxygen, produce randomly distorted unit cells of the
crystal (quartz) to become silica. Other important fiber materials with special properties
have been discovered (and studied) during the last decades; among the vast variety, the
zirconium-fluorides (also named fluorozirconates) have been of special importance because
the RE’s notably change their spectral properties. Among those changes are the broadening
of the absorption and emission bands and much longer excited state lifetimes of up to some
orders of magnitude compared to silica. In addition, their operation region covers and
further exceeds the silica transparency band (~200 to 2100 nm) to be ~200-6000 nm (Lucas,
1989). Broader absorption bands allow the use of non wavelength-stable or even multi-line
delivering pumps, usually provided by the cheapest semiconductor lasers; whereas with
broader emission bands, it is possible to cover a wide range of emitting wavelengths. For
illumination or broadband sources this characteristic becomes important (Digonnet, 2001).
Also the optical fiber amplifiers (FA’s) that amplify weak signals such as the channels of
telecommunication systems increase their capacity thanks to this characteristic. Because a
laser is an amplifier with a resonant cavity, it is possible to take advantage of this broad
emission spectrum to generate several laser lines by designing the appropriate resonator or
even, it is possible to insert a wavelength selecting device within the cavity to select the
desired wavelength to be emitted. This topic is described in more detail in another chapter
of this book. Longer lifetimes benefits efficiency in some fiber lasers (FL’s) and FA’s and also
increase the probability for already excited ions to absorb another photon that re-excites
them to a more energetic state from which, if the lifetime is also long a third photon may be
absorbed, and so on. This re-excitation is called excited state absorption (ESA) and when two
or more photons are absorbed to excite a higher energy level capable of producing or
amplifying signals of shorter wavelengths, it is said that upconversion occurs. This
phenomenon will be sufficiently discussed later in this chapter. For now it is enough to say
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that some ions inside some glasses may absorb IR signals and produce laser emissions and
amplification in the VIS-UV region.

Apart from the first flash-lamp pumped FL’s and FA’s in which a spectral portion of the
incoherent light converts into monochromatic-coherent light, FL's are strictly speaking fiber
laser converters because they convert the coherent wavelength(s) of the laser pump into
different (also coherent) ones. Because their optical-to-optical conversion efficiencies range
from 5 to >95%, FL's are among the most efficient lasers.

In order to illustrate the advantages of typical fiber-based devices compared to their bulk
counterparts, let us depart from the following example. In typical solid-state laser-pumped
lasers such as the Nd3*:YAG or Ti:Sapphire, the active length of the laser material is at most
few centimeters. Just to give an idea of this, let us suppose that we have a single- mode (SM)
2mm-diameter collimated gaussian beam from a 808-nm laser to pump a Nd3*-doped glass
laser. If we want to produce a 6-pm beam waist (2wp) in the middle of the glass, an 11.7 mm
focal length lens would be necessary as illustrated in Figure 1.

b=53.1 ym

b=70 um

2w =6pm

Fig. 1. Typical scheme of a bulk laser.

The region in which the beam is practically collimated is called the confocal parameter
that gives b~70 um (Siegman, 1986). An active cavity for the laser signal desired, 1064 nm
for example, may be formed by using two mirrors; a high reflector (HR) and an output
coupler (OC). The curvatures of the mirrors, the distance between them and the position
of the active material have to be such that the lowest order gaussian mode of the 1064-nm
signal is perfectly confined inside the cavity. The confocal parameter for this signal with
the same beam waist is different than the one for the pump and gives b~53.1 ym meaning
that the spatial overlap between both beams is partial. Larger active volumes are achieved
by increasing the beam waists; however, this implies to use very large focal lengths for the
lenses. For example for a ~100-pm waist, f~19.4 cm and b~19.4 mm; with these values the
system is reaching the limit of being compact. The focused pumping beam in larger
systems might be “bended” by using mirrors but a new issue appears because the larger
active volume produces more heat that needs to be dissipated and a cooling system is
required. Apart from these differences, larger beam waists imply higher pump power to
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reach laser operation because energy density within the active volume decreases. Then,
larger systems are appropriated for non-compact high-power lasers. In our 6-um waist
example, low operating threshold in the order of tens of milliwatts, no cooling
requirements for power delivery in the order of ~100 mW and low power delivery are
possible. Even supposing that the concentration of dopants is the right one, pump
absorption by such a short sample would be very inefficient because absorption also
depends on length. In order to assure the oscillation of the cavity with such a tiny active
region, the reflectivities of both mirrors would be close to 100 % because lower
reflectivities means high cavity loss to overcome by the cavity gain. Let us say that the
high reflector (HR) is 100 % and the output coupler (OC) has 99%. In this way, it will only
deliver 1% of the signal generated inside the cavity. In addition to that, the glass surfaces
may need anti-reflection coating to reduce loss from the air-glass interfaces. This would
be an inefficient system delivering <1% of the total signal generated by the cavity, i.e. less
than ImW for 100 mW pump power. Any attempt to extract more power, let's say
replacing the OC to 95 % to produce <5 mW, would most possibly lead to: a) no
oscillation at all, b) oscillation with very unstable behavior or c) higher pump power
threshold for oscillation. Let us now introduce some changes to our system. Suppose the
replacement of the glass bulk by a 6-um core Nd3*-doped optical fiber as in Figure 2, the
mirrors attached (or deposited) at the fiber flat ends, and the pump signal focused at one
end (the HR transparent for this signal). Now we have a sufficiently large material that
more efficiently absorbs the pump and has a larger gain length (usually from tens of cm to
hundreds of meters) with a total overlap of the beams. In such high-gain cavity, it is
possible to change the OC to extract more than 50 % of the optical power. These changes
briefly describe the upgrade from conventional bulk lasers to RE-doped fiber lasers
(REDFL’s). Coiled optical fibers mean much larger fiber-cavities occupying a modest
space. Apart from being very stable, FL’s that deliver up to some watts, easily connect to a
fiber-link and most have an excellent, usually circular, beam quality. The enlarged active
volume (the fiber core) is in the center of a fine glass strand (the optical fiber) and because
the ratio of the fiber surface to the active volume is immense the heath produced in the
active volume easily dissipates through the large surface. This makes these systems not to
require cooling systems when delivering up to some watts. These unique characteristics
make them among the best candidates for the development of new laser sources. In fact,
the limitations of laser diodes, such as low power and poor beam quality were overcome
by the invention of the double-cladd optical fiber (Po et al., 1989). On that guiding
structure, the low-quality pump-beam provided by an array of laser diodes couples into a
very large core (up to 125 microns and sometimes non-circular) and as it propagates, it
pumps the single-mode RE-doped core (usually at the center). The single-mode signals
emitted by such multimode-excited core preferentially amplify along its axis. In this way,
the low quality beam transforms into a high-quality one.

Most recent applications of RE-doped fibers (REDF’s) include temperature sensors and
optically-controlled fiber attenuators (OCFA’s). Concerning temperature sensors, a REDF is
optically pumped to excite certain transition whose upper energy level has a close lower-
energy one. At low temperatures, the atomic vibrations of the glass weakly (non-radiatively)
de-excite ions from the upper to the lower-energy one. At room temperature the ions from
both levels directly decay to a much lower energy level, the ground state for example; in
doing so they release the corresponding photons that form two bands whose peak
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wavelengths are very close. A temperature increase increases the non-radiative vibration-
induced transitions that change the shape of the optical spectrum emitted; the emitted
higher-energy photons decrease while the lower-energy ones increase. The intensity ratio of
these bands becomes proportional to temperature values (Castrelléon-Uribe & Garcia-
Torales, 2010). Advantages of this type of sensor include non-electrical and remote operation
because a large optical fiber guides the pump signal to the transducer (the doped fiber) and
also collects the signals to be processed. OCFA’s consist on guiding a non ground-state
resonant-signal. This probe signal becomes absorbed by co-guiding a control signal that
excites the ions from the ground state to a excited state that activates the absorption of the
probe (Mejia & Pinto, 2009). This device will be detailed later in the chapter.

Laser

—/
OC‘\.‘

f=11.7 mm

Fig. 2. Fiber laser.

2. Principles of operation

In this section, the electronic configuration of the rare earths becomes the natural departing
point that allows understanding the light-matter interactions. Because the optical fibers are
usually made of glass, these interactions change slightly depending of the type of glass they
are immersed in. The basic pumping schemes that exist to produce light amplification are
described and qualitatively compared, being described more quantitatively in the next
section. Also an important phenomenon called upconversion in which the production of
high energy photons are produced by the absorption of two or more lower-energy ones is
described and its special qualities highlighted. The most general and basic formulas that are
common to all the fiber devices covered in the chapter are obtained here.

2.1 Triply ionized rare-earths as active centers

As mentioned before, the lanthanides have atomic numbers from 57(La) to 71(Lu). When
immersed in glass, three of their electrons are used in bonding to the glass-molecules, two
from the s-type orbital of the outer (n=6) shell, and one from an f-type orbital of an inner
shell (n=4). The absence of those negative charges, unbalances the atomic charge to 3+
because the number of protons in the nucleus do not vary. Thus, it is said that the RE atoms
become triply ionized when immersed in glass. This ionization changes their electron
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configuration to be equivalent to the elements in the periodic table that are three places
below concerning atomic number (Z). For example, Lanthanum (La) that has 57 electrons
(Z=57) in its neutral state, becomes La3* with the electron configuration of Xe (Z=54):
152252263523 p64s23d104p65s24d105pe. In words, this electron configuration may be described
as: “two electrons are in the first shell occupying the simplest type of orbital (1s2); eight in
the second shell, two occupying the s-type orbital or sub-shell (2s2) and the rest in the other
sub-shell that is composed of three, more complex in shape and hence more energetic p-type
orbitals that are orthogonally-oriented and allocate two electrons each (2p¢); and so on...”
From all, only La® and Lu®* have all the sub-shells completely filled (or closed); their
electron configurations are (Xe)4f 0 and (Xe)4f 4 respectively; this makes them optically
inactive because there are no vacant sites (quantum states) in the orbitals within the f sub-
shell that might temporarily allocate optically-excited electrons from other orbitals i.e. it is
not possible to temporarily change the electron arrangement. In contrast, all others from
Ce3*[(Xe)f 1] to Yb3*[(Xe)f 13] have quantum states “available” within the non-closed f sub-
shell. On these, the non-occupied f-type orbitals may be temporarily occupied by optically-
excited electrons coming from lower energy orbitals. In short, energy changes of the ions are
produced by electronic re-arrangements within the 4f sub-shell. These transitions are
relatively unaffected by external perturbations such as electro-magnetic fields and
vibrations from the host material because the most external 5s and 5p closed sub-shells
produce a shielding effect. According to Pauling (Pauling, 1988) the atoms with higher Z have
their inner shells closer to the nucleus because of the increase of charge (more protons and
electrons). Since the 4f sub-shell is physically closer to the nucleus than the 5s and 5p, they
become more compact and thus more protected as Z increases. Then, the 4f electronic
transitions of Ce3* are more influenced by the glass perturbations than those of the one with
the highest atomic number, Yb3*. Without excitation, a RE ion stays in its more stable
electron arrangement called the ground state (GS) that has the energy that corresponds to
the vector superposition of all the quantum states of the electrons (Miniscalco, 2001).
Changes in the electron arrangement means changes of energy of the ions, then, the number
of energy levels that one ion can take when excited depends on the number of electron sites
available. For example, Yb3* that has only one quantum state available can be in one of two
possible energies, the GS or the excited state (ES). Before describing more complicated sets
of levels that correspond to the rest of RE’s let us briefly describe the origin of the energy
intrinsic to an atom.

As established by quantum mechanics, each electron has a unique set of quantum numbers
n, I, m and s that quantify its energy and position within an atom. The first one describes the
radial region (number of shell) in which it stays most of the time regardless of its orbital
movement. The second quantum number indicates the number of units of angular
momentum that is proportional to the magnetic field produced by its movement and as
such, it depends on the type of orbital (also called sub-shell); the s-type corresponds to =0
because its shape is simply spherical, the p-type corresponds to the lowest angular
momentum (I=1) because it has a slightly more complex shape; with even more “exotic”
shapes are d and f with [=2 and [=3 respectively. The s-type sub-shell has a pair of electrons
occupying a single orbital; the p-type has three pairs occupying three orbitals; the d five, and
the f seven. Within a sub-shell, the orbitals have in general the same shape (I) but differ in
spatial orientation (). Then the vector of angular momentum composed of magnitude (I)
and direction (m) of the translational movement of the electron is complete. The fourth
quantum number (s) refers to the vector that describes the magnetic field produced by the
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electron’s rotation on its axis and it is called the spin number. Then, the two electrons that
occupy a specific orbital rotate in opposite directions (Pauling, 1988).

As mentioned before, without excitation a RE3* keeps its most stable energy, the GS which is
given by the natural arrangement of the electrons in the 4f orbitals. Any re-arrangements of
these electrons by excitation cause discrete energy changes. The orbital angular momentum
vectors of all the individual 4f-electrons may be added to form a resultant vector (L) and in
the same manner, the vector addition of their spins gives S, being the total angular
momentum J=L+8S; this is called the Russell-Saunders or spin-orbital coupling. Because
every electron arrangement has its own JLS set of values, the possible energy values are
labeled accordingly as 25+1L; (Miniscalco, 2001). The possible values of L are given by the
letters S, P, D, F, G, H, I, K..., that correspond respectively to 0, 1, 2, 3, 4, 5, 6, 7.... In this
way, the labeling of the energy levels commonly used in the literature make sense because
the superscript on the left gives information of the spins, the letter that corresponds to L
gives information of the orbitals that are occupied and J is a combination of both.

2.2 Optical properties of RE-doped glasses

In spite of the shielding of the 4f transitions, when the RE ions are introduced as dopants in
condensed materials such as crystals or glasses, weak interactions with the electrostatic field
of the atomic arrangement take place and as a consequence each JLS level split into discrete
sub-levels (called multiplet) because of the weak electrostatic interactions with the atoms of
the material. This is called the Stark effect and it is so weak that the sub-levels are spaced
between 10 and 100 cm-!. The strength of the effect depends on the type of host material, and
in most materials their broadening produces overlap due to the material vibration
(temperature). Then, except for very low (close to cryogenic) temperatures, the net effect is a
band creation whose width depends on the host material. Because in crystals all the atoms
of the network are perfectly ordered, all the RE ions are affected by identical fields and it is
said that they are homogeneously broadened. Glasses by contrary have site-to-site field
variations because their atoms are not as ordered as in crystals and hence each ion has its
own multiplet. This is called inhomogeneous broadening and even in a small sample the
overlap of all the multiplets creates bands whose widths depend on the type of glass. The
optical properties of the RE’s immersed into two very different type of glasses are described
right away.

In general, most optical fiber glasses used as hosts for RE’s have optical properties between
the silica and fluorozirconates from which the most common is the ZBLAN that owe its
name to its constituents ZrF,, BaF,, LaF;, AlF; and NaF. Each glass responds different to
temperature that manifests as vibrations because of its molecular composition. For example,
the superposition of all the possible vibrational energies (phonons) for silica form a
continuum that covers a band of 40 THz (Aphonon> ~7.5 pm, AE<1300 cm-?) with the strongest
mode overlapping at ~7.5-15.5 THz that corresponds to 19.35 and 40 pm (250<AE<520 cm-?),
respectively (Agrawal, 1989). By contrast, a fluoride-based glass, ZBLAN for example,
presents a much narrower band with mode overlapping at the edge 15 THz that
corresponds to Aphonon ~20 um (AE~580 cm?) (Luu-Gen & Chen-Ke, 1996; Quin et al. 1997).
Then, all the energy levels separated less than this GAP, 1300 cm-! for silica and 580 cm! for
ZBLAN, are thermally connected and the higher instantaneously feeds population into the
lower. Because the phonon spectrum of ZBLAN is narrower, two levels thermally connected
in Silica, may not be alike in ZBLAN; then, more radiative transitions are possible in
ZBLAN.
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2.3 Three and four-level pumping schemes for light amplification

The most important pumping schemes for fiber amplifiers and lasers depend on the energy
level arrangement of the ions in the glass. In general, they can be classified as four or three-
level systems (Fig. 3). In real systems there may be many more levels involved in, but they
can be simplified to either of these as follows. Fig. 3(a) shows the four-level scheme. Without
any excitation, all the ions are in the ground state E; with a total density Ni. When exciting
with the wavelength that corresponds to the energy difference between E; and Ey, part of the
ions populate E4 from where they decay very rapidly down to E; by releasing phonons
because Es-E3 lies within the energy vibrations of the glass. Hence, the level E; may be
considered as practically empty because it does not retain ions, they just pass through it to
populate E; (density N3) where they tend to accumulate because this level is not vibration-
connected to E; and hence the only way to decay is by an emission of the corresponding Es-
E> photons. The ions stay for a short time in E; which produces energy accumulation. This
level is called the metastable level and typical lifetime values are from tens of microseconds to
some milliseconds and depend on the type of glass.

A E(N)  — Ey(N;)
g E3(Ns) —é E;(Ny)
famp Faission Pump Emission
E,(N,)
é E/(N)) Ey(Ny)

(@) (b)

Fig. 3. (a) Four-level pumping scheme (b) Three-level pumping scheme.

Certain level of a RE may exhibit a lifetime more than one order of magnitude in ZBLAN (or
other low-energy phonon glass) than its lifetime in silica for example. As the ions make the
transition to Ep, spontaneously emit the corresponding photons and from this level that is
also thermally connected to the ground state they instantaneously decay to the ground state
by providing energy vibrations to the glass (phonons). Thus, E; does not accumulate
population (N2=0) similar to E4; (N4=0) and as a consequence it is possible to obtain
population inversion (N3>>N>). Under this condition, the spontaneously-emitted photons of
energy Es-E; propagate mostly through excited ions on E3 and because of resonance with Es-
E», they become “negatively absorbed” by stimulating ions from Es to make transitions to
the practically empty E>. Negative absorption means stimulated emission in which one
photon generates an identical one and hence optical amplification takes place because these
two produce four, and so on. The signal produced in this way and that amplifies through a
long material such as an optical fiber is called amplified spontaneous emission (ASE). Also
an external signal of energy Es-E> becomes amplified as it propagates through the fiber, this
is the principle of the optical amplifiers. Also, two cavity mirrors may be placed such that
they “see” each other through the fiber and reflect the E;-E; signal that as it goes and returns
becomes amplified, the signal that could be extracted from such cavity is the laser signal.
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Apart from being easy to achieve population inversion, if part of active material (doped
fiber in this case) is not excited, no signal re-absorption occurs because the E,-E3 absorbing
transition is inactive. Then, unlike three level systems, the optical fiber can be longer than
necessary without inducing losses other than those produced by the glass (usually
negligible).

Fig. 3(b) shows the three-level scheme. Here, the pumping transition is E;-E3 and fast
nonradiative relaxations accumulate the population on E;. Observe that the active transition
here is E>-E; and then, if part of fiber is not excited, signal re-absorption occurs because the
high density of ions in the ground state (E1) excite to E». Then, unlike four level systems,
three level systems present higher pump threshold because not only the entire fiber should
be excited but all the fiber should be sufficiently excited to present population inversion;
otherwise, considerable loss occurs and reaching the pump threshold for lasing becomes
harder. Then, in these systems, there exists an optimal fiber length for each pump power
level (as studied in the next section) whereas in the four-level case, the fiber may exceed the
required length. One important advantage of three-level is: less fiber heating because there
is only one step of non-radiative relaxation that implies an improvement of the conversion
efficiency.

2.4 Population dynamics of a three-level system

Several amplifiers and fiber lasers that have been developed are modeled as three-level
systems. Among these are the transition 2Fs/>-2F7,, of Yb3*, the 4I13/2-4115/2 of Er3*, the 3H;-3Hs
of Tm3* and the 51s-°Is of Ho3*. All these pumping schemes have in common that the pump
level is composed of at least two very close bands as shown in Figure 4(a) for Ho* in ZBLAN
glass. Figure 4(b) shows an equivalent energy level diagram that represents such schemes.

5 N
I =& 35ms X R 3| 5
éAaz I,
1 N2
Pump Signal Ris| | Ry E .
1117 nm  |1200 nm A Wy [Wop

518 ——— Yy YV N, 518

(@) (b)
Fig. 4. (a) Partial energy level diagram of Ho®* in ZBLAN glass (b) Three-level equivalent
scheme.

Based on the equivalent scheme, Ry3 and Rs; are respectively the rates of excitation and de-
excitation of the pump level, their formulae are

Rig = 25 <1>
R3; = —IPGE(AF) (2)

hvy,
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W12 and Wa; are the ones corresponding to the signal

1:04(3)
Wyp = =52 3)
IS e()"s)
Wy = U,WS 4)
1
Ay =— ®)

And the latter refers to the radiative ratio where 121 is the 51 level lifetime.
With pump and generated signal varying, the ions dynamically distribute on the energy
levels as [From Fig. 4(a)]

dn
d_tl = —N;(Wiz + Ry3) + No(A5) + Wyy) + N3R3y (6)
% = —N, (A5, + Wyy) + N, Wy, +N3 ASR @)
dn
d_: = —N3AY} + NiRy3 ®)
N, = N; + N, + Ny )

The last one refers to the energy conservation law, NR to non-radiative and N; is the RE
concentration. Solving this system of equations by supposing CW signals (i.e. the dN’s/dt=0)
one may obtain the population densities at each level. Another equation is added for a four-
level system, and so on. However, in the system treated here, simplifications may be realized.
With the arguments of section 2.3 and the fact that in the RE’s mentioned the absorption and
emission bands overlap as shown for Ho%* in Figure 5(a), the system may be reduced to a
two-level one with N3~0 (very high 4Y%) and including the R’s within the W’s with the right
changes [see Fig. 5(b)]. Then Equations (3) and (4) change to

_ nga(lp) I504(As)
Wi, = e + v (10)
W,. = I50¢(4s) + IPa-e(/lp) (11)
21 hvg hvy,

And hence the ions dynamically distribute on the energy levels as

% = =N Wi, + Np(AF; + Way) 12)
% = =N, (A5; + Wyy) + N, Wy, (13)

That under CW operation become
NiWip = No (A3 + Way) (14)

Nz(A§1 + W) = N, Wi, (15)
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Fig. 5. (a) Measured spectra of Ho3* in ZBLAN glass (b) Two-level simplified scheme.

With the energy conservation law
N, =N; + N, (16)
From these equations and equation (5) one obtains

1+Wy T

Ny = N 1+ W,y T+W,T (17
_ Wi,T
Nz = Ne 1T+ Wor T+ Wi, T (18)

These are the population densities at each energy level of our simplified system.

2.5 Propagation equations for pump and signal
Let us suppose that a REDF operating as a quasi two-level system as mentioned in section

2.4 guides the pump beam with power P,. The pump variation when traveling from point to
point along the fiber is

% = [_Nlaa(lp) + NZGe(Ap)]Pp (19)

Where

Ip = —N104(2p) + No0o () (20)
Is the gain coefficient produced by the dopants that in most conditions is dominated by the
first term being a negative gain. In the same manner, it is possible to establish that for the
propagating signal

= [N0. (A5) — Nyoa(A)]P, (21)
Where
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gs = Ny0.(As) — N1og(4s) (22)

Refers also to the gain coefficient.

When the fiber is not pumped and a weak signal propagates, N>=0 and hence all the
population is at the ground state (N=N}), g,~— N,0,(4,) and then the “gain coefficient”
becomes the small signal loss coefficient as

ay = Neog () (23)

The loss coefficient is a function of the pump power (or intensity) as follows (Siegman, 1986)

Q,
a(P,) = —% (24)
1+PSH.E
D
e . . hvpa .
And for transitions in which there is not spectra overlap Py = 2% s the pump power that
0qT

makes possible to have a = % and obviously it is called the saturation pump power; here a is

the cross section area of the fiber core. Hence, a definition for the saturation intensity
is IS = hv/oT.

Establishing a small signal gain coefficient is more complicated because it depends on the
population distribution. It is better to say that under population inversion conditions a weak
signal that do not notably redistributes the population experiences a small signal gain;
whereas more powerful signals that redistribute population tend to experience less gain.
Then

& (25)

gF) =7

Pgut

hvgsa

With PSet =

these saturation signal equations are

as the saturation signal power. For quasi two-level systems (Desurvire, 1994)

0T

hvpa

sat —
B = ot (26)
sat _ hvsa
R = [0a(A)+0c(A5)]T 27)
The ratio emission-to-absorption cross sections at As or A, may be defined as
e Ai) .
m=28 i=sp (28)
That introduced in (26) and (27) makes them
Psat _ hvpa _ nphvpa
p [1+1;p]a'a(lp)r [1+1;p]a'e(1p)r (29)
sat hvsa — nshvsa
PS - [14n5]o,(As)T - [14n5]o.(As)T (30)
Because P = Ia and multiplying (10) and (11) by 7, they become
W12T — Ppﬂa(ﬂ.p)‘[ + Pso-a(/ls)'f (31)

hvya hvgsa
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W21‘L' — Psae(As)T + Ppo-e(lp)r (32)

hvsa hvpya

Solving (29) and (30) for ot/hva and normalizing signal powers as

p=%andq=P—” (33)

Psat
(31) and (32) in a normalized version are

1

1
WIZT - [1+ns] 14 + [1+77p] q (34)
_ Ns Mp
W21T - [1+75] p + [1+77p] q (35)

Also using (28), the propagation equations (19) and (21) may be expressed as

dap,
—2=0a(Wp)[1pN2 = N1]P, (36)
% = 04(A5)[NsNo — NP (37)

Where the populations Ny and N> are now expressed as [introducing (34) and (35) in (17)
and (18)]:

N, =N, AT 38
p= N (38)
1 1
R v—l
_ 1475 1+1p
Ny = Np =2 i (39)
That introduced in the propagation equations give
ap, TP
E = —O’a(/lp)Nthp (40)
Ns—Np
dP, 1o, 171
d_zs = 0,(45)N; 1+l;+q K (41)

Using the definition for the small signal loss [equation (23)], normalizing to the saturation

s r _ Ns~Mp — Ns—Np . . .
powers, defining U’ = oo and U = T—= S the propagation equations reduce to

+n
dq U'p+1
M 42
dz p 1+p+q q 42)
dp _ Ugq-1

p (43)

=a
dz S 1+p+q

3. Fiber lasers

In 1960, while working for the Huges Research Laboratory in California, T. H. Maiman
reported on August the first laser by irradiating (pumping) a crystal (ruby)-cavity with a
powerful flash lamp.! Soon after, on December 1961, while working for the American
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Optical Company in Massachusetts, E. Snitzer reported laser oscillation in an optical fiber
based cavity.2 It consisted of a Nd3*-doped optical fiber cavity pumped by a flash lamp that
for obvious reasons was termed fiber laser (FL). The fact that absorption losses in optical
fibers were gradually decreasing (at present for example the best telecommunication fibers
have a loss of less than 0.2 dB/km), together with the development of semiconductor lasers
that were introduced as pumps for this type of lasers strongly motivated its investigation
that boomed in the 1980’s. Laser diodes are among the most efficient with typical overall
electrical-to-optical conversion efficiencies superior to 50 %.

The pumping signal excites the atoms of the medium into a higher energy level to create
population inversion that means amplification and therefore lasing. The pump is usually
provided by another laser. In the work described here, the pump source was a diode-
pumped fiber laser system operating at 1064-nm wavelength and the active material was an
Ho3*-doped optical fiber.

The optical cavity is created by two mirrors arranged such that the light amplifies as it
travels back and forth through the gain medium. Regularly one of the two mirrors (the
output coupler) is partially transparent with the purpose that part of the signal is emitted
through it. These mirrors can be dichroic filters, Bragg gratings or simply perpendicular
cleaved facets of fiber-ends. In the later, highly efficient lasers only require the ~4% of the
amplified signal to travel back into the cavity to be re-amplified and the rest (96%) is
delivered as useful laser light.

HR ocC

. .

Pump Rare-Earth Doped Fiber L‘aser1
signa

Fig. 6. Typical configuration of a fiber laser. The mirror HC has high transmission for the
pump wavelength (Ap) and high reflection for the laser signal (As); the mirror OC partially
reflects A; and the transmitted part is the laser signal.

3.1 Modeling of a quasi two-level fiber laser

As introduced on section 2, three-level pumping amplifying systems may be studied as
quasi two-level when absorption and emission spectra overlap. Because these systems need
to present population inversion all along the optical fiber, a serious level of pump power is
not absorbed and hence emitted as residual. This is a serious limitation of these systems
concerning optical conversion efficiency. However, in order to assure that most of the
absorbed power transfers to the amplifying signal, an optimal length needs to be estimated.
This is our goal in this section.

Along a fiber laser there are two stimulated-emission generated signals that propagate in
opposite directions. Figure 6 depicts these signals together with the pump from zero to the
optimal fiber length (Ly). The total (normalized) power at any point (z) is

p(z) = B*(2) + B~ (2) (44)
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Where

BH(@) =22 45)

Pssat

Propagates from the pump end (z=0) to the delivery end (z= Ly;) and

B () =22 (46)

sat
Pg

Using equation (43) for the forward propagating signal we may write

1.dpg*t _ Uq-1
Bt dz ~ S1+p+q

47)
In forward pumping, the propagation equation for the pump signal is [from equation (42)]

1dq _ U'p+1

qdz " Plip+q (48)
The ratio of the propagation equations gives
] ag* d
(a,U'p + @) ﬁ% = (—asUq + ay) ?q 49)

Before integrating this equation let us establish the limits. For now the left part is from g*(0)
to ﬂ*’(Lopt) whereas the ones for the right part may be obtained under the criterion (see
Figure 7): at z=0 the power is g but at z=L,, the gain saturates and hence B* stops growing

+
up. This condition makes b / dz = 0 in equation (47) for q = 1/ y and is the key criterion for
optimal performance. Integrating (49) we obtain

Power
A

9o

YU

B (Lypo)

B () -
B A

B (Lo

z=0 z=L

Fig. 7. Normalized powers of propagating signals along a quasi two-level fiber laser.
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B+(Lapt) B+(Lopt) — L
5 0) + a, ln—ﬁ+(o) =—a;+a;Uqq + a; anq., (50)

In order to simplify this equation such that known parameters are involved (mirror
reflectivities), at z=0 and z= L., the next boundary conditions are satisfied

B*(0) =np7(0)

a,U'p In

(1)

B~ (Lopt) = r2ﬁ+ (Lopt)

Where r; and r; are (respectively) the HR and OC reflectivities. Because both signals
experience the same gain, the product of [?"(Lopt) = B*(0)e9Lort and ﬁ_(Lopt) =
B=(0)e 9Lort gives B+ (Lope)B™ (Lope) = BF(0)B™(0); the mext constant may be defined for
any length (See Fig. 7)

B? =B (2)B(2) (52)

Then, from B*(0)B~(0) = B* (Lopt)B~ (Lope) and using the boundary conditions the single-
pass gain becomes

ﬁ+(Lopt) — 1
B*(0) V11t

(53)

That introduced in equation (50) and solving for the intra-cavity power signal, we obtain a
numerical value as
% Inyrir,—as(1-Uqe+InUqq)

p= — (54)

And the optimal length may be obtained by re-arranging equation (48) as
“’%“dq = —a,(U'p + 1)dz (55)

That integrated over the same limits gives the value of the optimal length for maximum
efficiency as

_ anqO(p+1)+q0_1/U

Lope = B (56)

For example, two estimations of optimal length as function of pump power are given in
Figure 9 for a Ho3*-doped ZBLAN fiber laser oscillating at 1,=1194 nm (see the emitting
spectrum in Fig. 8) with 5000-ppmwt concentration, 7.5-micron core diameter and 7=3.5 ms.
In Fig. 9(a) the pump was 1,=1117 nm and the stars correspond to the cavity lengths of the
experiments; then, the lengths used were optimum for very low powers between 100 and
200 mW.

Fig. 9(b) corresponds to an estimation when pumping at 1,=1175 nm; here the 84-cm
cavities, one with HR=0.04 (r;) and OC=0.04 (r;) and the other with HR=1 and OC=0.04, are
good for very low powers; but the 1.5-m cavity is optimum for powers above 1W.
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Fig. 8. Typical emission spectrum of a Ho**-doped fiber laser when pumped at 1117 or 1175
nm.
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Fig. 9. Optimal fiber laser length (a) 1117-nm pump (b) 1175-nm pump.

The model has been proven with the fiber lasers mentioned at the beginning of this section
and presents good agreement with the experimental results.

4. Other rare-earth fiber devices

In this section, two relatively modern applications of REDF’s are described, both based on
the upconversion phenomenon that is responsible of multi-photon absorption. These
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devices depend on the development of special types of glasses that extended the
possibilities for light converters.

4.1 Upconversion fiber lasers and amplifiers

After the parallel development of Nd3*-doped systems emitting at 1064 nm and laser diodes
(LD’s) at ~809 nm, most FL research has been devoted to 980-nm pumped Er®*-doped fiber
lasers (EDFL’s) and amplifiers (EDFA’s) operating in the highest transparency of optical fibers,
around 1550 nm, most specifically the C-Band at 1530-1565 nm (Digonnet, 2001). At present,
the necessity of more optical channels has attracted interest for the Er®* 1565- 1625 nm (L-
Band) and the Tm3* 1460-1530 nm (S-Band). Although somehow mentioned, there are in
general, two main facts that limit operation of silica-based fiber lasers to operate from ~800 nm
to ~2200 nm. The main one is pump availability. The most mature semiconductor technology
that is in the market includes laser diodes emitting in the ~800-850 nm, ~900-980 nm and
~1500-1600 nm regions. Besides, there is a quantum rule that establishes that, in general, the
lowest energy excited states of RE3* are the most stable. In other words, one ion that is excited
to the highest energy levels will make quick transitions down to the low energy levels. During
their multi-step decay, they will stay shorter times at the superior levels and, in general, the
lifetime will increase as it approaches the lowest energy levels. Then, in high phonon-energy
materials such as silica, the metastable levels are the low-energy ones that are resonant with
shorter wavelengths. Because of this, the VIS-UV regions started being explored until the
development of low-energy phonon materials such as the fluoride-zirconium based or the
tellurites. On these, two adjacent energy levels are less thermally-connected and as a
consequence the multi-phonon decay rate is much lower. Then, the accumulation of
population in all the levels (especially the highest) is more probable. In addition, the lifetimes
increase and even the highest energy levels are metastable. Optical glasses such as ZBLAN or
tellurites are efficient in subsequently absorbing two or more low-energy photons to produce
another with higher energy. This up-conversion phenomenon permits the conversion of two
or more IR photons into a UV-VIS one. At present, VIS-UV laser diodes deliver quite modest
powers. Although this is the ideal source for any laser wavelength they present several
challenges because material damage occurs at modest powers. A general rule for laser diodes
is that good beam shape (single-mode and quasi-circular) is associated to low power of some
milliwatts whereas high power LD’s usually consist of an arrangement of low power ones or
an arrangement of highly-rectangular end-emitting LD’s. An improvement from the oldest
technology of electrically exciting gases like Argon, Xenon or Neon is represented by
frequency doubling or tripling solid state lasers such as the Nd:YAG or Nd:YVO,. In general,
producing low-energy photons from high-energy ones is easier because the conservation law
of energy tell us that the energy delivered by a system is equal to the energy absorbed minus the energy
lost during the conversion. This is not the case when producing high-energy photons departing
from low energy ones; in this case, more than one photon is necessary.

Several upconversion fiber lasers in the UV-VIS region have been demonstrated;
Pr3+:ZBLAN for example covers RGB regions that are important for laser displays; Nd3* has
produced 380 and 410 nm; Ho3* and Er3* green; Tm3* blue (450 and 480 nm), UV (284 nm)
and red (650 nm) (Funk & Eden, 2001; El-Agmy, 2008). Other important applications include
those in which small spot size represents high-density storage, high resolution printing and
fine lithography; although strong light-mater interactions makes them important for surgery
being the most common eye-surgery; other applications extent to UV-curing of polymers



20 Selected Topics on Optical Fiber Technology

and epoxies, sterilization of medical instruments, etc. Blue fiber lasers in particular are
important for undersea optical communications because cold water from the sea is
transparent in the 470-500 nm region.

4.2 Light controlling light fiber attenuators

Although the activation of the absorption in the upper states has been reported before most
authors have not exploited the use of this phenomenon for photonic devices other than
optical sources. Recently, we have demonstrated that it is possible to attenuate or modulate
a guided beam inside an optical fiber by another beam (Mejia & Pinto, 2009). Attenuation in
optical fibers is usually realized by using bulk attenuators (or modulators) between two
fibers which, in general, implies extracting light from one fiber, attenuate (or modulate) and
then coupling back to the fiber link. This is basically a bulky approach that as such has the
disadvantage of presenting high insertion losses. One of the simplest all-fiber approaches
consists on physically deforming an optical fiber to induce the losses. It implies fiber fatigue
and hence limitations in the life of the device. Purely photonic approaches in which one
beam of light controls another one have been recently demonstrated and have still several
limitations such as non-transparency recovery.
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Fig. 10. (a) Energy levels involved in 700-750 nm attenuation by a control 1117-nm signal (b)
Traces of probe signal in gray color (use left scale) and control (black with scale on the
right).

An energy-level diagram that displays the transitions involved in our experiments is
depicted in Figure 10 (a). An initial 1117-nm photon is absorbed by a Tm ion in the
transition 3Hs—3H;5 and from 3Hs the ion rapidly decays non-radiatively to the high laying
3F, state (~6-8.5 ms); a second photon populates the 3Fs, short lived states, from where the
ions suffer a fast relaxation to the 3Hy level (~1.4 ms), and third-step photons populate 1G4
that is also metastable (~0.6-0.86 ms). In this way, the transitions 1G4—3Py and 1G4—s
become active and their band overlapping absorbs in the 700-750 nm interval. In this way, a
725-nm probe signal was controlled as guided through an optical fiber. Figure 10 (b) shows
both signals; note that the operation was superior to 700 Hz. The fiber was a ~45-cm ZBLAN
fiber, doped with 2000 ppmwt of Tm3*, 3-pm core diameter. The system was capable of 79-%
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attenuating 700 mW of 711.2-nm probe signal by co-propagating 800 mW of control signal.
The system perfectly operated as an optical inverter up to 200 Hz. The theoretical limit for
working as an optical inverter was 1100 Hz. The dashed horizontal lines in the figure are
the maximum and minimum reached by the probe at low frequencies. Because the
phenomenon responsible for the attenuation (upconversion) depends on the time taken to
absorb three photons, the induced attenuation is practically instantaneous. Then, the
response of the system is imposed by 1Gg-lifetime. This system may be important in those
applications requiring uniform attenuation of all the cross section of a beam because it
attenuates the whole signal coupled in the fiber core at once. Other opportunities are
optically-controlled Q-switching of lasers because loss-modulations within 5-10% are
typical. Because the system modulated at least 37% above 700 Hz, smaller modulations
imply an increase of operating frequency. As the control signal in a commercial device of
this type would be produced from a laser diode, the non-mechanical and purely photonic
nature of the system (driven by low-voltage electronics) makes it robust. An additional
advantage of the scheme is that it is polarization independent.

5. Conclusion

Rare-earth doped optical fibers had played a prominent role in laser development. Their
geometry, that usually includes a circular core, has proven to be among the main reasons to
choose them as laser converters. The devices based on these fibers are very compatible with
the optical fiber infrastructure that covers the globe. Laser efficiencies have over-passed the
dreams of first laser researchers; their powers have scaled up in such a way that also the
dreams of first fiber-laser researchers has been over-passed; quite modest cooling systems
for REDFL’s have made possible the production of kilowatts of optical power. In
telecommunications the optical amplifiers made possible the high speed regeneration of
optical channels within the optical fiber networks and the amplification windows have
expanded. Other devices like sensors, broadband sources and optical attenuators are still to
be developed because new types of optical fibers (the photonic crystal type, for example)
improve their performance. Because these devices depend on diode laser development,
every time a new diode laser appears, their possibilities increase.
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1. Introduction

Development of new rare-earth (RE)-doped optical fibers for high power amplifiers and
lasers require continuous improvements in the fiber spectroscopic properties like gain and
efficiency characteristics, resistance to spectral hole burning and photodarkening (PD)
phenomena besides reduction in device size and economical efficiency. Silica glass as a host
material for fibers has proved to be very attractive though some potential applications of
RE-doped fibers suffer from limitations in terms of spectroscopic properties resulting from
clustering or inappropriate local environment when doped into silica. Several mixed-oxide
and non-oxide alternatives to silica have been successfully proposed to obtain
spectroscopically improved amplifying single mode fibers in spite of fabrication difficulties
and high cost.

The route of interest here consists of using silica as a mechanical host and support of the
fiber optical waveguide, and of embedding RE-ions within oxide nanoparticles of
composition and structure different from those of silica. When nanoparticles have a
crystalline structure the glass becomes transparent glass ceramics (Gongalves et al., 2002.
However, the nanoparticle may also be amorphous, such as those obtained by phase
separation (Zarzycki, 1991). Some reports on RE-doped transparent glass ceramic based
single mode fibers use low melting mixed oxides prepared by a rod-in-tube technique
(Samson et al., 2002), or mixed oxyfluorides using a double-crucible technique (Samson et
al., 2001). However, the low melting point of these materials causes low compatibility with



24 Selected Topics on Optical Fiber Technology

silica components. Transition metal-doped silica-based transparent ceramic fibers were
prepared by MCVD (modified chemical vapor deposition) process and using a slurry
method (Yoo et al., 2003), where the particles were synthesized before insertion into the
silica tube substrate.

Over the past several decades considerable work have been carried out on incorporation of
RE oxide nano-crystallites into different glass hosts. Different processes have been
developed such as the co-sputtering technique (Fujii et al., 1998), pyrolysis (John et al., 1999),
ion implantation (Chryssou et al., 1999), laser ablation (Nichols et al., 2001) and sol-gel
processes (Yeatman et al., 2000). Another process which has recently been developed by a
Finnish company, Liekki, is the direct deposition of nano-particles (Rajala et al., 2003). In
addition, Leikki Company (Koponen et al., 2006) proposed an amplification fiber doped
with RE element nano-particles. Compared to conventional Er doped active fiber; it has
many advantages in optical gain, amplification bandwidth, photo-darkening, efficiency,
quenching phenomena, etc. All these processes are related to the outside vapour deposition
technique except for the sol-gel, which involves longer preform fabrication time. Many
applications of nano-fiber have been found in telecommunication and sensor such as
chemical sensor (Shi et al., 2007) and fiber ring laser (Jiang et al., 2007). An alternative
technology is to dope nano-materials into optical fiber. Cho et al. (Cho et al., 2001) doped
PbTe nano-particles into optical fiber core and demonstrated its nonlinear optical features.
Dove et al. (Dove et al.,, 2001) fabricated a glass optical fiber doped with CdsP> nano-
material, obtaining a gain of 7.1dB in a 4 mm-length special fiber. Kawanishi et al.
(Kawanishi et al., 2006) injected semiconductor quantum dots solution into a holey optical
fiber.

On the other hand solution doping technique (Bandyopadhyay et al., 2004; Bhadra et al.,
2003; Sen et al., 2005; Townsend et al., 1987) in the modified chemical vapour deposition
(MCVD) method (Li- 1985) is the most common way to incorporate the RE ions into the
core of silica optical fiber preform. However, the incorporation of REs into a suitable
nano-crystalline host that are dispersed within the silica rich matrix of optical fiber
preform, through MCVD and solution doping process is challenging compared to the
fabrication of such type of bulk material by normal crucible melting process. In earlier
work, we have reported the synthesis of Er,O; doped phase-separated amorphorous
nano-particles into calcium-germano silicate core glass host by applying the basic
principle of phase-separation phenomena (Blanc et al., 2009). This is to improve the
spectroscopic properties of Er-doped fiber, mainly the spectral broadening of fluorescence
band.

RE ions into nano-crystalline hosts becomes very important as it experience very dissimilar
site and different crystalline fields which give rise to broadening of the individual stark
levels. When the RE ions are confined in crystalline environments of low phonon energy,
they yield large excited state lifetime and absorption cross-section compared to vitreous
surroundings. Generally, Yb3* in Y203 or YAG (Y3Al5012) nano-crystalline low silica host
exhibits a promising material for high power, high brightness, and high efficiency laser
systems because of its small quantum defect between the pump and lasing transitions
(Shirakawa et al., 2004). Furthermore, the glass host matrix in which the nano-crystals are
immersed possesses the chemical durability and mechanical property of oxide glass. To
develop more efficient fiber laser sources based on rare-earths doped materials, hosts with
low phonon energies are required. This lower phonon energy reduces significantly non-
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radiative decay due to multi-phonon relaxation, allowing increased lifetime of some excited
levels that can relax radiatively or can store energy for further up-conversion, cross-
relaxation, or energy transfer processes. Considering such importances, the incorporation of
Yb,O; into yttrium-alumino silicate phase-separated nano-crystallites was reported within
the core region of silica preform through chemical impregnation of porous phospho-silicate
or pure silica layer deposited via MCVD process followed by post-thermal treatment of the
perform (Paul et al., 2010).

Yb3* in Y203 or YAG nano-crystalline host is suitable for making up-conversion and high
power lasers (De et al., 2006; Lu et al., 2008a, 2008b; Mun et al., 2005; Patra et al., 2005;
Shirakawa et al., 2003; Vetrone et al., 2003). Various Yb,Os doped host materials have been
progressively investigated earlier for fiber lasers, and the Yb:YAG laser is scaled up to an
average power of 60 W with an 810-fs duration in a laser with thin-disk geometry
(Innerhofer et al., 2003). Yb-doped sesquioxides (RE2O3, RE =Y, Sc, Lu) serve as potential
alternatives to Yb:YAG for power scaling because of their desirable thermal properties. In
addition, the strong electron-phonon interaction causes characteristic spectral
broadening, especially in the case of Y>Os;. Due to these characteristics, Yb-doped
sesquioxides are expected to be a promising laser material for high-power and ultrashort
pulse lasers. In this work Y»O3; was selected as an attractive host material for laser
applications as it is a refractory oxide with a melting point of 2380°C, a very high thermal
conductivity, kysos= 27 W/mK, two times YAG’s one, kyag= 13 W/mK. Another
interesting property allowing radiative transitions between electronic levels is that the
dominant phonon energy is 377cm-! which is one of the smallest phonon cutoff among
oxides (Ubaldini & Carnasciali, 2008).

Laser operation has been also demonstrated with sesquioxide crystals fabricated by melt-
growth methods (Petermann et al., 2002) and a mode-locked Yb3+:Sc;0; crystalline laser has
also been reported (Klopp et al., 2003). The laser ceramics based on rare-earth-doped Y,Os,
(Y05Gdo5)203, Sc203, and LuxO3 with neodymium (Lu et al., 2001) and ytterbium (Takaichi et
al., 2004) have been demonstrated. The passive mode locking of a diode-pumped Yb3+:Y>03
ceramic laser was demonstrated (Shirakawa et al., 2003, 2004). The lasing of the 1 at.%
Yb:YAG ceramic laser was also demonstrated with the maximum output power of 1.02 W
and a slope efficiency of 25% (Yusong et al., 2007). All such type of glass ceramic based laser
containing Y203 or YAG crystals possesses low lasing efficiency. Here we have made Yttria
alumino rich Yb,Os doped silica glass based phase-separated nano-particles containing
optical fibers to demonstrate good lasing efficiency where the maximum vibrational energy
in YAS (Y203-Al,03-5i0») glass (Jander and Brocklesby, 2004) is about 950 cm~1 which is
less than the Maximum vibrational energy value of 1100 cm™ in silica glass (Tomozawa &
Doremus, 1978).

Considering the importance of Yb:YAG nano-crystals as a lasing host, we have reviewed
here the formation of such type of nano-crystals within the silica based core glass matrix of
optical fiber preform by solution doping technique under suitable thermal annealing
conditions. In this paper, we have discussed about the formation of nanostructure in optical
fiber samples made from the annealed nano-crystalline host based preform. The role of
phosphorous (P) and fluorine (F) was studied on the formation of Yb,Os doped yttrium-
alumino silicate phase-separated crystalline nano-particles. Study of the nature of the
particles within the doping host of optical fibers was also done. The change in the local
environments of Yb3* ion was elucidated from the high-resolution transmission electron
microscopy imaging, electron diffraction, X-ray diffraction analyses. The average dopant
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levels within the core region were evaluated by electron probe micro-analyses (EPMA). We
also report the critical fabrication parameters, the material characterization results,
spectroscopic properties, PD phenomena along with their lasing characteristics of such kind
of optical fibers.

The purpose of this work is to develop nano-engineering glass based large core optical
fibers having diameter around 20-35 micron containing Yb,O3 doped phase separated nano
particles which may improve the photo-darkening phenomenon, lasing property of the
fibers mainly the lasing efficiency as well as spectral broadening of the lasing spectrum
compared to the normal Yb,O; doped YAG crystal based ceramic laser (Yusong et al., 2007)
as well as normal alumino-silica based optical fibers.

2. Fabrication of nano-engineering glass based optical preforms and fibers

2.1 Benefit of the choice of Yb,03 into nano-crystalline host

e Rare-earth ions into nano-crystalline hosts experience very dissimilar side and
experience different crystalline fields, which give rise to broadening of the individual
stark levels. When the rare-earth-doping ions are confined in crystalline environments
of low phonon energy, it yields large excited state lifetime and optical absorption cross-
section compared to vitreous surroundings (Shirakawa et al., 2004).

e Generally Yb3* in Y03 or Y3Als012 nano-crystalline low silica host exhibit a
promising material for high power, high brightness, and high efficiency laser systems
because of its small quantum defect between pump and lasing transitions (Shirakawa
et al., 2004).

e Another interesting property allowing radiative transitions between electronic levels is
that the dominant phonon energy is 377cm-! which is one of the smallest phonon cutoff
among oxides (Ubaldini & Carnasciali, 2008).

e Such nano-crystalline structures will be obtained after a thermally controlled growth of
the crystal phase directly in the bulk glass through suitable thermal treatment after
making of optical preform.

e Purposes of the work is to develop the glass preforms for drawing into Yb-doped
optical fibers where nano-structuration of the host should result in improvement of the
characteristics of Yb-doped fiber lasers.

2.2 Mechanism of the formation of phase-separated nano-engineering glass based
optical preform

Incorporation of glass formers and modifiers occurs through solution doping process
followed by the MCVD technique. Under appropriate perturbation, such as a thermal
treatment, the glass forming the core will be separate into two phases of low and rich silica
content, respectively. As the low-silica phase constitutes a small portion of the total core
volume, microparticles or even nanoparticles may be expected.

Doping of Yb ion into lithium-aluminosilicate based glass containing Y>O3; was done
through solution doping process followed by phase separation technique in which addition
of P,Os5 serve as a nucleating agent to increase phase separation with generation of Yb,O3
doped micro or nano-crystallites into the core matrix of optical preform. The glass formers
incorporated by the vapour phase deposition process involves SiO,, P,Os along with glass
modifiers ALOs, BaO, LixO, Yb,Os3 and Y;0; incorporated by solution doping technique.
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Incorporation occurs through viscous sintering phenomena. At sintering temperature the
core glass will be in a metastable immisicibility under condition of Tc¢ (crystallization
temperature) < Ty, (melting temperature) where phase separation kinetics are faster than
crystallization kinetics. More and more negative value of the free energy change of the
system for mixing of the oxide components greater will be the phase separation. The core
composition of the doping host was modified to minimize the larger phase-separation along
with crystallization through optimization of the doping levels of P>Os, Y203 and Al,O3 along
with Li>O content with incorporation of the other dopants such as BaO so that the following
conditions are satisfied:-

e  The core glass should be in high transparency to obtain low optical scattering

e  Closely matched indices of refraction

¢ Low birefringency crystals

e  Crystal size much smaller than wavelength of light

Particle size <15 nm

Interparticle spacing 15 nm

e Narrow particle size distribution

¢ No crystal clustering

Liquid-liquid phase separation is a common and well-known phenomenon in silicate
liquids, and can be observed in the high-silica regions of many binary and more complex
systems, at temperatures either above or below the liquidus (Vogel, 1994). As the field
strength (charge/radius) of the modifier oxide cation increases, the resulting consulate
(critical) temperatures Tc become systematically higher (Hageman and Oonk, 1986; Hudon
& Baker, 2002). Thermodynamically, it results from strongly positive heats of mixing
between 5iO; and modifier oxide components in silica-rich liquids (Hudon & Baker, 2002),
microscopically, the clustering of nonbridging oxygens around high field strength modifier
cations lowers energy by facilitating local charge balance and, if extensive enough, stabilizes
two coexisting liquids. Here phase-separation has been induced in the clear glasses through
suitable thermal annealing process with the appearance of either a crystalline or amorphous
phase separation.

One of the reasons may be that yttria-alumino silicate glass undergoes phase-separation
under suitable doping levels of Al,O3 and Y203 where the glass enters within the immiscible
region of yttria-alumino silicate (YAS) glass. A ternary diagram of YAS glass system was
shown in Fig. 1 derived from FactSage (Facility for the analysis of chemical
thermodynamics) 5.5 thermo chemical software and database. The composition of such kind
of glass having silica content around 90 mol% form both two liquid and clear glass zones.
The glass transition temperatures for fluorine doped yttria-alumino-silicate glass based
optical preform are found to be between 985 and 1115°C which is explained in Section 3.3.
The glass transition temperature of oxide glass is related to a combination of several factors
such as the density of covalent cross-linking, the number and strength of the coordinate
links formed between oxygen and the cation, and the oxygen density of the network (Ray,
1974). With increasing Y content, more coordinate links are formed between oxygen and
yttrium, which is opposed by the lower oxygen density of the network from the more open
structure needed to accommodate larger yttrium ions and depolymerization in the network
with decreasing silica content or increasing Y/Al Such type of nano-structuration retain
within the core glass matrix of optical fiber.
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Fig. 1. Phase-diagram of 5iO,-Al;03-Y>0; system derived from Fact Sage software indicating
the partially crystallized, glass forming and phase-separated zones.

2.3 Role of different co-dopants for making of nano-engineering glass based optical

fibers

e  The composition of Yb,O; doped nano-engineering optical fiber was selected as SiO»-
P205-Y203-A1203-Li20—BaO.

¢  PyOs serve as a nucleating agent for promotion of phase-separation phenomena along
with crystallization.

e  Y;0; and ALO; serve as a formation of crystalline host of composition of Y3AlsO12
under suitable thermal annealing process.

e LiO serve for formation of glass-ceramic based material of composition (lithium
alumino-silica) LAS glass to increase the optical transparency of the doping host.

e BaO serve as an agent which increase the glass formation region of the matrix as well as
reduce the viscosity of the glass host.

¢ In some cases fluorine was also incorporated for enhancement of the phase-separation
followed by reducing the phonon-energy of the glass host.

2.4 Modified chemical vapour deposition (MCVD) process with solution doping
technique

Incorporation of Yb ions into nano-enginnering glass based on yttria-alumino-silica host
was done through solution doping process followed by suitable thermal treatment of the
preform (Paul et al, 2010a). The inner diameter of the tube is typically 17.0-18.0 mm. P>Os
was added into the deposited porous layer where P,Os serve as a nucleating agent to
increase the phase separation with generation of Yb,O3 doped micro or nano-crystallites into
the core matrix of optical fiber preform. SiO, and POs which serve as glass formers were
incorporated through the vapour phase deposition process. The glass modifiers such as
AlO3, BaO, LixO, Yb,O3 and Y>O; are incorporated by the solution doping technique using
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an alcoholic-water (1:5) mixture of appropriate strength of YbCl.6H,O, AlCl;.6H>O,
YCl3.6H>O, LiNO3 and BaCl».2H,O. All the preforms fabricated by the conventional MCVD
technique, where the gaseous chlorides vapour of SiCly and POCl; including O, were passed
through a rotating silica tube and heated by an external burner which moves along the tube.
Due to high temperature, the chloride precursors oxidise, forming particles which deposit
on the inner wall of the tube. At this stage depending upon the radial temperature gradient
occurring across the hot zone, a homogeneous gas phase reaction takes place and solid
particles nucleate from the reaction products. Particle growth occurs primarily as a result of
coagulation of colliding particles as the finely dispersed solids suspended in the gas pass
through the radial-gradient of hot zone. Deposition of porous layers occurs through
collisions induced by Brownian motion which result in aggregates of individual glass
particles. Such kind of deposition is caused by thermophoresis, a phenomenon in which
suspended particles experiences a net force in the direction of decreasing temperature due
to a greater rate of collisions with gas molecules on the hot side of each particle which sinter
together by viscous flow if the glass is sufficiently fluid (Miller & Chynoweth, 1979; Shelby-
1997; 1zawa & Sudo, 1987). The deposited porous layer (Fig. 2) after solution doping turned
into a glassy layer when the burner passes over it at temperature around 1600°C. In the final
stage, the tube was collapsed into a solid preform at a temperature higher than 2000°C. The
collapsing phenomenon occurs due to inward viscous flow of mass driven by surface
tension and pressure difference between inside and outside of the tube. Controls of flow of
Oy, tube temperature and pressure difference between inside and outside of the tube are
very important during collapsing process to maintain circular geometry of core. The
diameter of the doped region was increased from 20 to 35 micron through modification of
several fabrication parameters such as number of deposited porous layers, composition of
deposited porous layers and CSA of the starting deposited tube. The uniform doping levels
within the large core fiber preforms was maintained through optimization of the deposition
temperature with respect to composition as well as numbers of the deposited porous layers
based on enlargement of the silica tube prior to deposition. Large core (1.5-2.85 mm) Yb,Os
doped preforms (Paul et al, 2010b) based on yttria-alumino-silica glass hosts were
fabricated through modification of several fabrication parameters such as number of
deposited porous layers, composition of deposited porous layers and CSA of the starting
deposited tube. To make 19.0-20.0 micron diameter fiber from the preform, we have used
82-85 mm?2 CSA tube having inner diameter of 17.0 mm with deposition of 6 numbers of
porous layers at optimum deposition temperature of 1350+10°C. The fiber diameter of
22.0+2.5 pm was drawn from the preform made through deposition of 6 numbers of porous
layers at optimum deposition temperature of 1275+10°C using silica tube of CSA of 58-60
mm? having inner diameter of 18.0 mm. On the other hand, the fiber diameter of 32+2.5 pm
was made from the preform fabricated through deposition of 10 numbers of porous layers at
optimum deposition temperature of 1240+10°C within inner surface of silica tube of CSA of
58-60 mm? having inner diameter of 22.0 mm enlarged from 18.0 mm inner diameter under
suitable pressurization prior to deposition of multiple porous phospho-silica layers. The
same composition of deposited porous phospho-silica layer was used at each case.

The uniform doping levels within the large core of each fiber preform was maintained
through optimization of the deposition temperature with respect to composition and
numbers of the deposited porous layers as well as varying the inner diameter of the tube
under suitable pressurization prior to deposition. Nano-engineering fibers varying NA
between 0.07-0.12 and core diameter ranging from 20 to 35 micron were drawn from the
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annealed perform under suitable heating conditions made through modification of several
fabrication parameters such as number of deposited porous layers, composition of deposited
porous layers and CSA of the starting silica tube with varying the inner diameter of the
silica tube under suitable pressuriazation prior to deposition. The details about the making
of large core Yb,O3 doped nano-engineering glass based optical preform through MCVD
process followed by solution doping technique is described below:

The following important parameters are involved in this process.

¢ Composition of the gas phase mixture within the silica tube

e Number of deposited porous layers with pre-sintering

e Deposition temperature of the porous layers

e  Composition of the solution of dopant precursors

Soaking , drying and heat treatment of solution impregnated porous layers
Dehydration

e Sintering

e  Collapsing process

Fig. 2. Deposition of multiple porous layers of composition of SiO,-P»Os along forward
direction by the MCVD process

2.5 Composition of the gas phase mixture within the silica tube

The composition of a gas mixture of 13-15 mol% of SiCls, 1.0-2.0 mol% of POCIs, 2.5-4.0
mol% of He and 79-83.5 mol% of O, was found to be the best for smooth deposition to
prevent coagulation of the particles. If coagulation arises, the formation of bubbles starts
during sintering stage.

2.6 Number of deposited porous layers with pre-sintering

The fiber diameter around 19-20 micron was obtained from the preform made through
deposition of maximum 6 numbers of porous silica layers having thickness around 10 pm
containing 0.15 to 0.20 mol% of P,Os under optimum deposition temperature of 1350 +10°C
followed by pre-sintering within 1300-1350°C which possesses uniform porosity along both
axial and radial directions in order to obtain uniform distribution of Al, Yb, Y and Ba ions
along the whole diameter (Paul et al., 2010a, 2010b). In this case we have used silica tube of
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CSA around 82-85 mm? and inner diameter around 17.0 mm prior to deposition of porous
layers. Under such condition multiple porous layers form uniform networking of the
deposited oxide particles between each layer and not disturbed before going to solution
impregnation process. From fabrication of a series of large core Yb,O; doped nano-
engineering preforms shown in Table 1 under different conditions, it was observed that
uniform porosity in terms of uniform doping levels of Al, Yb, Y and P ions along the entire
core region can be obtained through the way of solution soaking process maintaining
uniform thickness (10 pm) of each layer up to deposition of 6 numbers of porous layers
under deposition temperature of 1350+10°C followed by pre-sintering at 1300-1350°C (Paul
et al., 2010a). The radial view of the microscopic picture (Fig. 3) of such six numbers of
multiple porous layers shows a uniform networking of the deposited oxide particles
between each layers having uniform thickness of 10 micron as well as uniform porosity
varying slightly within + 2%.

I IVEV V1
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|_|

Fig. 3. Radial view of deposited six numbers of phospho-silica layers with the enlarged
surface morphology of each layer.

The porosity of the layers varies from 58 to 62% between innermost and outermost layer.
The axial view of such thick porous layer shown in Fig. 4 clearly indicates that a uniform
networking of the deposited oxide particles between each layer is formed well as observed
clearly in the enlarged microscopic view of the particular portion of the deposited layers.

The fiber diameter of 25.0 pm was drawn from the preform made through deposition of 6
numbers of porous layers at optimum deposition temperature of 1275+10°C using silica
tube of CSA of 58-60 mm?2 having inner diameter around 18.0mm. The pre-sintering was
done within 1250-1275°C for 3 passes. The purpose was to deposit thin (8.0-10.0 pm)
individual layers as shown in Fig. 5a for each deposition pass in order to reduce the
penetration length for uniform soaking of the dissolved ions along the radial direction. On
the other hand, fiber diameter of 32+2.5 ym was made from the preform fabricated through
deposition of 10 numbers of porous layers at optimum deposition temperature of
1240+10°C within inner surface of silica tube of CSA of 58-60 mm?2 having inner diameter
around 22.0 mm enlarged from the initial inner diameter of 18.0mm under suitable
pressurization. In this case tube was enlarged through suitable pressurization prior to
deposition of multiple porous phospho-silica layers. The pre-sintering was done within 1275
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Fig. 4. The microscopic axial view of six multiple porous layers deposited at around 1350
+10°C along with the enlarged view of the particular portion of the deposited.

to 1300°C for 3 passes. The radial view of deposited 10 numbers of porous layers having
thickness around 5-6 micron was shown in Fig. 5b. To make LMA fibers with core diameter
around 30-35 microns, we used thin wall silica tube of cross sectional area (CSA) around 58-
60 mm? having inner diameter around 18.0 mm of thickness 1.0 mm. The outer surface of
such type thin-wall tube was further enlarged to make inner diameter around 22.0 mm
under optimum pressurization prior to deposition of multiple porous phospho-silicate
layers for getting large core diameter. The purpose was to deposit thin individual layer (5.0-
6.0 um) for each deposition pass in order to reduce the penetration length for uniform
soaking of the dissolved ions along the radial direction.

Fig. 5. The microscopic radial view of six multiple porous layers (A) and ten multiple
porous layers (B) deposited at around 1275 + 10°C and 1240 + 10°C, respectively.

2.7 Composition of the solution of dopant precursors

Several preforms were made using various strength of AlCl36H>O, YCl36H>O, LiNO3 and
YbCl3 6H>O which maintain the suitable viscosity around 1.5 cP (Paul et al,, 2010). The
viscosity of the solution of the dopant precursors plays an important role to prevent the
disturbances of thick porous layer. Such disturbance of thick highly porous medium occurs
if the viscosity of the soaking solution is high. The viscosity of 1.5 cP of the solution is found
to be most suitable for soaking of six as well as ten numbers of porous layers deposited at
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1350£10°C, 1275+10°C and 1240+10°C, respectively. The effect of high viscosity of the
doping solution gives rise to an accumulation of the deposited soot particles after solution
soaking process due to generation of high viscous force within the pores along with loosing
out of the soot layers from the inner surface during drying with inert gas as well as heating
process.

2.8 Soaking, drying and heat treatment of solution impregnated porous layers
Solution soaking process was done for a period of 30-60 minutes (depending on the
numbers of deposited porous layers) followed by drying with flow of N> gas for a period of
45-60 minutes under very low pressure (~0.5-1.0 Psig) as well as drying thermally by
heating around 600-700°C for a period of 10 minutes with flow of O; at the rate of 500cc/min
along with He flow at the rate of 75cc/min for elimination of the problem of any
disturbances of the thick porous layer (50-75um).

2.9 Dehydration

Dehydration step is very important to reduce OH content of the fabricated fiber.
Dehydration of core layer is carried out at lower temperature range (600-700°C) in presence
of Cl;, O; and He due to evaporation of LiCl from LiO during dehydration as the
equilibrium constant value of the chlorination of lithium oxide is very high (Fig. 6) derived
from FactSage (Facility for the analysis of chemical thermodynamics) 5.5 thermo chemical
software and database. LixO plays an important role to make transparent glass-ceramic
(Morimoto, 2004; Morimoto & Emem, 2004). The optical transparency of yttria-alumino
silica based core glass has been lost; if more amount of lithium evaporate.
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Fig. 6. Dehydration was done at low temperature around 700°C due to very high quilibrium
constant of the evaporation of LiCl from Li,O

2.10 Sintering
At sintering stage, the heating temperature was increased gradually from 1300 to 1900°C by
a step-wise increment of 100°C for elimination of the problem of formation of small bubbles
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either at the core clad boundary or within the whole core region in presence of a mixture of
O; and He having the ratio of He:O, (1:4 to 1:1). The disturbances of thick soot layer through
the formation of bubbles either at the core-clad boundary or within the whole core region
arises if the porous layers are not deposited at optimum deposition temperature. The
formation of small bubbles also generate at the core-clad boundary during sintering of the
thick soaked porous layers if the deposition temperature varies much from one layer to
another layer specifically if the first layer deposited at higher temperature compared to the
other layers or all the porous layers are deposited at higher temperature around 1500°C. The
main reason arises due to lack of suitable porosity of the innermost layer compared to the
other layers in terms of soaking ability of the dopant precursors for smooth sintering. In this
case, the bubble formation occurs due to high viscosity mismatch between the inner and
uppermost layers. During viscous sintering process, the upper layers get sintered at lower
temperature compared to the innermost layer. As a result of it, small bubbles may generate
during sintering as well as collapsing stage from the innermost un-sintered layer.

2.11 Collapsing process

The collapsing was done in 3 steps. In the first step, partial collapsing occurs under high
flow of Oz around 250cc/min and He of 65cc/min at 15.0 psig to maintain circulartity of the
tube with burner speed of 40mm/min. In the second step the flow of O, was reduced to
75cc/min and He of 25cc/min at 5-6 psig with burner speed of 30mm/min. In the last pass,
the flow of O; was increased to 125cc/min and He of 50 cc/min at 10 psig with burner speed
of 15-20mm/min to maintain the perfect circularity of the large core after opening of the by-
pass line at the moment of final collapsing of one end.

The solution doping technique followed by MCVD process using the above fabrication
parameters provides homogeneous distribution of Al, Y, P and Yb ions as well as very
uniform refractive index within the whole large core region of nano-engineering preform or
fiber. The uniform doping levels within such large core optical fiber preform and refractive
index profiles of corresponding optical fibers are also mentioned in this chapter.

2.12 Incorporation mechanishm of fluorine into porous silica layer

Fluorine was incorporated into porous layer through solution soaking process using H,SiFs
(fluorosilicic acid) for 10-15 minutes. To prevent etching of porous layer in presence of F, the
optimized 10-15% diluted H)SiF¢ was used. Furthermore, to avoid the formation of
gelatinous precipitation with direct use of fluorosilicic acid into the alcoholic solution of
chloride precursors, the double solution soaking process was performed for the
incorporation of fluorine. Incorporation of fluorine into deposited porous silica surface was
done based on the following mechanism.

The dilution of supersaturated fluorosilicic acid solution with water controls the
incorporation of fluorine into the resulting porous silica matrix. An intermediate,
hydrolyzed species, SiF,(OH)s.n (n < 4), will be formed by the reaction shown in Eq. (1)
(Chou & Lee, 1994; Homma et al., 1993). These species present in the solution react with the
porous silica substrate surface. The fluorine-containing siloxanes are subsequently formed,
which adsorb onto the surface where condensation and bonding occurs between the
oligomers and surface hydroxyl groups (Homma et al., 1993).

H,SiF, + (4 -n)H,0 < SiF,(OH),_, + (6 - n)HF 1)
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5H,SiF, +Si0, — 3[SiE,SiF, |~ +2H,0 + 6H" )

On the other hand, if we have used concentrated fluorosilicic acid, porous silica can be
dissolved through formation of fluoro silicon complexes such as [SiFs.SiF4]?> shown in Eq.
(2). The bridged fluoro silicon complex has electron deficient silicon because of the high
electronegativity of the bonded fluorine, which create weak Si-F bonds. Such kind of bonds
is very much prone to nucleophilic attack by water where fluorine ion (F-) combines with
the proton to form hydrofluoric acid (HF). pH of the solution was adjusted properly where
the high acidity of the solution allows protons to react with [SiF4(OH).]? to form SiF; and
water through Eq. (3). Hydrolysis of SiFs will then yield hexa fluorosilicate anion, protons
and silicic acid through Eq. (4) for incorporation of fluorine into porous silica layers.

[SiE,(OH), > +2H" — SiF, + 2H,0 ®)

3SiF, + 4H,0 — 2SiF,>” + Si(OH), + 4H" )

A list of preforms having different doping levels along with fiber parameters are given in
the following two tables.

Value of Average Backeround
Nano- Al)Y Yb,O3 P05 BaO | Fluorine | particle &
o o o o . loss at 1285nm
preforms (molar | (mol%) |(mol%) |(mol%)| (mol%) size (dB/Km)
ratio) (nm)
NYb-1 20:1 0.07 — 003 | - - —
NYb-2 13:1 0.12 — 005 | - — —
NYb-3 6:1 0.12 o 0.05 | - o 30
NYb-4 1.75:1 0.14 - 0.07 - 20-30 75
NYb-5 1.75:1 0.14 0.40 0.08 — 10-25 125
NYb-6 1.75:1 0.14 0.50 007 | - 25-50 450
NYb-7 1.75:1 0.14 0.60 | 0.08 0.25 2?:20 2200
NYb-8 1.75:1 0.14 0.60 | 0.08 0.30 2;:25 2400
NYb-9 1.75:1 014 | - 0.08 0.25 6-10 40-50
NYb-10 1.7:1 0.10 0.20 - - 10-15 45-60
IMNYDb3 1.7:1 0.15 0.20 - 025 5-10 40-55
IMNYb4 1.7:1 0.15 0.20 - 0.25 5-10 45-60
IMNYb-12D | 1.7:1 0.15 .20 - 0.25 5-10 40-65
IMNYDb-12P | 1.7:1 0.15 .20 - 0.25 5-10 45-60

Table 1. The doping levels of different nano-preforms evaluated by EPMA along with size of
the particles and background loss of the fabricated nano-particles fibers.
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. No. of | Deposition |CSA of the Claddu}g Core
Doping | . . NA absorption -
Fiber ID | porous [temperature| deposited dia.
host lavers (£10°C) | tube (mm? (£0.02) | at976 nm (1)
Y - (dB/m)
SiOs-
Y,0s3-
NYb 4- 15.0-
AlLOs- NYb10 6 1350 82-85 0.09 5-10 20.0
P,0s-
Yb,0s
SiO»-
Y20s-
ALLOs- IMNYD-3, 6 1275 58-60 0.09 5-10 22,0425
IMNYb-4
P,0s-
Yb203
SiO,-
Y205- H;g\)w&? " | 10 under
ALOs- IMNYb- expanded 1240 58-60 0.09 5-10 3242.5
P>0s5- 12p condition
Yb,03

Table 2. Fabrication and fiber parameters of different large core nano-engineering fibers.

2.13 Thermal annealing process

The preform samples were annealed at different temperatures for appropriate time to find
out the optimum temperature for the formation of nano-crystallites inside the silica glass
matrix. After fabrication of preforms, we have made five circular sections of thickness
around 1-1.5 mm having 10 mm diameter from each preform. Each section was heated in a
temperature-controlled furnace of 1000, 1200, 1300, 1450 and 1650°C at the rate of 20°C/min
and left for 3 hours once the temperature has been reached, to achieve the structural
equilibrium, followed by the cooling to room temperature at a rate of 20°C/min. Depending
on the glass composition the annealing step was optimized to obtain a highly transparent
glass with the nano-sized crystallites distributed homogeneously in that, as well as a
complete segregation of the RE ions into the nano-crystal site.

The diagram of annealing sequences of fiber preform samples heated at different
temperatures in a closed furnance of Ar gas environment was shown in Fig. 7. The
microscopic picture of the core region of fiber preform (NYb-7) with and without annealing
was given in Fig. 8. The core glass of preform annealed at 1650°C and without annealing as
shown in Fig. 8 becomes almost transparent. Whereas the preform annealed at 1450°C
becomes highly opaque. This phenomena indicates that the nature of Yb,O; doped yttria-
alumino silica host under thermal annealing at 1450°C becomes different than that of core
glass matrix of preform samples without annealing and with annealing under heat
treatment at 1650°C. The nature of such kind of glass was evaluated from XRD and TEM
along with EDX as well as electron diffraction pattern analyses. The observation of the
thermal annealing of preform samples at different temperatures is given in Table 3.
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Fig. 7. The diagram of annealing sequences fiber preform samples heated at different
temperatures in a closed furnance.

2y B

Fig. 8. Microscopic picture of the core region of preforms (A) Preform without annealing (B)
Annealed at 1450°C for 3 hours (C) Annealed at 1650°C for 3 hours.
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Sample Heating |Soaking
numlfers rates | period Observation against thermal soaking temperature
(*C/min)| (hr)
1200°C | 1300°C 1450°C :1615(})“(1:
NYb-7 1000°C | DNP | DNP (slightly
20 3 . . CNP milky)
Preform Transparent|(slightly| (slightly .
milky) | milky) (strongmilky) (No
Y Y particles)
NYb-8 1200°C | 1300°C 1450°C :1615?15
Preform [, 3 1000C | DNP | DNP CNP ( 5 )y
(Fluorine Transparent|(slightly| (slightly (strong m(}\rg
doped) milky) [ milky) milky) Particles)

Table 3. Conditions and effect of thermal annealing of preform samples at different
temperatures.

After that milling and polishing of the annealed preforms are done. Milling was done for
removal of the silica mass equivalent to Imm depth from one side of the preform. Preform
was milled using ultrasonic machine. After milling, D-shaped fiber with low index polymer
coated was drawn using fibre draw tower.

3. Material characterizations of the nano-engineering doping host

The material characterizations of nano-engineering doping host have been done at different
stages from deposition of multiple porous layers to making of optical preforms through the
following various techniques.

3.1 Scanning electron microscopy (SEM) analyses of porous layers

Different soot parameters namely density, pore sizes, porosity, surface area and soot layer
thickness have been evaluated for optimization of deposition temperature of multiple
porous layers against the numbers of deposited layers to get uniform distribution of
different co-dopants along the diameter of fabricated preforms. The soot density was found
to be around 0.258 gm/cc at optimum deposition temperature regions namely 1350+10°C.
The porosity of six numbers of porous layers deposited at 1350+10°C along radial direction
was found to be 58% to 62% from innermost layer to outermost layer as described earlier in
Fig 3. The reason behind the slight decrease in porosity is a consequence of partial sintering.
Both scanning electron microscopy (SEM LEO, S430i, LEO, UK) and field emission scanning
electron microscopy Supra 35VP (Carl Zeiss, Germany) images of soot layer samples were
captured before and after solution doping shown in Fig. 9 to investigate the average pore
sizes, their distribution and soot layer thickness. The average pore size was evaluated from
SEM micrographs using Image analyzer and found to be 1.25-1.5 micron.
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Fig. 9. SEM pictures of axial view of the porous layers (6 numbers) deposited at temperature
around 1350£10°C (A) before (B) after solution soaking.

3.2 Atomic force microscopy (AFM) study

The technique which used for the analysis of porous silica layers is the Atomic Force
Microscopy (AFM) Model: Multiview 3000 (Nanonics Imaging Ltd., Israel). AFM images are
obtained by measurement of the force on a sharp tip (insulating or not) created by the
proximity to the surface of the sample. This force is kept small and at constant level with a
feedback mechanism. When the tip is moved sideways it will follow the surface contours.
By this way, three dimensional images of the surface of the porous samples are obtained. A
three-dimensional view and a corresponding cross section graph of the deposited porous
surface shows a hillock profile with a dome height of 3 + 0.25 pm and distance between
dome tops 4.0£1.0 pm shown in Fig. 10 and Fig. 11. Both circular and irregular shaped
pores were observed, with diameters of 3 £ 1 pm and a pore-to pore distance of 4.5 + 0.5 pm.
The porosity of the deposited thick layer was determined as 60 £ 2.0%.

Fig. 10. A three dimensional AFM image of the surface of porous phospho-silica multi-
layers.
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Fig. 11. A cross-sectional AFM image of the surface of porous phospho-silica multi-layers.

3.3 Differential thermal analyses (DTA) of the porous material

The determination of glass transition and crystallisation temperatures as well as melting
temperature of such nano-engineering core glass material was also important for better
understanding of the phenomena of phase separation as well as crystallisation mechanism
with respect to the doping solution composition. Differential thermal analyser (DTA) Model:
STA 409C (Netzsch, Germany) on samples ground to an average particle size of less than
25 pm was prepared. In such case, unsintered oxide porous layer of composition SiO»-P>Os-
Y203-YboO3-LixO-BaO formed by MCVD process followed by solution doping technique
(soaked with an alcoholic solution of YbCls, 6H,O, YCl3 6H,O, AlCl3 6H,O, LiNOs;, BaCl,
2H,0) and after oxidation of the soot was removed from the inner surface of the silica tube
and then ground to a powdered material for DTA. The DTA measurements were carried out
using minimum about 30 mg of sample in a Pt crucible. Data for each run was automatically
collected from the DTA apparatus. The glass transition and crystallization temperature of
such type of glass was found to be around 985 and 1115°C respectively shown in Fig. 12.
The exact melting temperature was not detected due to the temperature limitation of DTA
upto 1450°C.
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Fig. 12. Differential thermal analysis (DTA) curve of fluorinated Yb,Os doped silica soot.
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3.4 Electron probe micro-analyses (EPMA)

The average dopant percentages in samples were measured by an electron probe
microanalyser (EPMA) at University of Minnesota, Electron Microprobe Laboratory, USA.
For this, around 3-4 mm of the preform sample was grounded and polished both sides.
Finally EPMA of the polished preform samples of thickness 1-1.5 mm was done with the
maximum spatial resolution of 1pm after applying a thin graphite coating layer. Data of
EPMA of preform samples were taken with a spatial gap of 30 micron within the whole core
region shown in Fig. 13. The corresponding different dopant distribution of large core fiber
preforms IM-NYb3 and IMNYb-12D are described in Fig. 14 and Fig. 15 respectively.

Fig. 13. Data of EPMA of preform samples taken with a spatial gap of 30um within the core
region
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Fig. 14. Distributions of doping levels of Al,O3 (1), Y203 (2), Yb2Os (3) and F (4) within the
core area of fiber preform (IM-NYb-3).



42 Selected Topics on Optical Fiber Technology

1.400 XN
A0,
1.200 0,
. Thylh
%‘* 1.000 foa R S T F
E 0.300
g 0600
[m]
&' 0400
0.200
ooon F - - - ¢
i 75 1500 TS0 [0m

Diistance (ruicrometer)

Fig. 15. Distributions of doping levels of Al,O3 (1), Y203 (2), Yb2O3(3) and F(4) within the
core area of fiber preform (IMNYb-12D).

3.5 X-ray diffraction (XRD) study

To detect the exact crystalline phases formed during the heat treatment, X-ray diffraction
(XRD) was performed on finely ground core glass specimens. The X-ray Patterns was
collected using a powder diffractometer. X-ray diffraction spectra were extracted from the
raw 2-dimensional data using the Fit2D program (Hammersley et al., 1996). Spectra were
collected on nano-engineering preform sample (NYb-8) annealed at different temperatures
shown in Fig. 16. The calibration of the distance between the sample and the detector was
carried out by using a LaBs sample (NIST SRM660). Only the samples annealed at 1450°C
present crystalline peaks. The preform annealed at other temperatures does not show any
characteristics diffraction peak of Yb:YAG crystals. The exact diffraction peaks of Yb:YAG
crystals embedded in silica matrix is found to be 33.43(a), 46.606(b), 56.34(c) when annealed
at 1450°C in comparison to the exact characteristics peaks at 33.064, 46.183 and 55.732 given
in Joint Committee on Powder Diffraction Standards (JCPDS-38-0222) (Joint Committee on
Powder Diffraction Standards, data file. 38-0222) and also observed by W. Yusong et al.
(Yusong et al., 2007)
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Fig. 16. X-ray diffraction spectra of the doped region of preform NYb-8 annealed at four
different temperatures for 3 hours and different crystalline peaks developed for sample
annealed at 1450°C.
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3.6 X-ray absorption spectroscopy

Distribution of Yb ions in the glass preform was also determined by the fluorescence yield of
the Yb La line given in Fig. 17. The vertical line marks the point where the XAS
measurement has been carried out. The following figures shows a typical distribution
profile of Yb ions in the preform measured by X-ray fluorescence: these permits to
determine the size of the Yb-doped zone that resulted to be of about 1.5 mm. The vertical
bars indicate the point where the EXAFS spectra will be carried out that was chosed to be in
the middle of the fibre core.
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Fig. 17. The fluorescence yield of the Yb La line of nano-engineering preform (NYb-5). The
vertical line marks the point where the XAS measurement has been carried out.

3.7 High resolution transmission electron microscopy (HRTEM) with electron
diffraction pattern and EDX analyses

High resolution transmission electron microscope (HTEM) Model:Tecnai G2 30ST (FEI
Company, USA) images of preform samples were used to study the core glass morphology
using LaBs emitter. The TEM specimens were mechanically polished and dimpled to
thickness of about 10 pm. The final thinning of the samples to electron transparency was
carried out using an Ar-ion mill. To evaluate the composition of phase-separated particles
the electron beam was focused on the particles and then focused in an area outside of the
particles, when the energy dispersive X-ray analyses (EDX) data were taken. The nature of
the particles was evaluated from their electron diffraction pattern. TEM picture along with
electron diffraction pattern of Yb,Os; doped nano-crystalline glass based optical fiber
preform (NYb-4) after thermal annealing at 1450°C temperature was shown in Fig. 18.

4. Effect of suitable dopant levels and thermal annealing on formation of
crystalline nano-particles

Study on the effect of suitable dopant levels specifically the ratio of Al:'Y and thermal
annealing on formation of crystalline nano-particles within the core region of optical fiber
preform samples were done through TEM along with electron diffraction pattern, EDX and
XRD analyses. For this purpose several Yb,Os; doped large core preforms (listed in table 1)
were fabricated with varying ALY ratio from 20:1 to 1.75:1 and other co-dopants, in order to
study the dependence of glass composition on the formation of nano-crystalline particles. All
co-dopants, except for P are incorporated in the structure through solution doping process.
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A

Fig. 18. TEM picture along with electron diffraction pattern as well as Yb,O3 doped
crystalline nano-particles developed within yttria-alumino silicate glass of optical fiber
preform (NYb-4) after thermal annealing at 1450°C

Two important parameters were involved for formation of Yb,Os doped phase-separated
yttria alumino-silicate nano-crystalline host. First, the doping ratio of Al:Y and second, suitable
thermal treatment of the fabricated preform. The optimised thermal annealing conditions of
preforms were identified to get Yb,Os doped phase-separated nano-crystalline particles of
composition Yb:YAG. The strength of dopant precursors of Y and Al within the doping
solution was varied gradually from preform NYb-1 to NYb-4 to get the initial condition for
formation of the phase-separated nano-particles within the preform samples. The ratio of Al'Y
within the fiber preform samples were calculated from EPMA results. No-phase-separated
particles were developed within the preforms of NYb-1, NYb-2 and NYb-3 under any thermal
annealing conditions when the ratio of ALY varied from 20:1 to 6:1. Fig. 19 shows the TEM
image of preform NYb-2 having Al:Y ratio of 13:1 and annealed at temperature of 1300°C with
no evidence of nano-particle formation. However, the preform NYb-4 having ALY ratio of
1.75:1 shows phase-separated nano-particles under thermal annealing at 1300°C for 3 hours
(Fig. 20). The formula of YAG crystal is Y3Al501, where the ratio of Al:Y is around 1.7. Here the
role of Al and Y at that ratio favours the formation of YAG crystals stoichiometrically. Higher
than this ratio, excess Al prevents the formation of phase-separation which does not enter
within the immisicibilty region of yttria alumino silicate glass.

Fig. 19. TEM image of the doped area of preform NYb-2 annealed thermally at around
1300°C for 3 hours.
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Fig. 20. TEM image of the doped area of preform NYb-4 annealed thermally at around
1300°C for 3 hours along with electron diffraction pattern.

On the other hand preform NYb-4 when annealed at 1000°C for 3 hours does not form any
phase-separated particles as shown in Fig. 21. The formation of phase-separated amorphous
particles started when the preform samples NYb-5 and NYb-6 annealed at 1200°C, as shown
in Fig. 22 and Fig. 23.

Fig. 21. TEM image of doped area of preform NYb-4 annealed thermally at around 1000°C.

EDX spectra onthe
particle

Fig. 22 . TEM image of doped area of preform NYb-5 annealed at 1200°C containing 0.40
mol% P>Os along with electron diffraction pattern and EDX spectra.
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Fig. 23. TEM image of doped area of preform NYb-6 annealed at 1200°C containing 0.50
mol% of P-Os along with electron diffraction pattern.
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Fig. 24. TEM image of the doped area of preform NP-5 annealed at 1300°C containing 0.40
mol% of P-Os along with electron diffraction pattern and EDX spectra.

At this annealing temperature the nano-particles which have grown together resulted in an
interconnected nano-structure. The electron diffraction pattern shows the formation of
amorphous phase (inset Fig. 22 and Fig. 23). When the same preform samples heated at
around 1300°C, the nano-particles are separated from each other and mostly single isolated
particles distributed uniformly in the core glass matrix were observed, as shown in Fig. 24
and Fig. 25. The TEM pictures shown in Fig. 22 to Fig. 25 for heat treated samples under
1200 and 1300°C are to study the effect of annealing temperature on the formation of phase-
separated particles along with its nature. The isolated particles are not YAG nano-
crystallites. The particles are Yb,O3; doped phase-separated yttria-rich alumino-silicate nano-
particles evaluated from their corresponding EDX data.

Further annealing of the preform at around 1450°C, all the phase-separated particles became
crystalline. The electron diffraction pattern as shown in the inset of Fig. 26 and Fig. 27
demonstrates that the particles are crystalline in nature.

High resolution micrographs (Fig. 28) were extracted from the previous TEM pictures of
preforms NYb-5 and NYb-6 after thermal annealing at 1450°C for 3 hours, which show the
crystalline nano-structure of less than 20 nm in size and surrounded by the amorphous SiO»
matrix. At the crystalline orientation the phase contrast allows to differentiate lattice plans
of ~ 0.3nm separation. This matches with the value reported by Jian-Cheng Chen (Chen,
2006). The lattice planes show that the original nano-crystals have combined to form a
continuous crystalline lattice. Absence of grain boundaries within the crystalline phase
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Fig. 25. TEM image of the doped area of preform NYb-6 annealed at 1300°C containing 0.50

mol% of P,Os along with electron diffraction pattern and EDX spectra.

might be due to the agglomeration of independent nano-crystals. Here, two nano-crystals
are separated by a layer of amorphous phase. The interconnection of the phase-separated
particles developed during thermal annealing at 1450°C leads to the growth of a nano-
crystalline structure shown in Fig. 28. All the particles were observed to be near round
shape. The driving force behind the roundish morphology and interconnection of individual
nano-crystals is due to the lowering of surface energy of the connected crystal network over

individual nano-crystals.
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Fig. 26. TEM image of the doped area of preform NYb-5 annealed at 1450°C containing 0.40

mol% of P,Os along with electron diffraction pattern and EDX spectra.
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Fig. 27. TEM image of the doped area of preform NP-6 annealed at 1450°C containing 0.50

mol% of P-Os along with electron diffraction pattern and EDX spectra.
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The composition of such phase-separated crystalline particles was evaluated by comparing
their energy dispersive X-ray analyses (EDX) data, taken from directly on the crystal
particles and from the areas of outside the particles shown in Fig. 28. The EDX spectra taken
from the crystal particles detected as Si, Al, O, Yb and Y signals, whereas the EDX data
taken from the areas outside the particles detected Si, Al and O without Yb and Y. Si signal
appear as the crystals are embedded with SiO,. The dopant concentration of nano-
crystallites with respect to the silica matrix was evaluated from EDX curve and shown in
Fig. 28. The evaluated data consists of 13.0 atom% of Al, 0.02 atom% of Yb, 8.0 atom % of Y
and 34.0 atom% of O. The doping level of the formation of Yb:YAG crystals within fiber
preform sample (NYb-5) is 0.02 atom%. Such compositional analyses indicates that the
phase-separated crystalline nano-particles were Yb:YAG crystals dispersed into the silica
glass matrix.
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Fig. 28. HRTEM image showing the lattice plan of the crystalline nano-particles developed
within the doped region of preforms (a) NYb-5 and (b) NYb-6 annealed at 1450°C for 3
hours along with EDX spectra taken on and out of the particles.

The nature of the glass host was evaluated from X-ray diffraction spectra of the doped
region of preform (NYb-5) annealed at 1300°C and 1450°C for 3 hours shown in Fig. 29. The
vertical lines correspond to YAG phase. The preform annealed at 1300°C does not show any
characteristics diffraction peak of Yb:YAG crystals. The exact diffraction peaks
corresponding to the lattice plan of 420, 611 and 633 of Yb:YAG crystals embedded in silica
matrix is found to be 33.43, 46.606, 56.34 respectively when annealed at 1450°C in
comparison to the exact characteristics peaks at 33.064, 46.183 and 55.732 respectively
described in Joint Committee on Powder Diffraction Standards (JCPDS-38-0222) (Joint
Committee on Powder Diffraction Standards, data file. 38-0222) and also observed by W.
Yusong et. Al (Yusong et al., 2007). Such a small variation occurs as Yb:YAG crystals are
embedded in silica glass based matrix and not in a perfectly Yb:YAG ceramic state.
Generally the formation of such type of Yb:YAG crystals in bulk glass samples occurs by the
following way :

5A1,05 + 3(1 - X) Y,03+3xYbyO3 = 2Y3(1—X)Yb3XA15012 where x =0.1

Similar type of reaction may takes place within yttria-alumino-silicate core glass matrix of
optical fiber preform where the substitution of Y3+ by Yb3* occurs due to their same valence
state as well as similar ionic radius. On the other hand, Si¢* may substitute for Al3* or it may
sit at an interstitial position since the ionic radii of Si4* are 0.040 and 0.054 nm, and the ionic
radii of AI3* are 0.053 and 0.068 nm, if their coordination numbers are 4 or 6, respectively>.
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Fig. 29. X-ray diffraction spectra of the doped region of preform NYb-5 annealed at 1300°C
and 1450°C for 3 hours. The vertical lines corresponds to YAG phase.

The possibility of sitting Si4* to an interstitial site can be neglected as the large strain and
higher number of vacancies per Si in an interstitial location will make the energies required
for the incorporation very high. We have not observed formation of Yb,O; doped mullite
crystals within the preform samples due to the large difference in ionic radii of Al3* and Yb3*
(~0.05 nm) which results in lattice strain to restricts the formation of a solid solution
comparable to mullite.

When the preform samples annealed above 1600°C, the crystalline behaviour of the particles
were destroyed and most of the particles disappear, as shown in Fig. 30. This may be due to
reaching of the melting temperature of the glass. The glass transition and crystallization
temperature of such type of glass was found to be around 985 and 1115°C respectively as
mentioned earlier in Fig. 12. The exact melting temperature was not detected due to the
maximum limit of 1400°C temperature of our DTA apparatus. However from the fabrication
point of view, the sintering of deposited layer starts around 1600°C which correspond to the
melting temperature of the doped porous layer.
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Fig. 30. TEM image of the doped region of preform NYb-5 annealed at 1600°C along with
electron diffraction pattern and EDX spectra.

5. Effect of P,O5 and fluorine on formation of nano-particles within the core of
preforms and fibers

The effect of phosphorous and fluorine doping on formation of Yb,O; doped nano-
crystalline particles within silica glass matrix was studied through high-resolution TEM
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analyses. The core glass remains transparent after annealing at 1000 and 1600°C. On the
other hand, when annealed at 1450°C, the core region becomes slightly opaque which
indicates the formation of phase-separated nano-crystalline particles in the preform sample.
Fig. 26 and Fig. 27 shows the TEM pictures of two preform sections ( NYb-5 and NYb-6 )
having different content of P,Os for investigation of the effect of P,Os on the size and nature
of the nano-particles. The maximum particle size in high P,Os content (0.50 mol%) core glass
preform, NP-6, was found to be larger compared to the preform NYb-5 containing less P>Os
content (0.40 mole%) in the core.

Increasing the P>Os content in glass accelerate the growth of formation of phase separated
particles upon heating through thermal perturbatation, where P,Os serves as a nucleating
agent owning to the higher field strength difference (>0.31) between Si** and P5* (Tomazawa
& Doremus, 1979). We have taken several TEM pictures from different sections of the core
region of samples NYb-5 and NYb-6 to find out the variation of particle sizes. A wide
variation from 10-25 nm and 25-50 nm in particle sizes were observed from the preform
samples NYb-5 and NYb-6 respectively. The size of the nano-particles increased with
increasing of the P>Os content. At the ratio of 20:1, 13:1 and 6:1 within the glass matrix
formation of any nano-particles within the doped region of optical fiber preform under
annealing upto the temperature of 1600°C does not occur.

The effect of fluorine on the formation of Yb,O3 doped crystalline nano-particles within the
preform samples NYb-7 and NYb-8 after thermal annealing at 1450°C are shown in Fig. 31
and Fig. 32 respectively. Here fluorine was incorporated using 10-15% fluorosilicic acid.
Both preforms contain the same doping levels of P,Os (0.60 mol%). The doping level of
fluorine content was measured by electron probe microanalyses (EPMA). The distribution
profile of fluorine content along the diameter of core region of two fiber preform NYb-7 and
NYb-8 was shown in Fig. 33. The average doping level of fluorine in preforms NYb-7 and
NYb-8 was found to be 0.25 and 0.3 mole%. The spherical particles in Fig. 31 and 32 show
bimodal size distribution. The large particles are of the order of 60 nm and the smaller ones
are of the order of 3-5 nm. In addition, a very dense distribution of nano-particles (~2-10 nm
size) was detected which are rich in high atomic number elements of Yb and Y. This was
confirmed from the corresponding EDX spectra taken in the region of densely distributed
nano-particles of preform NYb-7 which shows strong signals of Yb and Y.
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Fig. 31. TEM image and EDX spectra of the area of a dense distribution of nano-particles
(2-10 nm) of preform NYb-7 annealed at 1450°C containing 0.6 mol% of P,Os and 0.25 mol%
of fluorine.
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Fig. 32. TEM image of the area of preform NYb-8 annealed at 1450°C containing 0.6 mol% of
P>0s5 and 0.30 mol% of fluorine

The doping of fluorine in yttria-alumino silicate glass composition may have a dramatic
effect on the nucleation and crystallisation behaviour of the glass contributing to the
bimodal size distribution. This effect was not only a result of the stoichiometric
considerations of crystal formation but also of the network disrupting role of fluorine within
a glass network. Here fluorine may act as a nucleating agent, promoting crystallization of
Yb,O3 doped YAG crystals within the silica glass matrix and also serves as a facilitator of the
kinetics of crystallization through rearrangement of the glass network. The non-bridging
oxygens preferentially bond to the silicon atoms present, thereby preventing the formation
of silicon-fluorine bonds and the formation of volatile SiFy. In such glass, P and F may play
a different kind of nucleation as well as crystallization phenomenon for the formation of
observed bimodal size distribution.
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Fig. 33. Distribution profile of fluorine along diameter of two preforms NYb-7 and NYb-8.

The preform sample NYb-9, which contains 0.25 mol% F and no POs, after thermal
annealing at 1450°C shows uniform distribution of crystalline nano-particles (Fig. 34) having
sizes around 6-10 nm. HRTEM image of the black dots of doped area of preform (NYb-9)
shows the formation of the nano-crystalline particles of Yb:YAG. The corresponding
electron diffraction pattern shows the crystalline behaviour of the particles. The HRTEM
picture clearly shows the crystalline plan of Yb:YAG crystals having 0.3 nm separation of
lattice plans. The exact composition of the crystalline nano-particles was evaluated from the
corresponding EDX spectra. The evaluated data shows 15.0 atom% of Al, 0.02 atom% of Yb,
9.0 atom% of Y and 36.0 atom% of O.
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Fig. 34. HTEM image of the doped area of preform NYb-9 annealed at 1450°C containing
0.25 mol% of fluorine showing (a) the nano-crystalline particles of Yb:YAG along with (c)
EDX curve and (d) electron diffraction spectra.

6. Nature and sizes of the particles of Yb,0; doped nano-engineering fibers

Nature and sizes of the particles of nano-engineering fiber was evaluated from HRTEM
analyses along with EDX and electron diffraction pattern.To make the TEM analyses of
optical fiber samples first, fiber coating was removed. After that fiber was crashed in two
different marble mortars and ground to fine powder. The glass powder was dispersed in
acetone liquid. Cu saver was rinsed into the liquid and took out. After drying, the glass
powder was sticked on the surface of the saver. The Cu saver was put under TEM to check
the individual small particles by EDX. Nature and sizes of the particles of nano-engineering
fiber was evaluated from HRTEM analyses along with EDX and electron diffraction pattern.
The small phase-separated nano-particles within the doped core region of optical fiber NYb-
9 was observed under TEM analyses shown in Fig. 35.
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Fig. 35. TEM analyses of Yb-doped nano-particle silica optical fiber sample NYb-9 (a)
Electron diffraction pattern and (b) EDX spectra on and out of the particles.

The size of the particles of the fiber core region occurs within 5.0-8.0 nm region. The EDX
spectra shows that both phase-separated and non-phase separated regions contain Al, Y and
Yb. However the intensity related to Y and Yb in phase-separated particles becomes very
much larger than the non-phase-separated particles. On the other hand, the intensity related
to Al in phase-separated particles becomes lower than that of non-phase-separated particles.
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Such analysis indicates that most of ytterbium is located in the phase-separated yttria-rich
region compared to Al dominated non-phase separated region. The nature of the phase-
separated particles is found to be non-crystalline confirmed from their electron diffraction
pattern. Such TEM analyses confirm the presence of Yb,O; doped phase-separated yttria-
rich alumino-silicate amorphous particles. The corresponding EDX spectra indicates the
presence of two different kind of Yb ions showing different surrounding environments. Fig.
35 confirm that the crystalline nano-particles initially formed in the preform (NYb-9)
annealed at 1450°C was maintained within the fiber samples after drawing above 1900°C but
nature of the particles changed from crystalline to amorphous state.

Here both P>Os and F serve as a nucleating agent to induce phase-separation in bulk silica
glass matrix. We have studied the effect of P,Os, F and both on formation of YAG crystals
within the fiber preform sample systematically. Both P,Os and F are important from view
point of phase-separation phenomena to induce the formation of Yb:YAG crystals within
silica glass matrix. On the other hand, incorporation of P,Os reduces the PD phenomena of
the Yb,O3 doped fiber laser. Fluorine incorporation into the doping host is also important as
it reduces the refractive index of silica glass. As a result, incorporation of fluorine helps to
maintain the required refractive index difference around 0.002-0.0025 with incorporation of
larger content of Y and Al in order to achieve the ideal parameter of large mode area Yb,Os
doped fiber for use as high power fiber laser with good lasing efficiency and beam quality.
In this research work fluorine is found to be the most important as we are able to maintain
the whole particles within 5-8 nm range in order to achieve the low background loss of the
fiber within 40-50 dB/Km at wavelength 1285 nm. The details spectroscopic and lasing
characteristics of Yb-doped nano-particles fibers drawn from the nano-crystalline preforms
were mentioned earlier.

The formation of these nano-particles can be explained in terms of the phase separation
phenomena and crystal growth mechanism, which normally occur in bulk silica based glass.
Growth of Yb,O; doped nano-crystallites was based on the metastable nature of yttria-
alumino silicate glass and will transform to the stable crystalline state, if enough thermal
energy is available which occurs by a two step nucleation and crystal growth process
(Varshneya, 1994; Rawson, 1967). As RE doped yttria-alumino silicate glass is heated, the
viscosity decreases which infact increases the tendency for structural rearrangement and
crystallization. When the temperature was increased high enough (above 1350°C), crystal
nuclei begin to form. The nuclei are the tiny regions in the glass structure. As the
temperature was further increased, the rate of nuclei formation, or nucleation, increased and
reached to a maximum at around 1450-1500°C, depending on the composition. At higher
temperatures, additional thermal energy causes the nuclei to grow by crystal growth
mechanisms. The rate of crystal growth increases with increasing temperature from 1450°C
to a maximum of 1575°C and then the rate decreases to zero at the liquidous temperature
around 1600°C. At temperature above 1600°C most of the particles disappears with
destruction of their crystalline behaviour. Here, P>Os serves as a nucleating agent for
promoting the phase-separation phenomena along with the crystallization. Both Y>O3 and
AlLOs serve as a formation of crystalline host of composition Y3Al;012. The Li;O helps
formation of glass-ceramic based material increasing the transparency of glass host. BaO
acts as an agent for increases the glass formation region of the matrix as well as to reduce
the viscosity of the glass host. A uniform distribution of Yb,O3 doped YAG nano-crystals
having particle size of 6-10 nm was obtained for the first time to our knowledge into a 0.25
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mol% fluorine co-doped silica optical fiber preform made by the MCVD and solution
doping technique, and under suitable thermal treatment.

7. Geometrical and optical characterizations of nano-engineering fiber

The refractive index profile of nano-engineering fibers was measured by fiber analyser.
Using the transmission microscope (Model: Nikon Eclipse LV 100) connected to a high
resolution digital colour camera controlled by imaging software, the cross-sectional views of
all the fiber sections are taken along with the values of core-clad dimensions. The cross-
sectional view along with refractive index profile of Yb,Os; doped nano-engineering fibers
(NYDb-6 and NYb-10) having diameter around 17-20 micron are given in Fig. 36 and Fig. 37,
respectively.
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Fig. 36. Cross-sectional view and refractive-index profile of Yb,O3 doped nano-enginnering
fiber (NYDb-6).
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Fig. 37. Cross-sectional view and refractive-index profile of Yb,O3 doped nano-enginnering
fiber (N'YDb-10).

The cross-sectional view of large core nano-engineering fibers (IMNYb-3, IMNYb-12D &
IMNYDb-12P ) having diameter around 25.0 - 35.0 micron along with their refractive index
profiles are given in Fig. 38 and Fig. 39 respectively.
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Fig. 38. Cross-sectional view and refractive-index profile of Yb,O3 doped large core nano-
enginnering fiber (IMNYb-3) having core diameter around 25.0 micron.
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Fig. 39. Cross-sectional view and refractive-index profile of Yb,O3 doped large core nano-
enginnering fiber (IMNYb-12D & IMNYb-12P) having core diameter of 30.0 - 35.0 pm.

8. Spectroscopic properties of Yb,0; doped nano-engineering preforms and
fibers

The UV-VIS spectra of three preform samples NYb-6, NYb-8 and NYb-9 annealed at 1450°C
was shown in Fig. 40. The instrument used for this purpose was UV-VIS-NIR-3101PC
scanning spectrophotometer. The peaks at 220 nm and 380 nm are attributed to the presence
of ytterbium oxygen defect center (YbODC) (Yoo et al., 2007) and Yb2* ions (Yusong et al.,
2007).

The absorbance value of fiber preform NYb-9 becomes much lower than that of NYb-6 and
NYb-8. This phenomena indicates that the size of the particles generated within the preform
sample NYb-9 becomes lower than that of preforms NYb-6 and NYb-8. The optical
absorption spectra of preform NYb-5 annealed at 1300°C and 1450°C was shown in Fig. 41.
The fiber preform sample NYb-5 annealed at 1300°C shows two normal absorption peaks
centered at 915 and 975nm wavelengths which confirm that Yb ions are present in normal
glass matrix. The same preform annealed at 1450°C had two additional absorption peaks
centered at 935 and 960nm which becomes comparable to the absorption peaks centered at
941 and 968 observed in Yb:YAG ceramic samples4l. Such a small variations in absorption
peak positions arise as the crystals are dispersed in silica glass matrix not in a Yb:YAG pure
state. Thus optical absorption confirms that YAG crystals are developed within silica glass
matrix based fiber preform sample under annealing at 1450°C.
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Fig. 40. UV-VIS spectra of three preform samples (a) NYb-6, (b) NYb-8 and (c) NYb-9
annealed at 1450°C.
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Fig. 41. Optical absorption spectra of preform NYb-5 (a) annealed at 1300°C and (b) 1450°C
in NIR region.

The spectroscopic properties of the prepared fibers were investigated and compared to a Yb-
doped aluminosilicate (Yb:Al) fiber fabricated in-house. The background loss of the fibers at
1285 nm wavelength was measured by high resolution optical time-domain reflectrometer
(OTDR) and presented in Table-1. It was observed that background loss of the fibers very
much related to the sizes of the Yb,O3 doped nano-particles. The nano-particles silica fiber
NYb-9 having sizes 5-8 nm shows the minimum background loss around 40-50 dB/Km at
1285 nm wavelength. Whereas the nano-particles silica fibers NYb-6, NYb-7 and NYb-8
containing the larger sized particles shows the high background loss. The background loss
at 1285 nm was 40-2400 dB/km, depending on the core composition and size of the nano-
particles as shown in Table-1.The optical absorption spectra of the fabricated nano-particles
fibers NYb-3, NYb-5, NYb-6, NYb-7 and NYb-9 are measured from 350-1750 nm wavelength
using white light source and shown in Fig. 42.

The peaks corresponding to 915 and 975 nm are characteristics absorption peaks of Yb3*+ ions
(Langnera et al., 2008).The normal fiber NYb-3 and nano-particles fiber NYb-9 shows the
minimum absorption loss compared to the fibers NYb-5, NYb-6 and NYb-7 containing
larger sized particles. The nano-particle fiber NYb-9 is found to be the best from view point
of the formation of very small sized nano-particles within 5-8 nm showing low background
loss of 40-50 dB/Km at 1285 nm wavelength.
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Fig. 42. Optical absorption of different Yb,O3 doped nano-particles silica fibers measured
using white light source.

The fluorescence and lifetime of the fibre samples are measured under pumping at 915 and
976 nm wavelengths (Yoo et al., 2010). A fiber-coupled single mode laser diode at 915 nm
was used as a pump source. The pump fiber was spliced to a fiber under test and the other
end of the test fiber was angle cleaved to suppress any feedback of signal light. Index
matching fluid was applied to the output end to further suppress the undesired feedback.
The fluorescence was captured by placing one end of a multi-mode fiber to the side of the
test fibers. An InGaAs photodetector was connected to the other end of the multi-mode fiber
to record fluorescence decay time. The 915 nm laser diode was modulated externally by an
acousto-optic modulator in the course of the lifetime measurement. We used less than 5 cm
long fibers to avoid amplified spontaneous emission and reabsorption.

Fig. 43 shows the measured decay time with the nanoparticle fiber and the Yb:Al fiber (Yoo
et al., 2010). The decay time was determined at the point where the intensity drops to 1/e of
its original value. Both decay curves were well fitted with single exponential form. The
decay time of the nanoparticle fiber was recorded as ~ 860 psec which is close to that of
ALYD fiber. The fitting goodness was better than 0.9996.

Fig. 44 shows measured absorption and fluorescence spectra for the nanoparticle fiber
compared to those of Yb:Al fiber. Each peak was scaled to unity to make a spectral shape
comparison. We see the spectral shapes of Yb absorption in the nanoparticle fiber are
modified against the Yb:Al counterpart, which again indicates the different environments
for the Yb ions. However, the line shapes do not follow the Yb-doped Y>Os; ceramic
(Bourova et al., 2008) due to the glassy nature of the nanoparitcles as confirmed in the TEM
analysis (Ballato et al., 2009).
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Fig. 43. Fluorescence decay time of Yb-doped nanoparticle silica fiber and Yb:Al fiber.
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Fig. 44. Spectral shapes of absorption (solid line) and fluorescence (dashed line) of Yb-doped
nanoparticle silica fiber (red) and Yb:Al fiber (black).

9. Lasing performances of Yb,0; doped nano-engineering fibers

The Yb-doped nanoparticle fibers were tested under laser configuration (Yoo et al, 2010;
Sahu et al, 2009). A D-shaped fiber (NYb-7) in double clad structure was pulled in 400 pm
inner cladding diameter. The large inner cladding diameter was chosen to enable an
efficient pump launch from the high-power pump diodes. The experimental arrangements
are schematically shown in Fig. 45. The fiber was end-pumped by a 975 nm laser diode.
Pump launch end of the fiber was cleaved perpendicularly to the fiber axis to provide 4%
Fresnel reflection for the laser cavity. At the other end, a high reflective mirror (100%) at
signal band was used to close the laser cavity. Most of the launched pump beam was
absorbed through the 5 m long fiber. The output power linearly increased with the launched
pump power. The output reached 85 W for a launched pump power of 120 W, representing
good slope efficiency of 76% with respect to the launched pump power (Sahu et al., 2009) as
shown in Fig. 46.
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Fig. 45. Experimental arrangement for the laser performance characterization of nano-
engineering fibers.
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Fig. 46. Laser performance of 4 meter length of nano-engineering fiber (NYb-7).

We further investigated the lasing performance of another nano-engineering fiber (NYb-8)
having 125 pm inner cladding diameter along with lasing bands. Fibers with 125 um inner
cladding diameter were placed in a free-running linear 4%-4% laser cavity test bed and the
output spectrum was recorded by an OSA. We found that both lasing wavelength and 3dB
bandwidth are pump power dependent. Fig. 47(a) represents the pump power dependent of
laser spectra in 0.2 nm of OSA resolution. In a 4 m long fiber, the oscillation started at 1057
nm with total 13 dB of pump power absorption. As we increased the pump power, another
band appeared at longer wavelength, ~ 1070 nm. The laser operated at two wavelength
bands at ~ 1050 and 1070 nm with a gap between.
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Fig. 47. (a) Pump power dependent lasing band in Yb-doped nanoparticle silica fiber in 4 m
length (b) Laser performance of 4 m long Yb-doped nanoparticle silica fiber (N'Yb-8).

More intense pump power filled the gap and made up a broad band oscillation from 1040-
1075 nm. The observed pump power dependent of laser operation band is different as
compared to Yb-doped silica fibers in conventional hosts. However, it did not compromise
the laser efficiency. The fiber provided laser efficiency of 79% with respect to the launched
pump power as shown in Fig. 47 (b). Identification of the cause of this behaviour is under
progress.

The lasing characteristic of other nano-partcles silica fiber NYb-9 containing fluorine was
shown in Fig. 48. The lasing efficiency of such nano-particles silica fiber was observed
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around 83.0 % with respect to the absorbed pump power (Paul et al., 2010). The maximum
output power was well above 10 W, and limited by available pump power. The fiber
containing Yb>O3 doped yttria rich alumino silica based nano-particles sized within 5-8 nm
shows good lasing efficiency around 83.0% with respect to the absorbed pump power
compared to the Yb:YAG crystal based ceramic laser (Yusong et al., 2007). The output
spectrum of the laser for both forward and backward signal was shown in Fig. 49. Such
nano-particles silica fiber shows a broad band oscillation from 1040-1075 nm in their output
spectrum.
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Fig. 48. Laser performance of 4 meter long Yb-doped nano-particle silica fiber NYb-9 under
pumping at 975 nm wavelength.
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Fig. 49. Output spectrum of the lasing band of forward and backward signal of Yb doped
nano particle silica fiber NYb-9 under launched pump power of 16 W by 975 nm pump laser
diode.

The lasing characteristics of the fabricated Yb-doped nano-engineering large core fibers
(IMNYDb-3, IMNYb-12D & IMNYDb-12P ) pumping at 976 nm by a multi-mode laser diode in
the cladding-pump configuration through pump combiner was measured as shown in Fig.
50, Fig. 51 and Fig. 52 respectively. The laser cavity was formed by splicing two fiber bragg
gratings (FBG) with reflectivity 99% (HR) and 10% (LR) at 1080 nm placed at each end of the
YD fiber. The pump wavelength was again 976 nm which provided the excitation within the
zero-phonon line of Yb3* ion.
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Fig. 50. Laser performance of 4.5 meter long Yb-doped nano-particle silica fiber IMNYb-3
under pumping at 976 nm wavelength.
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Fig. 51. Laser performance of 3.5 meter long Yb-doped nano-particle silica fiber IMNYb-12D

under pumping at 976 nm wavelength.
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Fig. 52. Laser performance of 3.5 meter long Yb-doped nano-particle silica fiber IMNYb-12P
under pumping at 976 nm wavelength.
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10. Photo-darkening phenomena of nano-engineering fibers

A lot of study was done about PD in silica fibers doped with different RE ions (Broer et al.,
1993; Atkins & Carter, 1994; Koponen et al., 2006). PD deteriorates the performance of fiber
lasers or amplifiers (Honninger et al., 2007; Morasse et al., 2007). Such phenomenon is
initiated by the high Yb inversion (Koponen et al., 2006; Honninger et al., 2007). The
generation of color centers are responsible for the induced excess loss in the UV/VIS/IR
wavelength range and was attributed to a photo-ionization process powered by the energy
of excited Yb ions. PD in Yb doped fibers can also be induced by 488 nm irradiation (Yoo et
al., 2007). Several measurement techniques to investigate the temporal and spectral
characteristics of the loss evolution were developed (Koponen et al., 2006; Honninger et al.,
2007; Morasse et al., 2007; Yoo et al., 2007; Jasapara et al., 2006; Shubin et al., 2006; Koponen et
al.,, 2007). Cladding pumping is advantageous, because a homogeneous Yb inversion can be
achieved, independent of the core diameter and adjustable in a wide range with moderate
pump powers. The pump induced PD in Yb-doped fibers has been recognized as a
bottleneck for power scaling in many applications. It was found that the induced loss is
proportional to the inversion level of the Yb3+ ions. Host material dependence was also
reported and phosphosilicate can suppress the PD in a significant amount compared to the
aluminosilicate counterpart (Shubin et al., 2007; Jetschke et al., 2008).

Here we have investigated the PD phenomena of Yb doped nanoparticles in a silica rich
matrix based optical fibers as an alternative to the Yb in a 'standard', such as aluminium or
phosphorous co-doped, silica host for use in high power fiber lasers. It is expected that the
Y>03 nanoparticles within a silica host will modify the Yb environments, which influences
host material dependent processes such as PD and rare-earth solubility.

As the spectroscopic properties of the nanoparticle fiber described earlier indicate
modification in the surrounding environments of the Yb ions, we expect different
behavior of PD in the fibers. The PD was evaluated by monitoring the transmitted probe
power at 633 nm through the fiber under test. The PD measurement setup is presented in
Fig. 53. We used fiber-coupled single mode 977 nm laser diode as a pump source. The
output end of the pump fiber was spliced to one port of wavelength-division multiplexing
(WDM) coupler and the pump beam was delivered to the test fiber by splicing the output
end of the WDM coupler and the test fiber. A He-Ne laser at 633 nm was used as a probe
beam which coupled to the test fiber through the WDM coupler. The probe beam
propagated the same direction as the pump beam. The output end of the test fiber was
spliced to another WDM coupler to separate the pump and probe beam. The probe beam
was chopped by mechanical chopper and the output power was detected by photodiode
and lock-in amplifier after passing through the monochromator. We used ~ 1 cm of the
test fiber to create uniform universion level of Yb ions and to suppress unwanted
amplified spontaneous emission. The pump input power was maintained to provide
>35% of population inversion of Yb3* throughout the fibers. We carried the PD
measurement with the Yb-doped nanoparticle fiber and the Yb:Al fiber. Both fibers were
in 125 pm diameter. The small signal absorption in both fibers was around 3 dB/m at 976
nm. The temporal characteristics of the transmitted probe power are represented in Fig.
54. The PD induced loss is significantly reduced in the Yb-doped nanoparticle fiber. When
fitted the measured results with stretched exponential form (Shubin et al., 2007), we found
that the saturated induced loss in Yb-doped nanocrystalline fiber reduced by 20 times
compared to the aluminosilicate counterpart.
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Fig. 53. Photodarkening induced loss measurement setup. FUT: Fiber under test, LD: Laser
diode, WLS: White light source.

The PD process is associated with non-binding oxygen mnear surfaces of
ytterbium/aluminium clusters which forms in silica material co-doped with ytterbium and
aluminium. The non-binding oxygen originates from Yb3* in substitute of Si4* sites. When
subjecting the ytterbium to 976 nm pump radiation, excess energy is radiated as phonons
which cause a lone electron of one non-binding oxygen atom to shift to a nearest neighbour
non-binding oxygen atom with creation of a hole and a pair of lone electrons that results in a
coulomb field between the oxygen atoms to form an unstable colour centre. The conversion
of such unstable colour centre to a semi-stable centre requires the shifting of one electron of
the lone electron pair to a nearest neighbour site (Mattsson et al., 2008). In yttria alumino
silicate glass matrix the yttrium (Y3*) is chosen as codoping ion since their ionic radius is
similar (0.0892 nm for Y3+ and 0.0985 nm for Yb3*). Yb3* and Y3+ have also the same valence;
therefore they can easily substitute its-self and can increase the distance between two Yb3*
ions. In the case of codoping with Yb3+ and Y3+, the formation of Yb-O-Y-O-Yb may be take
place just like to the formation of Er-O-Y-O-Er as reported by Trinh Ngoc Ha et. al (Ha et
al., 2004). As a result of it, the formation of Yb related ODC (Yb-YDb) will be prevented.
Hence the phenomenon of PD effect may be reduced.
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Fig. 54. Temporal characteristics of transmitted power at 633 nm for Yb-doped nanoparticle
fiber and Yb:Al fiber.

On the other hand, the UV absorption spectra of Yb,O; doped alumino-silicate glass based
optical preform and Yb,O; doped yttria-alumino silicate glass based optical preform
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samples having almost the same doping levels of Yb,Os ( 0.13 mol%) and AlO3 (0.9 mol%)
was shown in Fig. 55.

025

Abgorbance { Lrb. urat )

am PR T S TR S DA S
200 20 M0 X0 220 500
Waralength (nm)

Fig. 55. Absorption spectra of (a) YbO3 doped alumino silicate preform and (b) Yb.Os
doped yttria alumino silicate perform (NYb-7).

In Yb>O; doped alumino silicate glass the peak related to 220-225 nm is associated with the
formation of YbODC (Yoo et al., 2007). The peak intensity related to YbODC becomes lower
in yttria alumino silicate glass based optical preform compared to alumino-silicate glass
based optical preform. This phenomena signifies that the presence of yttria reduces the
formation of ytterbium related oxygen defect centers. The PD in the Yb-doped
aluminosilicate preform takes place through the breaking of ODCs under two-photon
absorption which gives rise to release of free electrons. The released electrons may be
trapped at Al or Yb sites and form a color center resulting in PD. The choice of Al and Y as
codopants is of due to the same valence of Al3+, Y3+, and Yb3* as well as similar lattice
structure of ALO3, Y203 and Yb;Os. As the field strength of the modifier cation increases,
either through decreasing ionic radius or increased charge, it is expected to begin to perturb
the aluminosilicate network more strongly, because of the energetic stabilization provided
by closer association of negatively charged species, in particular non-bridging oxygen
(NBO). In yttria-alumino silicate glass with increasing Y/Si ratio, the 295i peak shifts to a
higher frequency, indicating a smaller shielding of the Si nucleus because of the substitution
of Al by Y, which may be related to the conversion of bridging oxygen (BO) to non-bridging
oxygen (NBO) (Schaller & Stebbins, 1998). 27Al MAS NMR study (Kohli et al., 1992) also
demonstrate that one major effect of Y3+ is to promote the conversion of AlO4 groups to
higher-coordinate species which provides more oxygen surrounding spaces, thus reducing
the number of ODCs, the hypothesized precursor to PD.

11. Conclusions

A detail review was done about the development of large core nano-engineered Yb,Os
doped fiber having diameter around 20-35 micron drawn from nano-crystalline YAG based
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silica glass preforms made by MCVD and solution doping technique followed by suitable
thermal annealing conditions of the preform. Such nano-partciles are developed during
drawing of optical fiber from the modified preform which annealed at 1450-1500°C for 3
hours under heating and cooling rates of 20°C/min. The diameter of the doped region was
increased from 20 to 35 micron through modification of several fabrication parameters such
as number of deposited porous layers, composition of deposited porous layers and CSA of
the starting deposited tube. The uniform doping levels within the large core fiber preforms
was maintained through optimization of the deposition temperature with respect to
composition and numbers of the deposited porous layers as well as thickness of the silica
tube with varying inner diameter of the tube prior to deposition. The effect of phosphorous
and fluorine doping on nano-structuration of Yb.Os; doped fiber was discussed in details.
The formation of nano-particles occurs through the phase separation phenomena and crystal
growth mechanisms which normally occur in bulk silica-based glass. The size and shape of
the nano-particles were evaluated from the TEM results. The crystalline nature of nano-
particles was observed after annealing at 1450°C. In presence of P the average nano-
crystallites size of 25-50 nm were homogeneously dispersed within the core region. The
crystal size increases as the P,Os doping level increases due to the strong field strength
difference of P>+ and Si** ( >0.3) where P>Os serves as a nucleating agent to accelerate the
growth of formation of large crystallites. A bimodal size distribution with larger particles of
the order of 60 nm and the smaller ones of 3-5 nm in diameter was observed in presence of P
where most likely P and F together play a different kind of nucleation and crystallization
phenomenon for such kind of bimodal distribution. By adding fluorine to the silica based
composition, nano particles of 6-10 nm in diameter are obtained. The composition of phase-
separated crystalline particles was evaluated by comparing their EDX data, taken directly
from the crystal particles and from an area outside of the particles. The EDX spectra taken
from the crystal particles detected Si, Al, O, Yb and Y signals, whereas the areas outside of
the particles detected Si, Al and O and no Yb and Y. The compositional analyses of the
phase-separated nano-particles consists of 13.0 atom % of Al, 0.02 atom% of Yb, 9.0 atom %
of Y and 36.0 atom% of O. The doping level of the formation of Yb:YAG crystals (confirmed
from the XRD spectra) within fiber preform sample is found to be 0.02 atom%. The phase-
separated crystalline nano-particles were developed within the central core glass matrix
under post-heat treatment within 1450-1500°C for a period of 3 hours. Such annealed
preform shows two additional absorption peaks centered at 935 and 960 nm indicating the
formation of Yb:YAG crystals. The main feature of such process involves the direct
synthesis of Yb:YAG nano-crystallites within the core of optical fiber preform through the
conventional MCVD and solution doping technique. However nature of the particles was
changed from crystalline to amorphous at fiber drawing stage when fiber drawn from such
annealed preform after heating at 2000°C within fiber drawing furnace. The TEM spectra
reveal the size of the particles within 6-10 nm. The energy dispersive X-ray (EDX) spectra
signifies that yttrium and ytterbium are dominant in phase-separated particles whilst they
are sparse in the non-phase-separated region.The background loss of such nano-particles
based fibers is maintained within 40-50 dB/Km by keeping the particle sizes within 6-10 nm
range. The fiber containing 6-10 nm sizes of Yb,Os; doped yttria alumino rich silica based
nano-particles shows good lasing efficiency around 80% with respect to the absorbed pump
power compared to the Yb:YAG crystal based ceramic laser. Such nano-engineering fiber
shows a broad band lasing oscillation from 1040-1075 nm.
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More generally, this concept has great potentials as possible solutions to now a days issues
in lasing fibers specifically PD phenomenon under high power application as well as fiber
amplifiers for intrinsic gain flattening and spectral hole burning.

12. Future direction

The future work involves the fabrication of optical fiber based on suitable host of advanced
nano-engineered rare-earth doped modified silica glass of 85-90% SiO, containing heavy
metals and semi-conductors through solution doping process followed by MCVD technique.
The aspect of such kind of future work will reveal the suppression of PD phenomena to
stabilize the lasing output power through modification of the surrounding environments of
RE ions which embedded into different nano-engineering hosts. The future work will also
focus the making of large core area upto 35.0 pm diameter nano-engineering optical fibers
with uniform distribution of phase-separated nano-particles from view point of good lasing
efficiency at high power applications.

Extended X-ray absorption fine structure (EXAFS) analyses will be carried out for
determination of the structural details of the site occupied by the Yb3* ion into such nano-
engineered glass. X-ray Absorption Spectroscopy at the Yb-Li edge (E=8944 eV) and X-ray
Powder Diffraction measurements will be done at the GILDA-CRG beamline at the
European Synchrotron Radiation Facility (ESRF), France.

Although nano-material doping technology has opened a new way in developing novel
special optical fiber, however, as far as we know, there are few work about optical fiber
amplification based on silica fiber doped with nano-semiconductor materials. In future
work, we will demonstrate a novel special silica fiber doped with InP and ZnS
semiconductor nano-particles into the core. Due to the nano size, semiconductor nano-
particles will show remarkable quantum confinement effect and size tunable effect, which
may provide excellent amplification features. Such nanostructuration of doped fiber will be
proposed as a new route to ‘engineer’ the local dopant environment. All these results will
benefit to optical fiber components such as lasers, amplifiers and sensors, which can now be
realized with silica glass.
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1. Introduction

Optical fiber, a technology well-known to have revolutionized the telecommunication
industry, is now becoming the key component behind the success of a number of enabling
technologies such as sensing, biomedicine, defence, security and novel light sources. Along
with standard telecommunication fibers, rare earth (RE) doped specialty optical fibers are
the backbones of the photonics industry. Elements such as erbium (Er), ytterbium (Yb),
yttrium (Y), neodymium (Nd), thulium (Tm) and europium (Eu) are vital optically active
ingredients at the heart of many lasers, optical amplifiers and phosphors. Erbium-doped
fiber amplifier (EDFA) — to overcome losses in long-distance optical communication links,
fiber lasers — a technology having great potential for medical, defence and manufacturing
sectors, Light Emitting Diode (LED) - across the visible, ultraviolet and infrared
wavelengths, potential for vast range of applications like traffic signals, instrumentation,
communication, televisions, display etc. are just a few obvious examples. A range of optical
fiber designs and materials are now being developed to meet the needs of both established
and growing industries.

Several research groups and industries around the world are developing the technology
required to fabricate RE doped fibers with enhanced performance. In contrast to the
standard telecommunication fibers, active fibers demand a greater variety of materials and
structures in order to realize superior characteristics of amplification and lasing at a variety
of operating wavelengths. Thus an optimized fabrication process needs to be established.
Out of the various processes used for manufacturing optical fibers, the Modified Chemical
Vapor Deposition (MCVD) process [Nagel et al. 1982, MacChesney, 2000] has been widely
accepted for making specialty fibers because of better control over refractive index (RI)
profile and superior process flexibility. In this process, the reactant gases (SiCly, O> and
various dopant precursors) passing down a rotating silica tube is heated by an external oxy-
hydrogen burner that slowly traverses in the direction of input gas flow. The proportion of
SiCly and the dopants is precisely controlled by controlling the amount of carrier gas (mostly
oxygen) through the bubblers containing liquid halide precursors having reasonably high
vapor pressure (~102 mm of Hg) over the temperature range of 20-30'C. The reactant gases
undergo high-temperature oxidation to form submicrometer range soot particles which get
deposited downstream of the hot zone according to thermophoretic mechanism [Li, 1985].
The particulate layer is consolidated into thin pore free glassy film as the burner traverses
over the deposited region. The desired RI profile is built up by repeating the above step with
variation of vapor phase composition. Subsequent to completion of deposition, the tube is
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collapsed to a solid rod, known as preform through a few passes of the burner at
temperatures above 2000°C.

The above technique is however not suitable for doping RE inside the preform core due to
low vapor pressure of the RE precursors [Digonnet, 1993] at temperatures of 20-30 C. Thus
RE doped fibers are prepared by modifying standard fabrication processes and adopting
special techniques. The MCVD coupled with RE-doping process viz. solution doping
method [Stones & Burrus, 1973; Townsend et.al 1987], sol-gel process [Matjec et al. 1997;
Chatterjee et al. 2003] and direct nano-particle deposition (DND) [Tammela et al. 2002] are
some of the well known methods that have been exploited successfully. On the contrary,
the vapor phase delivery techniques namely heated frit source delivery [Ainslie et al. 1988],
heated source delivery [Poole, 1985, 1986], heated source injector delivery [MacChesney &
Simpson, 1985], aerosol delivery [Laoulacine et al. 1988; Morse et al. 1989], chelate delivery
method [Thompson et al. 1984; Tumminelli et al. 1990], which require relatively complex set-
up and have not yet been standardized for commercial production.

Since its inception, solution doping process has been well accepted due to its process
simplicity and low implementation cost for fabricating RE-doped preforms among the
various known methods. Although, MCVD coupled with solution doping is now well
established and regularly employed even for commercial fiber production, the process still
suffers from poor control over RE incorporation and reproducibility. The non-uniform
thickness, porosity and pore size distribution in the deposited core layer leads to variation in
RE concentration and inhomogeneity along the length of the preform/fiber. On the other
hand solution strength, Al/RE proportion, dipping period etc influence the RE
incorporation and fiber properties during solution doping stage. Thus judicious adjustment
of the different process parameters based on their interdependence is vital for any further
improvement in the process and the fiber performance. Till date no detailed exercise has
been done to achieve such process optimization. Unless one understands the effect and
interrelation of different process steps involved in the solution-doping technique it is not
feasible to get control over the entire process.

This Chapter describes a systematic investigation on the process steps and associated
parameters related to the above concerns. The experimental methodologies for optimization
of soot deposition conditions and solution doping parameters are reported with important
results. The correlation of soot morphology and solution parameters with ultimate fiber
properties is presented along with optimized fabrication conditions which led to about 80%
process reproducibility.

2. MCVD-solution doping process

MCVD process coupled with solution doping technique involves two major steps, viz.
deposition of porous core layer within a silica tube using MCVD process at appropriate
deposition temperature and impregnation of the porous deposit with a solution containing
salts of RE (or combination of REs) and a codopant, mostly Al. The soaked layer is gently
heated in presence of oxygen for conversion of the RE- and Al-salts into oxides. This is done
to avoid evaporation of the salts during subsequent processing stages at high temperature
and reduction of the RE content in the core in an uncontrolled manner. However, control of
temperature at this stage is critical to ensure complete oxidation without evaporation which
is strongly dependent on the characteristics of the salt used. The porous layer is
subsequently dehydrated in presence of chlorine to eliminate OH adsorbed in the soot
during solution doping. A temperature between 800-1200°C is usually maintained at this
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stage. However the duration needs to be optimized based on the thickness of the porous
layer. The final step is sintering of the layer to obtain the RE doped core. A slow sintering
process comprising several passes of the burner and gradual increase of temperature is
helpful [Bandyopadhyay et al. 2001] to ensure smooth sintering without formation of
imperfections within the sintered layer. The tube containing the RE-doped core is finally
collapsed to produce the preform. A soft collapsing technique like the method adopted
during sintering is useful to avoid loss of RE and Al-oxides from the core, particularly from
the innermost region causing a central dip. The technique also provides preforms with good
geometry. Fibers of desired dimension with resin coating are drawn under optimum
conditions using a fiber drawing tower to achieve the desired optical and mechanical
properties. A schematic of the solution doping method is shown in Fig. 1.

Step-I Porous core layer deposition

SiCl; +GeCly + O, —> | ) l

1200-1300 °C
porous Si0,;+GeO,
Y—

soot

Step-II Solution impregnation process
Rare-earth salt solution —%» 1 )

Step-TI1 Dehydration of soaked layer

Cl;+He+O;, -—>( ! | )

900 °C ?
—_—

Final Step Sintering & Collapsing of tube
Oz I

preform

0
1800-2200 C&%?

Fig. 1. Schematic of MCVD-solution doping process.

The critical step in this process is the deposition of uniform soot layer of suitable
composition and porosity which serves as the precursor for solution impregnation. The
variation in porosity as well as the pore size distribution leads to poor control over RE
incorporation and inhomogeneity along the length of the preform/fiber. As a result,
identical lengths of fiber from different sections of the preform do not provide the same
performance. Unless the soot layer morphology is completely known and can be controlled
by suitably adjusting the deposition conditions, the fiber performance cannot be improved.
On the other hand the composition of the soaking solution, the Al/RE ratio, the nature of
solvent, etc. are the controlling factors during the solution doping step to achieve the
desired properties in the fiber.

Keeping in view the above factors, experiments have been performed on two broad aspects:
a) control of soot deposition following MCVD process and b) optimization of solution
doping parameters subsequent to deposition. This is elaborated in the following two
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sections. Each section consists of experimental methodology, characterization procedures
adopted and significant observations with optimized conditions achieved. The results of the
two parts are ultimately combined to realize the optimized fabrication conditions that
enable to achieve enhanced repeatability with good control over RE incorporation.

3. Optimization of soot deposition parameters

In this section the influence of parameters controlling soot layer morphology is discussed.
Two important parameters namely vapor phase composition and soot deposition
temperature have been identified for an in-depth study to correlate their influence on the
porous deposit microstructure and consequent effect on final preform/fiber characteristics.
The soot layer characteristics have been critically analyzed and results obtained are
correlated with the experimental parameters to achieve optimized deposition conditions.

3.1 Experimental methodologies

3.1.1 Soot composition

The MCVD process was adopted to deposit porous silica layers of various compositions at
selected temperatures inside a 20 mm outer diameter silica tube (F-300 grade from Heraeus)
with tube thickness of 1.25 mm. In order to investigate the effect of vapor phase composition
on deposited soot layer morphology, three different vapor phase compositions, specifically
pure SiO,, SiOx+GeO, (GeCly/SiClL=0.86) and SiO,+P,05 (POCls/SiCl4=0.48) were selected.
A temperature in the range of 1200-1300°C was selected for depositing pure SiO, and
Si0,+GeO; layers. Since at this temperature SiO>+P>Os soot starts sintering, a temperature
close to 1100°C was selected for depositing SiO»-P>Os composition which enabled to obtain
soot layer with appreciable porosity for the selected vapor phase composition. Except a
lower deposition temperature in case of SiO,-P,Os, the other experimental conditions
remained same for all the compositions.

Following the soot deposition, solution impregnation was carried out for fixed time span of
1 hour using an ethanolic solution containing 0.3 M AICl3 + 0.01 M ErCls. The soaked soot
deposit was then oxidized and dehydrated. The dehydration was carried out in presence of
Cl; at a temperature of 900°C. The oxidized layer was sintered in presence of O, and helium
at temperatures in the range of 1400°C to 1700°C. Finally collapsing was performed at a
temperature above 2200°C to obtain the preform. Fibers of 125+0.2 um diameter with dual
resin coating were drawn from the preforms in a conventional tower (Heathway, UK make).

3.1.2 Soot deposition temperature

In order to examine the influence of deposition temperature on the porous deposit
characteristics as well as the ultimate fiber properties in terms of RE incorporation, another
series of experiment was carried out. In this series GeO, doped porous core layer was
deposited at temperatures of 1220, 1255 & 1295°C maintaining the same vapor phase
composition (GeCly/SiCl4=0.86). The deposited soot was then processed following similar
experimental conditions mentioned above (Sec 3.1.1) to obtain the final preform/fiber and to
characterize their properties.

3.2 Characterization procedure
Scanning electron microscope (SEM Model:LEO-5430i) has been extensively used to analyze
deposited soot morphology with variation of composition and deposition temperature. The
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samples of deposit were collected from different sections of the overall length of tube both
before and after solution doping in a careful manner to preserve the soot structure and
avoid generation of defects. The selected specimens were dried under infra-red (IR) lamp for
about 30 minutes to remove adsorbed moisture from the soot surface and coated with silver
(Ag) using EMSCOPE (UK made) DC sputtering instrument prior to SEM investigation.
Both secondary electron (SE) and back scattered electron (BSE) images were captured based
on the required information. An image analysis software (LEICA Q500Mc) was utilized to
calculate size and shape of the pores within the soot deposited from captured SEM images.
In order to correlate the results obtained from the SEM micrograph analysis, surface area
measurement was performed for different soot samples following BET (Brunaur-Emmett-
Teller) method to get an idea about the sizes of pores formed within the soot deposit.
Accordingly, samples of soot deposit were collected from the substrate tube by taking
utmost care to avoid any damage in soot structure. The samples were dried by heating
around 100°C and precise weight was taken before putting inside the instrument
(Quantachrome). Liquid Nitrogen gas was used as an adsorbate. The sample weight was
varied from 0.05 gm to 0.15 gm in different measurement to check the repeatability of the
result obtained.

The composition of collected soot deposit before solution doping had been determined
using chemical analysis technique. This was specially aimed for Ge and P doped soot in
order to compare the composition of deposited soot layer with that of input vapor mixture
and sintered core in the final preform. Usually Inductively Coupled Plasma (ICP) method
was used to determine the soot composition, but for Ge doped soot particles, besides ICP, a
special analytical method [Mukhopadhyay & Kundu, 2006] using mannitol as complexing
agent has been developed. This alternative technique provides very good result for the soot
samples and matches closely with result obtained from ICP method.

The Electron Probe Micro Analysis (EPMA) of the polished preform samples was carried out
using JEOL 8900 Electron Probe Microanalyzer to determine the RE and Al distribution
across the core of the preform sample. For this investigation preform samples of 1.5 mm
thickness polished on both the faces were prepared and measurements were carried out
across the preform core at an interval of 5 pm to acquire the data on elemental distribution.
Longitudinal and radial homogeneity of the fabricated preforms in terms of RI were
evaluated using preform analyzer (PK2600). Similarly employing fiber analyzer (NR20,
EXFO), RI profile and numerical aperture (NA) of the drawn fiber were analyzed. The
attenuation of the fabricated fibers was measured using "cutback technique” employing
spectral attenuation measurement set-up (Bentham, UK-made). The measurement was
carried out in a spectral range of 800 nm to 1600 nm. Fibers drawn from different parts of
the preform were measured and compared for verifying compositional uniformity and
repeatability of measurement.

3.3 Results & discussion

3.3.1 Pore size vs soot composition

The SEM investigation of porous soot deposit reveals interdependence of soot layer
morphology and layer thickness with input vapor phase composition. The addition of Ge or
P-oxide is found to influence the particle growth dynamics and the viscosity of the silicate,
which control the formation of the deposited soot network. With the lowering of viscosity,
the porous structure collapses and unites together more easily, forming larger pores even at
lower temperatures besides reducing deposited layer thickness. The SEM micrographs
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presented in Fig. 2 show the change in porous layer microstructure with change in soot
composition. Pure SiO, deposit is homogeneous with finer network structure while the
Si0,+P205 network is composed of pores with wide variation in shape and size. Such
variation is a consequence of pore collapsing and combining together as P facilitates
sintering at lower temperature. The GeO, doped deposit has an intermediate structure
between SiO; and SiO>+P>0s composition. Image analysis result shown in Fig. 2 represents
the variation in pore size distribution in relation to soot composition. Accordingly the mean
pore size is found to be 0.5 pm for SiO, 1.5 pm for SiO»+GeO- and 5.5 pm for SiO,+P>0s soot
samples. The observations indicate that pure SiO, deposit is most suitable for using as a
precursor during solution doping as the network homogeneity and pore size uniformity are
superior compared to other compositions. However, experiments reveal that pure SiO,
deposit has the disadvantage of disengaging during soaking due to poor adhesion with the
silica tube surface. So the amount of dopant in the soot deposit and the deposition
temperature needs to be judiciously selected to achieve good compositional homogeneity.
The gradual addition of dopants such as GeO; and P»Os led to decrease in the thickness
compared to that of pure SiO; layer due to lowering of viscosity and sintering temperature,
which results in densification of the layer. The thickness is least (mostly below 5 um) for P-
doped soot layer as P facilitates the sintering appreciably and highest for pure SiO; soot
layer. In the case of GeO, doped soot layer, the thickness varied from 3.5 pm to 7.5 pm
corresponding to change in temperature from 1295°C to 1255°C.

A new term ‘pore area fraction” proposed in this regard and defined by the ratio of total
pore area to the area of the deposit under consideration, showed a variation of 50% to 8% for
the different compositions. The analytical data are presented in Table 1.

30 SiO2 + Ge02

SiO2+ P20s

% of pores
N

0 075 15 225 3 375 45 525 6 675 75 825 9
Pore size (micron)

Fig. 2. SEM micrograph of (a) pure SiO,, (b) GeO; doped, (c) P.Os doped soot and (d) pore
size distribution with change in soot composition.
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ooty | saperrtee R e e s acon
1250 Pure SiO, 0.3-0.5 8%
1250 Si0,+GeO, 1.5-2.0 27%
1100 Si0+P,05 5.0-5.5 50%

Table 1. Variation of pore sizes with change in composition.

3.3.2 Pore size vs. soot deposition temperature

The SEM micrograph of GeO, doped soot layers deposited at temperatures of 1220° and
1295°C is presented in figs. 3 (a) & (b). Comparison of the said micrographs clearly reveals
strong influence of deposition temperature over the network formation of the soot particles
and the pore size distribution. The pore size distribution evaluated from image analysis of
the micrographs provides a quantitative comparison as shown in Fig. 3 (c). The curves in the
Fig.3 (c) represent pore size analysis of the soot deposit at temperatures of 1255°and 1295°C
respectively. It is observed that the pore size has a wider distribution at higher temperature
although mean pore size remains in the range of 1.5 um. Thus at higher temperature the
pores seem to collapse and fuse together resulting in greater pore size variation and
decrease in porosity due to partial consolidation. If the number of pores in the range of 1-2
pm is taken as an indicator of uniformity, it is observed that the uniformity of pore size
distribution reduces from 70% to 59% corresponding to the above temperature increment of
75°C. The pore area fraction showed a variation of 32% to 24% for the said increase in
temperature from 1255° to 1295°C.
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Flg 3. SEM micrograph (a) SiO>-GeO; soot dep051ted at 1220°C, (b) SiO,-GeO, soot
deposited at 1295°C and (c) Pore size distribution against deposmon temperature for SiO,-
GeO, doped soot at 1255°C and at 1295°C.

3.3.3 Effect of composition and deposition temperature on surface area

The analysis of surface area of the soot particles is found to be in good agreement with
interpretation drawn from SEM analysis as already discussed. The surface area of pure SiO»
soot is about 195 m2/g at 1200°C and decreases significantly with addition of dopant like Ge
or P. About 2 to 3 folds enhancement in surface area is observed irrespective of soot
composition for a 55°C reduction in deposition temperature as evidenced by result given in
Table 2. This reduction is a result of partial consolidation of the soot layer at higher
temperatures. On the other hand, the reduction in soot layer viscosity with addition of
dopant like Ge or P is the reason behind lower surface area of doped silicate soot layer
compared to pure silica.
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Soot composition Deposition Surface area,
P temperature (°C) m2/g
Sio 1200 195.01
e 1255 66.79
SiO,+P,0s5
(POCl/SiCl,=0.48) 1100 8.8

Table 2. Surface area of soot samples of different compositions.

3.3.4 Composition of soot and its influence

Chemical analysis of soot deposit when compared to input vapor composition and final core
composition provides important information related to process mechanism involved during
processing of soot deposit subsequent to solution soaking. GeO. proportion in the soot
corresponds to about 73% and 81% completion of oxidation reaction of GeCly at core
deposition temperatures of 1250°C and 1295°C respectively. The values are found to be in
close proximity to the theoretically calculated conversion of 82% and 87% at the said
temperatures. The theoretical analysis has been done by considering the reaction as first
order with respect to the chloride reactant and evaluating the rate constant values at specific
temperatures [Pal et al. 2005]. The similarity of GeO. proportion in the input vapor mixture
with that in the unsintered soot layer is significant as it is directly related to the viscosity of
the deposit and the extent of sintering at the deposition temperature. The NA of the ultimate
fiber corresponding to this composition is near to 0.20 which corresponds to 10.5 mol%
GeO; in the core. Thus the GeO, content in soaked soot substantially decreases in the
ultimate core layer indicating that the major amount of GeO; is lost during sintering and
collapsing stages. The result reveals that the network formation and pore collapsing take
place in soot with much higher GeO, concentration than that present in the final fiber.
Similar result was obtained while analyzing the soot containing P.Os where the problem of
evaporation is more pronounced.

Fig. 4. SEM micrograph of SiO»-GeO- soot deposited at 1295°C after solution doping.
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3.3.5 RE incorporation dependence on soot composition and deposition temperature
The BSE micrograph of the SiO>+GeOs layer subsequent to soaking with a solution of 0.3 M
AlCl; + 0.01 M ErCls in ethanol for one hour is presented in Fig. 4. The solution
impregnation through the pores is prominent with white region in the image showing the
presence of higher molecular weight substances like Er (white) and Al (grey). The point that
is evident is that the uniformity of dopant impregnation through solution is dependent on
the morphology of the soot layer deposit. Larger pores draw greater amount of solution
leading to increase in both RE and Al concentration and consequently act as precursor for
development of RE and Al clusters. It is known that RE clustering leads to pair induced
quenching and degradation in final fiber performance. Similarly the Al clusters are also
probable sources for Al rich phase separation and defect generation in the core. Thus a
uniform pore size distribution is a prerequisite to obtain uniform RE distribution in the
ultimate preform/fiber.

The analysis of SEM images and surface area results indicates that pure silica soot network
consists of smaller pores with higher surface to volume ratio compared to doped silica soot
deposit. Accordingly based on the soot porosity and pore size uniformity factor, pure silica
stands as the preferred soot composition to obtain RE-doped preforms with uniform
distribution along the length compared to Ge or P doped core layer. However, weak
adhesion of pure SiO; deposit with the silica tube surface is associated with the risk of
peeling off during soaking (particularly for solution of higher concentration) besides poor
RE solubility. All these restrict the use of pure silica as the core layer composition.
Considering essential requirement of RE doped fibers and analyzing the above results,
GeO,-doped silica soot is found to be the most suitable for formation of core layer and a
deposition temperature of 1260°C is found to be optimum to obtain acceptable pore size
uniformity for the selected vapor phase composition.

A correlation has been worked out with regard to final Er incorporation in three different
soot layers deposited with variation in temperature and composition. The absorption at 980
nm due to Er content differs by about 0.90 dB/m for two GeO; doped fibers where the
deposition temperatures had a difference of 40°C [Dhar et al. 2006]. This corresponds to an
Er concentration difference of 200 ppm. The fiber F1 prepared using lower soot deposition
temperature (1255°C) has higher absorption compared to fiber F2 prepared from soot
deposited at 1295°C as shown in Fig.5. Thus a concentration difference of 100 ppm is
observed for a temperature variation of 20°C for the selected composition. Partial sintering
with collapsing of the pores at higher temperature leads to reduced surface to volume ratio
and consequently less solution retention resulting in lesser incorporation of rare earth ion.
The observation is important to optimize the solution doping parameters and control RE
concentration in the fiber. However, P,Os doped soot demonstrates reverse trend and the
fabricated fibers contain higher Er concentration instead of soot layer densification due to
viscosity lowering and reduced intake of solution. This reverse trend can be explained on
the basis of the soot chemistry of Si-P [Digiovanni et al. 1989] in comparison to that of Si-Ge.
Substitution of Si by P helps to avoid charge imbalance, which results in additional Al
absorption and consequent increases in Er level in the layer. Additionally investigation of
the soot network structure indicates that P doped layer contains larger pores compared to
the Ge doped deposit and has the capacity of retaining more amount of solution. This is
because in case of P addition, the pores have a tendency to combine together with the
disappearance of intermediate wall during partial consolidation instead of mere size
reduction.
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An interesting empirical relation has been established analyzing the results on soot
morphology in terms of pore area fraction and Er ion incorporation level. The absorption of
3.12, 2.27 and 4.99 dB/m (Table 3) is observed against pore area fraction of 32%, 24% and
50% in the porous layer microstructures of fibers F1, F2 and F3 respectively. This
corresponds to a relation of B=c.Q, where B represents Er ion absorption at 980 nm in dB/m,
Q the percent pore area fraction and c is a constant. The value of c is found to be 0.1 for the
solution used in the present case. The relation is found to be valid for several fibers
fabricated for this purpose. The point that is obvious from all the above results is that an
analysis of the porous layer microstructure provides an indication about the rare earth
concentration, distribution and the homogeneity in the final preform/fiber.
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Fig. 5. Spectral attenuation curves of F1 and F2 showing Er3*concentration variation.

Er ion Fiber
. Deposition | absorption | Characterization
Fiber Input vapor
mixture temperature | peak at 980 Core-
(°O) nm, NA | diameter
dB/m in um
pp | CGeCly/SiCli=086 1255 3.120 0.22 7.6
pp | GeCly/SiCli=086 1295 2.265 0.20 7.5
p3 | POCl/SiCL=048 1100 4.990 0.13 6.5

Table 3. Fiber properties and parameters.

4. Solution doping parameters

During the solution doping phase, there are a number of parameters which play a
significant role. In this section we have identified the parameters which are important for
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controlling solution impregnation and consequently RE/Al incorporation into the core
which determine the final fiber performance. Emphasis is given on optimization of solution
doping parameters and correlation with soot characteristics to achieve enhanced process
repeatability.

4.1 Solution doping parameters

The SEM images of soot deposit clearly show that the porous layer comprises of open or
closed pores interconnected to form 3-dimensional structures. Although the nature of
network and extent of open and closed pores depend on soot-composition and chosen
deposition temperature, the soot structure can be seen as series of capillaries interconnected
to each other with irregular arrangement. Thus during solution doping the flow through
this porous layer is equivalent to flow of soaking solution through capillaries. It is well
known that the flow of solution through porous medium is inversely proportional to
solution viscosity as demonstrated by the following equation:

’
% 1l ycosd (1)
where V = velocity of solution flowing through porous medium
r = radius of capillary tube (can be taken as pore size), [=Ilength of porous frit,
y = viscosity of solution, y=surface tension of liquid, 6= contact angle
Thus the solution viscosity and surface tension are critical factors to achieve desired dopant
incorporation into the preform core. Both the parameters are dependent on the selected
solution composition. According to equation (1), higher viscosity of the solution leads to
reduction in flow through the pores. Therefore, the dipping period assumes significant
importance according to solution properties for desired RE doping in the core. The other
important parameters are RE-salt concentration and proportion of Al/RE in the solution. It
is well known that Al codoping helps in solvation of RE ions in silica network [Arai et al.
1986] and reduces the loss of RE from the core during collapsing stages [Ainslie et al. 1988].
Although it is established that increased dopant concentration in the solution leads to higher
dopant intake into the core, the proportion of Al/RE needs to be optimized to avoid
unwanted clustering effect which degrades final fiber performance. The core-clad interface
also shows defect generation when the preform core is rich in Al,O; which increases
scattering loss of the fiber. Accordingly a systematic investigation was carried out to achieve
optimized soaking solution composition and process conditions during solution
impregnation stage. Experimental methodologies used, characterization techniques
employed and results obtained are discussed in the following sub-sections.

4.2 Experimental methodologies

4.2.1 Solution properties

The viscosities of solutions with varying dopant concentrations prepared using different
solvents viz. water, methanol, ethanol and n-propanol were measured for comparison and
establishing a database which can be utilized for selection of appropriate solvent and
concentration during preparation of the soaking solution. Al ion concentration was varied
from 0.15 M to 0.98 M keeping RE ion concentration fixed at 0.01 M. Either AICl3 or
Al(NOs3)s was used as a source of Al-salt while ErCl; was the RE ion source in these
experiments. The density and viscosities of different soaking solutions was measured using
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pycnometer and Ostwald Viscometer at 25°C while surface tension value was taken using
“du Nouy Tensiometer” at 25°C.

4.2.2 Selection of solvent

The solvent used for preparation of soaking solution, should be polar in nature with
appreciable dielectric constant in order to dissolve Al and RE salt easily, it must be low
boiling liquid so that evaporates easily on passing inert gas like N> at room temperature
after solution doping and should not chemically react with deposited soot layer. These
requirements restrict the choice of solvent to water and alcohol. In order to assess the effect
of solvent on final fiber performance, we fabricated a series of preforms where two parts
were soaked with soaking solution of same strength but dissolved using either water or
ethanol.

For this investigation a 60 cm long wave guide tube (Suprasil F-300) of dimension 20/17.5
mm was selected and porous core layer of optimized GeO>-doped silica soot (already
discussed under section 3) was deposited at a temperature region of 1255°C subsequent to
deposition of F-doped cladding layers. The deposited tube was then cut into two equal parts
and separately dipped for one hour into two different soaking solutions containing 0.3 M
AICI3+0.01 M ErCl; prepared using water and ethanol as solvent. Subsequent to solution
doping, two parts were remounted on the glass working lathe, joined and processed further
to obtain the final preform. Thus the preform fabricated consists of two parts soaked with
ethanolic and aqueous solutions. Fibers were drawn from two ends of the preform and Er-
incorporation was compared to investigate the influence of solvent effect.

4.2.3 Influence of dipping period

In order to investigate the effect of dipping period, we carried out the experiment using
optimized GeO,-doped vapor phase composition using a 60 cm long waveguide tube of
dimension 20/17.5 mm where different parts of the soot deposit were soaked for different
time span ranging from 15 to 60 minutes. The solution containing 0.3 M AlICl3+0.01 M ErCl3
made using ethanol was used for this experiment. The tube with the deposit was marked
into different parts of equal length and during solution doping; the solution was partly
drained out (at a fixed draining rate of 2.5 cm/min) after fixed time intervals from the
deposited tube so that different portions of the deposit were soaked for different time
periods. The input end from where the deposition took place was soaked for minimum time
period while the other end of the tube was soaked for maximum time period. The
experiments were performed using two different deposition temperature regimes namely at
1250+5°C and at 1300+5°C. Subsequent to solution soaking the soaked tube was processed
further to obtain the final preform. Fibers were drawn from all the different parts and the
incorporated Er-ion in different parts soaked for different time spans was evaluated to
investigate the effect of dipping period on the final fiber composition.

4.2.4 Influence of AI/RE proportion

It has already been discussed under section 4.1 that codoping with AlO3 helps to enhance
the RE ion solubility in silica and restricts the evaporation of RE;O; resulting in a uniform
radial distribution of RE and Al in the preform core. Further Al doping improves the flat-
gain characteristics of an Er doped fiber (EDF). However, Al-doping beyond a certain limit
gives rise to phase-separation and generation of defect centres at the core-clad boundary
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(star-like pattern) leading to enhancement of scattering loss. So it is essential to find out
suitable Al/RE proportion to fabricate preform/fibers of improved performance.
Accordingly a series of preform runs were carried out by maintaining optimized vapor
phase composition (to deposit GeO»-doped silica soot) and other processing parameters by
changing the solution composition from run to run. The porous core layer deposition
temperature was fixed at 1250£5°C and 1300£5°C in two different series. In these
experiments, preform runs were carried out by changing the solution composition where for
a fixed Er concentration of 0.01 M, the Al/Er proportion was varied from 0 to 100 with
several intermediate values. Preform runs with the soaking solution comprising only 0.01 M
ErCl; in ethanol corresponding to Al/Er ratio of 0 was carried out to investigate the
incorporation of Er ion in absence of Al ion. Subsequent processing of the soaked porous
deposit produced preforms/fibers with variation in Al/Er ratio.

4.2.5 Core-clad interface problem

Formation of defects (‘star-like” pattern) along core-clad interface is a universal phenomenon
that occurs in Al,O3 rich preform/fiber core. The effect becomes more adverse in presence of
GeO; in the core region. The presence of such defects results in unwanted scattering loss in
the ultimate fiber. Although many investigations have been carried out by different groups
to explain the origin of this defect and possible route to overcome the problem [An et al.
2004], no one has been able to suggest a reliable method to eliminate it. It is believed that
viscosity mismatch between core-clad material is important factor responsible for this
phenomena.

A novel approach that has been adopted in the present investigation in getting rid of this
problem is employing a soaking solution containing dispersed fumed silica instead of
conventional soaking solution. The amount of dispersed fumed silica (Alfa Aesar, surface
area 175-200 m2/gm) was varied in different preform runs from 0.1 to 0.6 gm based on Al-
ion content of 0.3 to 1.75 M in the soaking solution. Both aqueous and alcoholic solutions
were used to verify the effectiveness of the proposed process.

4.3 Characterization procedure

The characterization process used here is alike that discussed under section 3.2. The RI
profiles of the fabricated preforms and ultimate fibers were evaluated using preform
analyzer (PK2600) and fiber analyzer (NR-20). The concentration of Er was determined from
the absorption peak at 980 nm in the spectral attenuation curve. The distribution of different
dopants inside the preform/fiber core was evaluated using Electron Microprobe analysis. In
addition, the core-clad interface boundary was observed under high resolution optical
microscope to examine the defects formed, if any, due to addition of Al.

4.4 Results & discussion

4.4.1 Viscosity of solution and its influence

The measured value of viscosity reveals that solution viscosity increases with enhancement
of solution strength as presented in Fig. 6. About 10 fold increase in viscosity value (1.98 to
19.5 cP) was observed for a variation in the concentration of AICI3 from 0.15 to 1.0 M in an
ethanolic solution. Since the final RE concentration is proportional to the amount of solution
retained by the porous structure, solution viscosity influences RE incorporation level in the
final fiber. The solution retention capacity of the porous medium is dependent on viscosity
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of the soaking solution [Kim et al. 2003] and equation (1) predicts that highly viscous
solution requires longer infiltration time through porous medium. The solution retention is
higher for high viscous solution. Thus based on the deposited soot layer morphology and its
adhesion strength with glass surface, solution viscosity needs to be adjusted. For GeO»
doped (GeCly/SiCl4=0.86) silica soot layer deposited at a temperature in the region of 1200-
1230°C porous structure shows good uniformity but its adhesion to silica glass surface is
weak showing tendency of disengagement or crack development during solution doping
stage if a solution of viscosity greater than 3.0 cP is used. In comparison, a soot layer of
above composition deposited at a temperature region of 1260-1280°C shows good adhesion
with no sign of imperfection for solutions up to a viscosity value of 7.0 cP. For solutions of
higher viscosity it is essential to deposit the soot at temperatures above 1290°C. But the
porosity decreases appreciably leading to poor rare earth incorporation. This is also
accompanied by formation of larger pores having enhanced probability of local composition
variation. Considering the above factors, a temperature of 1260°C is found to be optimum
for deposition of SiO»-GeO, (10.5 mol% GeO») core layer. The deposit can be used for
solution impregnation without problem up to a solution strength of 0.60 M AICl; in ethanol
and leads to a NA of 0.20 or greater.
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Fig. 6. Variation of Viscosity with changes in AlCl3 concentration in ethanol.
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4.4.2 Selected solvent vs. RE incorporation level

The nature of solvent is found to play a significant role on solution characteristics especially
on viscosity as evident from Fig. 7 which shows the viscosity of a 0.3 M AICl; solution
increases from 1.3 cP to 6.7 cP by changing the solvent from water to propanol. It has been
observed that for fibers obtained using a solution of 0.3 M AlCl3+0.01 M ErCl; soaked for 60
minute, Er concentration difference equal to 120 ppm occurs between an ethanolic solution
and an aqueous solution as evident from the spectral attenuation curve presented in Fig.8.
EPMA result [Fig.9] indicated that additional Al ion was adsorbed by alcohol soaked
preform part compared to aqueous counterpart (preform part soaked with aqueous
solution). This can be explained on the basis of surface tension differences of alcoholic and
aqueous solution. The surface tension of fixed strength of aqueous solution selected for the
study is found to be 2 to 3 times higher than that of the ethanolic solution. It has been
reported [Khopin et al. 2005] that higher infiltration time is required for aqueous solution
compared to alcoholic solution as a consequence of higher surface tension of aqueous
solution.

Since Al and RE salts formed different complexes when added in solvents such as water or
ethanol, size of the complex formed also governs the rate of dopant ion adsorption during
solution impregnation. Due to the smaller size of the Al complex [Al (OC;Hs5)x.Cls.] in
alcohol compared to complex formed in aqueous solution [Al(OH)(H20)s]2*, porous deposit
will soak more dopant ions during soaking in alcoholic solution compared to the aqueous
solution.

Thus lower surface tension as well as smaller complex size of dopant ions are responsible
for faster soaking in case of ethanolic solution compared to same strength of aqueous
solution when soaked for fixed time span. The investigation reveals that solvent plays an
important role in controlling incorporation of RE ion in fiber. Using water as solvent, longer
soaking period is required to achieve saturation of pores and the pore size influence
becomes greater compared to ethanolic solution of same concentration.

Water Ethanol

Wavelength (nm)

Fig. 8. Attenuation curve of fibers fabricated by using aqueous and ethanolic solutions of
0.3 M AICI3+0.01 M ErCls.
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Fig. 9. EPMA result showing Al distribution across the preform core using aqueous and
ethanolic solutions of 0.3 M AlCl3+0.01 M ErCls.

4.4.3 RE incorporation level against dipping period

Conventionally dipping period of 1 hour is used in the solution doping process to achieve
the saturation level during soaking stage but our investigation points out an interesting
trend. From the above set of experiments, it is realized that the optimum dipping period is
dependent on soot layer thickness, composition, porosity and also on solution characteristics
like nature of solvent and Al/RE concentration. Accordingly, the dipping period can be
suitably adjusted for getting a specific rare earth ion concentration in the sintered core layer.
It is observed that during soaking, initially the rare earth incorporation rate is high, which
decreases with time before getting saturated, depending upon soot morphology and
solution nature. The variation in final rare earth ion concentration with dipping period
when plotted produces Fig. 10 where effect of deposition temperature is clearly revealed. At
1250°C, the Er incorporation is nearly 300 ppm for a dipping period of 15 minutes which
increases about 2 fold (~ 640 ppm) after a time period of 45 minutes. The maximum
concentration after 60 minutes of dipping is about 690 ppm. The RE incorporation at various
dipping periods is much lower at deposition temperature of 1300°C because of lower
porosity of the porous deposit. Thus the investigation helps to obtain an optimized dipping
period of 45 minute for a porous germanosilicate core layer having about 7.5 um thickness,
deposited at 1250-1260°C. This would correspond to an Er ion concentration of about 650
ppm when 0.3 M AICl; + 0.01 M ErCl; solution in ethanol is used for soaking purpose. This
observation essentially indicates presence of equilibrium between bulk solution and
adsorbed dopant ion.
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Fig. 10. Variation of Er ion concentration in the core with change in dipping period at
deposition temperatures of 1250°C and 1300°C.

4.4.4 Influence of Al/RE proportion

Another important parameter under present investigation is the judicious selection of
Al/RE proportion. It was observed that adjustment in Al proportion in the solution not only
alters the Al incorporation but also RE3* concentration in the fiber. Thus for deposited layers
of fixed composition and porosity, it is possible to vary the final RE3* concentration in the
glass by maintaining the same RE ion concentration in the soaking solution with only
adjustment in the Al ion proportion. This step is also responsible for controlling A3+
concentration in the core. The observation is completely new and important. Usually, in
order to change the RE concentration in the core, either the porosity is varied by changing
soot composition or by altering the deposition temperature, otherwise the RE concentration
in the soaking solution is adjusted proportionately. Fig. 11 represents the variation of Er
concentration in final fiber using a fixed concentration of 0.01 M ErCl; but different AICl3
concentrations in the soaking solution for soot layer deposited at temperatures of 1250°C
and 1300°C. The result indicates that the increase in AICl; concentration in the solution from
0.1 M to 0.6 M leads to about 60% increase in Er ion incorporation. The RE incorporation for
a fixed Al concentration can also be increased further by increasing the amount of RE salt in
the soaking solution. The method provides much better control over RE incorporation and
its uniformity along the preform/fiber length compared to the known techniques. As a
result, the reproducibility is also improved compared to the conventional methods. The
chemistry behind this can be explained as follows. During soaking, the RE absorption
efficiency is increased with increase of Al concentration because of a ’‘cooperative
phenomenon’. The increase in Al ion concentration along with the RE ions in the porous
deposit facilitates formation of SiO,-AlLO3-RE;O3 network during sintering. The RE ions
thus become embedded in silica network, and their evaporation/ diffusion during sintering
and collapsing at high temperature decreases. The overall effect is an effective increase in RE
ion concentration. The effect is linear up to an Al ion concentration of 0.65 M in the soaking
solution and then follows a decreasing trend.

The cooperative phenomenon described above has also been explained by a theoretical
model [Dhar et al. 2008]. The model is based on the assumption that apart from direct
adsorption from the solution phase, whose rate will be proportional to the concentration in
the solution and also to the fraction of uncovered surface, there is also a parallel cooperative
adsorption, in which an adsorbed Al particle helps additional adsorption of dopant ions.
Rate of this cooperative adsorption will be proportional to the following factors, namely



90 Selected Topics on Optical Fiber Technology

concentration of Al ions in solution, fraction of uncovered surface and also to the fraction of
surface covered with Al species. Desorption rate will be proportional to the fraction of
surface covered by Al species. However, when Al concentration in soaking solution exceeds
a certain limit, the number of vacant surface sites decreases significantly resulting in
decrease of Er incorporation. This observation was also experimentally verified.
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Fig. 11. Variation of Er ion concentration in the fiber with change in AlCl; concentration for a
fixed ErCls concentration in solution a (1300°C) & (1250°C).

4.4.5 Removal of core-clad interface defects

Use of dispersed fumed silica is found to be an excellent route to overcome the problem of
defect generation (star-like pattern development) along the core-clad interface. The basis of
the idea was to avoid segregation of Al-rich phase during sintering of soaked soot layer by
providing free silica which helps to create alumino-silicate glass phase. Employing this
technique about 4.6 wt% of AlO3 containing preform in presence of GeO; (10.5 mol%) has
been successfully fabricated without any core-clad interface disturbance. This preform was
prepared using a solution containing about 1.75 M concentration of Al3* ion where only 0.3
gm fumed silica was dispersed using ordinary ultra-sonication process [Dhar et al. 2010].
Figure 12 presents high resolution optical microscopic view of core-clad boundaries
obtained employing (a) normal solution containing RE and Al salts without addition of
fumed silica and (b) fumed silica dispersed soaking solution. It clearly shows how the
addition of fumed silica has been effective in eliminating the defects formed due to the
presence of high concentration of AOjs in the core.

Fig. 12. Optical microscopic view of core-clad interface in preforms using (a) normal RE and
Al containing solution and (b) fumed silica dispersed solution.
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5. Correlation of different parameters

The overall investigation reveals the interdependence of soot layer characteristics with the
solution properties and the dipping parameters. The soot composition and deposition
temperature are found to significantly influence the porous layer microstructure which
ultimately controls the amount of RE incorporation. Analysis of soot morphology and
incorporated Er amount in final preform/fiber reveals existence of an empirical relation
presented by a simple equation B=c.Q. Here “B” is Er ion absorption at 980 nm in dB/m, “c”
a constant having value of 0.1 for the solution used in this experiment and “Q” pore area
fraction (ratio of total pore area to the area of the deposit under SEM investigation). This
analogy can be extended for other REs to predict the RE ion incorporation based on known
soot parameters irrespective of soot composition. The viscosities of the solution are found to
vary appreciably with change in solution strength and nature of solvent. About 10 fold
increase in the viscosity is observed for a variation in the AICl; concentration from 0.15 to
1.0 M in ethanolic solution. Thus the selection of solution of appropriate viscosity becomes
an important criteria depending upon the porous soot layer morphology and its adhesion to
the glass surface in order to avoid defects in the core. For GeO, doped (GeCly/SiCl4=0.86)
silica soot layer deposited at temperature in the region of 1260-1280°C, the porous structure
shows good adhesion with little sign of imperfection for solution up to a viscosity of 7.0 cP.
An important effect first time observed is the interdependence of Al ion concentration with
the RE incorporation into the core because of a cooperative phenomenon. Thus for
deposited layers of fixed composition and porosity, it is possible to vary the final RE3*
concentration in the glass by maintaining the same RE ion concentration in the soaking
solution, with only adjustment in the Al ion proportion. It is also possible to adjust the
average RE concentration to the desired levels by appropriate selection of dipping period. A
soaking period of 45 minute is observed to be optimum for a porous core layer of 7.5 pm
thickness, as the incorporation rate slows down appreciably after this period. Thus for
fabricating a germanosilicate core fiber with numerical aperture of 0.20 or above, a process
condition, where the porous core is deposited maintaining 1250-1260°C temperature, the
soaking solution contains 0.3 M AIClz+ 0.01 M ErCls made in ethanol and dipping time is
selected as 45 minute, is observed to be optimum and the fiber core is found to contain
around 650 ppm of Er3* ion with appreciably good doping uniformity along the length.
Several preforms and fibers with good reproducibility have been fabricated by the above
process.

6. Conclusion

The influence of parameters associated with different phases of the solution doping process
viz. soot deposition by MCVD technique and RE impregnation via solution doping method
has been revealed through a systematic investigation. This has led to optimization of
fabrication conditions to achieve better control over RE incorporation and enhanced
repeatability. Experimental results indicate strong interdependence of soot morphology and
solution doping parameters with ultimate preform/fiber properties. For the first time, the
influence of the parameters has been exposed in a quantitative manner. The cooperative
phenomenon not observed earlier between Al and RE offers a new approach of controlling
RE concentration in the core. The method provides better control over RE incorporation and
its uniformity along the preform/fiber length compared to the known technique. A process



92 Selected Topics on Optical Fiber Technology

reproducibility of about 80% has been achieved by maintaining the optimized fabrication
conditions.

7. References

Ainslie, B. ., Armitage, R., Craig, S. P. & Wakefield, B. (1988), Fabrication and optimization
of the erbium distribution in silica based doped fibres, Proceedings of ECOC, p. 62,
Brighton, UK, September 1988

An, H,, Tang, Y., McNamara, P. & Fleming, S. (2004), Viewing structural inhomogeneities at
the core-cladding interface of re-heated MCVD optical fibre preforms with optical
microscopy, Optics Express, Vol. 12, No. 25, (December 2004), pp. 6153-6158, ISSN
1094-4087

Arai, K., Namikawa, H., Kumata, K. & Honda, T. (1986), Aluminum or phosphorous co-
doping effects on the fluorescence and structural properties of neodymium-doped
silica glass, Journal of Applied Physics, Vol. 59, (January 1986), pp. 3430-3436, ISSN
0021-8979

Becker, P. C.,, Olsson, N. A, & Simpson, ]J. R. (1999), Erbium doped fiber amplifiers-
Fundamentals and technology (1st Edition), Academic Press, ISBN 978-0-12-084590-3,
San Diego, CA USA

Bandyopadhyay, T., Sen, R., Bhadra, S.K., Dasgupta, K. & Paul M. (2001), Process for
making rare earth doped optical fibre, US Patent 6,751,990, 6.22.2004, Available
from
http:/ /www freepatentsonline.com/6751990.html

Chatterjee, M., Sen, R., Pal, M., Naskar, M., Paul, M., Bhadra, S., Dasgupta, K., Ganguli, D.,
Bandyopadhyay, T., Gedanken, A. & Reisfeld, R. (2003), Rare-earth doped optical
fibre from oxide nano-particles, Acta Optica Sinica, Vol. 23, (October 2003), pp. 35-
56, ISSN 0253-2239

Dhar, A., Paul, M. C,, Pal, M., Mondal, A. Kr., Sen, S., Maiti, H. S. & Sen, R. (2006),
Characterization of porous core layer for controlling rare earth incorporation in
optical fiber, Optics Express, Vol. 14, No. 20, (October 2006), pp. 9006-9015, ISSN
1094-4087

Dhar, A., Paul, M. C,, Pal, M., Bhadra, S. K., Maiti, H. S. & Sen, R. (2007), An improved
method of controlling rare earth incorporation in optical fiber, Optics
Communication, Vol. 277, (September 2007), pp. 329-334, ISSN 0030-4018

Dhar, A., Pal, A., Paul, M. Ch, Ray, P., Maiti, H. S. & Sen, R. (2008), The mechanism of rare
earth incorporation in solution doping process, Optics Express, Vol. 16, No. 17,
(August 2008), pp. 12835-12846, ISSN 1094-4087

Dhar, A., Das, S., Maiti, H.S. & Sen, R. (2010), Fabrication of high aluminium containing
rare-earth doped fiber without core-clad interface defects, Optics Communication,
Vol. 283. pp. 2344-2349, ISSN 0030-4018

Digonnet, M. J. F. (1993), Rare Earth Doped Fiber Lasers and Amplifiers (2nd Edition), Marcel
Dekker Inc., ISBN 0824704584, New York, USA

Digiovanni, D. J., Macchesney, J. B. & Kometani, T. Y. (1989), Structure and properties of
silica containing aluminum and phosphorus near the AIPO; join, Journal of Non-
Crystalline Solids, Vol. 113, (November 1989), pp. 58-64, ISSN 0022-3093

Khopin, V. F,, Umnikov, A. A., Gur'yanov, A. N., Bubnov, M. M., Senatorov, A. K. &
Dianov, E. M. (2005), Doping of optical fiber preforms via porous silica layer



An Improved Method of Fabricating Rare Earth Doped Optical Fiber 93

infiltration with salt solution, Inorganic Materials, (Engl. Transl), Vol. 41, No. 3,
(March 2005), pp. 303-307, ISSN 1608-3172

Kim, Y. H., Paek, U. C. & Han, W. T. (2001), Effect of soaking temperature on concentrations
of rare-earth ions in optical fibre core in solution doping process, Proceedings of
Rare-earth-doped materials and DevicesV, SPIE, Vol. 4282, ISBN 9780819439604, San
Jose, CA, USA, January 2001

Laoulacine, R., Morse, T. F., Charilaou, P. & Cipolla, J. W. (1988), Aerosol delivery of non-
volatile dopants in the MCVD System, Extended Abstracts of the AIChE Annual
Meeting, Washington, DC, USA, December, 1988

MacChesney, J. B. & Simpson, J. R. (1985), Optical waveguides with novel compositions,
Proceedings of Optical Fibre Communication Conference, Paper WHS5, p. 100, Technical
Digest, San Diego, CA, USA, February, 1985

MacChesney, J. B. (2000), MCVD: Its origin and subsequent developments, IEEE Journal of
Quantum Electronics, Vol. 6, (December 2000), pp. 1305-1306, ISSN 0018-9197

Matejec, V., Hayer, M., Pospisilova, M. & Kasik, L. (1997), Preparation of optical cores of
silica optical fiber by the sol-gel method, Journal of Sol-Gel Science Technology, Vol.8,
(February 1997), pp. 889-893, ISSN 1573-4846

Mears R. ], Reekie, L., Jauncey, I. M., & Payne, D. N. (1987), Low-noise Erbium-doped fiber
amplifier at 1.54pm, Electronics Letter, Vol. 23, pp. 1026-1028, ISSN 0013-5194

Morse, T. F., Reinhart, L., Kilian, A., Risen, W. & Cipolla, J. W (1989), Aerosol doping
technique for MCVD and OVD, Proceedings of Fibre Laser Sources and Amplifiers,
SPIE, Vol. 1171, pp. 72-79, ISBN 9780819402073

Mukhopadhyay, S. S. & Kundu, D. (2006), Chemical composition analysis of germinate glass
by alkalimetric titration of Germinate Mannitol complex, Journal of Indian Chemical
Society, Vol. 83, No. 3, (March 2006), pp. 255-258. ISSN 0019-4522

Nagel, S. R., MacChesney, ]. B. & Walker, K. L. (1982), Overview of the Modified Chemical
vapour Deposition (MCVD) process and performance, IEEE Journal of Quantum
Electronics, Vol. QE-18, No. 4, (April 1982), pp. 459-476, ISSN 0018-9197

Pal, M., Sen, R, Paul, M. C,, Bhadra, S. K., Chatterjee, S., Ghosal, D. & Dasgupta, K. (2005),
Investigation of the deposition of porous layers by the MCVD method for the
preparation of rare-earth doped cores of optical fibers, Optics Communications, Vol.
254, (October 2005), pp. 88-95, ISSN 0030-4018

Poole, S. B., Payne, D. N. & Fermann, M. E. (1985), Fabrication of low-loss optical fibres
containing rare earth ions, Electronics Letter, Vol. 21, No. 17, (August 1985), pp. 737-
738, ISSN 0013-5194

Poole, S. B., Payne, D. N., Mears, R. J., Fermann, M. E. & Laming, R. I. (1986), Fabrication
and characterization of low-loss optical fibres containing rare-earth ions, Journal of
Lightwave Technology, Vol. LT-4, No. 7, (July 1986), pp. 870-876, ISSN 0733-8724

Stone, J. & Burrus, C. A. (1973), Nd3* doped SiO» lasers in end pumped fiber geometry,
Applied Physics Letters, Vol. 23, (October 1973), pp. 388-389, ISSN 1077-3118

Tammela, S., Kiiveri, P., Sarkilahti, S., Hotoleanu, M., Vaikonen, H., Rajala, M., Kurki, J. &
Janka, K. (2002), Direct Nanoparticle Deposition process for manufacturing very
short high gain Er-doped silica glass fibers, Proceedings of ECOC 2002, ISBN
8790974638, Copenhagen, September, 2002



94 Selected Topics on Optical Fiber Technology

Thompson, D. A., Bocko, P. L. & Gannon, J. R. (1984), New source compounds for
fabrication of doped optical waveguide fibres, Proceedings of Fibre Optics adverse
Environment 11, SPIE, Vol. 506, ISBN 9780892525416

Tingye, L. (1985), Optical Fiber Communications Volume 1 Fiber Fabrication, Academic Press,
Inc., ISBN 0124473016, Orlando, Florida.

Townsend, J. E., Poole, S. B. & Payne, D. N. (1987), Solution-doping technique for fabrication
of rare-earth-doped optical fibers, Electronics Letters, Vol. 23, No. 7, (March 1987),
pp. 329-331, ISSN 0013-5194

Tumminelli, R. P., McCollum, B. C. & Snitzer, E. (1990), Fabrication of high-concentration
rare-earth doped optical fibres using chelates, Journal of Lightwave Technology, Vol.
LT-8, No. 11, (November 1990), pp. 1680-1683, ISSN 0733-8724



4

Tailoring of the Local Environment of Active
lons in Rare-Earth- and Transition-Metal-Doped
Optical Fibres, and Potential Applications

Bernard Dussardier!, Wilfried Blanc! and Pavel Peterka?
Laboratoire de Physique de la Matiére Condensée,

Université de Nice Sophia-Antipolis - CNRS, Nice

2nstitute of Photonics and Electronics AS CR, Prague

IFrance

2Czech Republic

1. Introduction

During the last two decades, the development of optical fibre-based sophisticated devices
have benefited from the development of very performant optical fibre components. In
particular, rare-earth (RE)-doped optical fibres have allowed the extremely fast
development of fibre amplifiers for optical telecommunications (Desurvire, 1994, 2002),
lasers (Digonnet, 2001) and temperature sensors (Grattan & Sun, 2000). The most frequently
used RE ions are Nd3*, Yb3*, Er3* and Tm?3* for their optical transitions in the near infrared
(NIR) around 1, 1.5 and 2um. A great variety of RE-doped fibres design have been
proposed for specific applications: depending of the RE concentration and nature of the
fibre glass, various schemes (in terms of electronic transition within the RE populations)
have been implemented. For example, Er3*-doped fibre amplifiers (EDFA) for long haul
telecommunications use the very efficient 1.55 pm optical transition, whereas high
concentrations of Yb3* and Er3* codoped in the same fibre allowed efficient non-radiative
energy transfers from the ‘sensitizer’ (Yb3*) to the “acceptor” (Er3*) in order to increase the
power yield of the system, applied in power amplifiers and lasers. All the developed
applications of amplifying optical fibres are the result of time consuming and careful
optimization of the material properties, particularly in terms of dopant incorporation in the
glass matrix, transparency and quantum efficiency.

RE-doped fibres are made of a choice of glasses: silica is the most widely used, sometimes
as the result of some compromises. Alternative glasses, including low maximum phonon
energy (MPE) ones, are also used because they provide better quantum efficiency or
emission bandwidth to some optical transitions of particular RE ions. The icon example is
the Tm3*-doped fibre amplifier (TDFA) for telecommunications in the S-band (1.48-1.53
pm) (Komukai et al., 1995), for which low MPE glasses have been developed: oxides
(Minelly & Ellison, 2002; Lin et al., 2007), fluorides (Durteste et al., 1991), chalcogenides
(Hewak et al., 1993), etc. Although some of these glasses have a better transparency than
silica in the infrared spectral region (above 2.3 pm), for applications in the NIR these
glasses have some drawbacks not acceptable at a commercial point of view: high
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fabrication cost, low reliability, difficult connection to silica components and, in the case
of fibre lasers, low optical damage threshold and resistance to heat. To our knowledge,
silica glass is the only material able to meet most of applications requirements, and
therefore the choice of vitreous silica for the active fibre material is of critical importance.
However a pure silica TDFA would suffer strong non-radiative de-excitation (NRD)
caused by multiphonon coupling from Tm3* ions to the matrix. Successful insulation of
Tm3+-ions from matrix vibrations by appropriate ion-site 'engineering' would allow the
development of a practical silica-based TDFA. However, note that Tm3*-doped silica fibre
are very good for 2 pm laser sources (Jackson & King, 1999). This shows that the choice of
optimal host glass is also dictated by the seeked application.

Other dopants have recently been proposed to explore amplification over new
wavelength ranges. Bi-doped glasses with optical gain (Murata et al., 1999) and fibre
lasers operating around 1100-1200 nm have been developed (Dianov et al., 2005;
Razdobreev et al., 2007), although the identification of the emitting center is still not clear,
and optimization of the efficiency is not yet achieved. Transition metal (TM) ions of the
Ti-Cu series would also have interesting applications as broad band amplifiers, super-
fluorescent or tunable laser sources, because they have in principle ten-fold spectrally
larger and stronger emission cross-sections than RE ions. However, important NRD
strongly reduces the emission quantum efficiency of TM ions in silica. Bi- and TM-doped
fibres optical properties are extremely sensitive to the glass composition and/or structure
to a very local scale. As we have shown, Cr ions in silica using standard fabrication
methods provide strong and ultrabroad NIR luminescent, but only at low temperature
(Dussardier et al., 2002). Interestingly, other applications of TM-doped fibre have been
proposed in lasers.

As for Tm3* ions, practical applications based on silica doped with alternative dopants
along ‘low efficiency” optical transitions would be possible when the 'ion site engineering'
will be performed in a systematic approach. This approach is proposed via 'encapsulation'
of dopants inside glassy or crystalline nanoparticles (NP) embedded in the fibre glass, like
reported for oxyfluoride fibres (Samson et al., 2001) and multicomponent silicate fibres
(Samson et al., 2002). In NP-doped-silica fibres, silica would act as support giving optical
and mechanical properties to the fibre, whereas the dopant spectroscopic properties
would be controlled by the NP nature. The NP density, mean diameter and diameter
distribution must be optimized for transparency (Tick et al., 1995). In this context, our
group has made contributions in various aspects introduced above. Our motivations are
usually application oriented, but we address fundamental issues. First, the selected
dopants act as probes of the local matrix environment, via their spectroscopic variations
versus ligand field intensity, site structure, phonon energy, statistical proximity to other
dopants, etc. The studies are always dedicated to problems or limitation in applications,
such as for EDFA and TDFA, or high temperature sensors. It is also important to use a
commercially derived fabrication technique, here the Modified Chemical Vapor
Deposition (MCVD), to assess the potential of active fibre components for further
development.

The aim of this chapter is reviewing of our contributions towards the comprehension and
improvement of the spectroscopic properties of some RE and TM ions doped into silica. Its
outline is as follow : Section 2 will describe the MCVD fabrication method of preform and
fibre samples, and the characterization techniques applied to all samples. In Section 3, we
report on the spectroscopic investigations of Tm3*-doped fibres versus the material
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composition, including phonon interactions and non-radiative relaxations. It includes the
proposal of potential applications by numerical simulations. Section 4 summarizes our
original investigations on transition metals, focusing on chromium ions (Cr3* and Cr#*) in
silica-based fibres. Applications of Cr4*-doped optical fibres as integrated saturable
absorbers for passively Q-switched lasers are investigated. In section 5 are reported our
recent discoveries in RE-doped dielectric nanoparticles, grown by phase separation. Finally,
perspectives and conclusions are drawn in section 6.

2. Experimental

2.1 Preforms and fibres fabrication

All fibres investigated in this article were drawn from preforms prepared by the MCVD
technique (Nagel et al., 1985) at the Laboratoire de Physique de la Matiére Condensée
(Nice, France). In this process, chemicals (such as O, SiCls) are mixed inside a silica
tube that is rotating on a lathe. The flame from a burner translating along the lathe axis
heats the tube and locally produces a chemical oxidizing reaction that transforms SiCly
and O; into SiO; molecules and gaseous chlorine. Extremely fine silica particles are
deposited as soot on the inner side of the tube. This soot is transformed into a glass
layer when the burner is passing over. The cladding layers are synthesized first,
followed by the core layer(s). Germanium and phosphorus can also be incorporated
directly through the MCVD process. They are added to raise the refractive index.
Moreover, the latter serves also as a melting agent, decreasing the melting temperature
of the glass. All the other elements like RE, TM, Al (a common glass modifier) are
incorporated through the so-called solution doping technique (Townsend et al., 1987).
The core layer is deposited at lower temperature than the preceding cladding layers, so
that they are not fully sintered and left porous. Then the substrate tube is filled with an
alcoholic ionic solution and allowed to impregnate the porous layers. After soaking the
solution is removed, the porous layer is dried and sintered. The tube is then collapsed
at 2000 °C into a cylindrical preform. The preform is drawn into a fibre using a vertical
tube furnace on a drawing tower. The preform tip is heated above 2000°C and as the
glass softens, a thin drop falls by gravity and pulls a thin glass fibre. The diameter of
the fibre is adjusted by varying the pulling capstan speed, under controlled tension. The
fibre is then coated with a UV-curable polymer and is finally taken up on a rotating
drum.

2.2 Material characterizations

Refractive index profiles (RIP) of the preforms and fibres were measured using dedicated
commercial refractive index profilers. The oxide core compositions of the samples were
deduced from RIP measurements on preforms, knowing the correspondence between index
rising and AlO;/2, GeO POs/> concentration in silica glass from the literature. The
composition was also directly measured on some preforms using electron probe
microanalysis technique in order to compare results. The concentration of these elements is
generally around few mol%. Luminescent ions concentrations are too low to be measured
through the RIP. They were measured through absorption spectra. For example, the Tm3*
ion concentration has been deduced from the 785 nm (3Hs — 3H,) absorption peak measured
in fibres and using absorption cross-section reported in the literature (Jackson & King,
1999) : Gabs(785 nm) = 8.7x10-25m2.
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3. Thulium-doped fibres

3.1 Improvement of the 800 and 1470 nm Tm** emission efficiencies

Thulium-doped fibres have been widely studied in the past few years. Because of Tm3*ion
rich energy diagram (Fig. 1), lasing action and amplification at multiple infrared and visible
wavelengths are allowed. In this paragraph, we will focus on the 3H; manifold. Thanks to
the possible stimulated emission peaking at 1.47 um (®Hs — 3F4, see Fig. 1), discovered by
(Antipenko, 1983), one of the most exciting possibilities of Tm3* ion is amplifying optical
signal in the S-band (1.47-1.52 pm), in order to increase the available bandwidth for future
optical communications. The 3H; level can also decay radiatively by emitting 800 nm
radiation which is of primary importance for high power laser and medical applications.
Unfortunately, the upper 3Hy level of this transition is very close to the next lower 3Hs level
so NRD are likely to happen in high phonon energy glass hosts, causing detrimental gain
quenching. Improvement of the Tm3* spectroscopy was proposed through Tm-Tm (Simpson
et al, 2006) and Yb-Tm (Simpson et al., 2008) energy transfers mechanims. In this
paragraph, we discuss on the modification of the local phonon energy around Tm3* ions to
reduce NRD. Then, we present the resulting improvement in emission efficiencies for
specific applications through numerical modeling.
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Fig. 1. Energy diagram of Tm3* ion. Parameters are described in the text.

3.1.1 Local phonon interactions
The relevant NRD transition of interest here is from the 3H; level downto the 3Hs level. The
NRD rate is expressed as (Van Dijk, 1983):

WA =Wy xexp| ~ayp (AE-2E, )| (1)

where Wy and ayp are constants depending on the material, AE is the energy difference
between the both levels and E, is the phonon energy of the glass. To improve the quantum
efficiency (which depends on the fluorescence lifetime) of the 800 and 1470 nm emission
bands, modifications of Tm3* ion local environment were investigated by co-doping with
selected modifying oxides (Faure et al., 2007). GeO, and AlO3/> have a lower maximum
phonon energy than silica. As opposite demonstration, high phonon energy POs;, was
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also used. To investigate the modification of the local environment, decay curves of the
810 nm fluorescence from the 3Hy level were recorded. All the measured decay curves are
non-exponential. This can be attributed to several phenomena and will be discussed in the
next paragraph. Here, we study the variations of 1/e lifetimes (7) versus concentration of
oxides of network modifiers (Al or P) and formers (Ge). The lifetime strongly changes
with the composition of the glass host. The most striking results are observed within the
Tm(Al) sample series: 7 linearly increases with increasing AlO;/> content, from 14 ps in
pure silica to 50 ps in sample Tm(Al) containing 17.4 mol% of AlOz/>. The lifetime was
increased about 3.6 times. The lifetime of the 20 mol% GeO, doped fibre Tm(Ge) was
increased up to 28 ps whereas that of the 8 mol% POs,> doped fibre Tm(P) was reduced
down to 9 ps. Aluminum codoping seems the most interesting route among the three
tested codopants.

3.1.2 Non-exponential shape of the 810-nm emission decay curves

In aluminium-doped fibres, fluorescence decay curves from the 3Hy level were found to be
non-exponential. It is thought that Tm3* ions are inserted in a glass which is characterized
by a multitude of different sites available for the RE ion, leading to a multitude of decay
constants. This phenomenological model was first proposed by Grinberg et al. and applied
to Cr3* in glasses (Grinberg et al., 1998). This model was applied for the first time to Tm3+-
doped glass fibres (Blanc et al., 2008). In this method, the luminescence decay is given by :

I(t)~ ZAiexp[—t /7] )

where A; and 7; are discrete distributions of amplitudes and decay constants (lifetimes),
respectively. For the fitting procedure on the A; series, 125 fixed values for 7 were
considered, logarithmically spaced from 1 to 1000 ps. For a given composition (Fig. 2a), we
can notice two main distributions of the decay constant. With the aluminium concentration,
they increase from 6 to 15 ps and from 20 to 100 ps, respectively (Fig. 2b). From the
histograms of the amplitude distributions obtained from the fittings, characteristic lifetimes
were correlated with those expected for thulium located either in a pure silica or pure Al,O3
environment. The 3H, lifetime is calculating by using this equation:

1/T=1/de+w3nr (3)

where 7,4 corresponds to the radiative lifetime which is given to be 670 us in silica (Walsh &
Barnes, 2004). Wy and o were estimated for different oxide glasses (Van Dijk & Schuurmans,
1983; Layne et al., 1977). The energy difference AE was estimated by measuring the
absorption spectrum of the fibres. When Al concentration varies, this value is almost
constant around 3700 cm! (Faure et al., 2007). With these considerations, the 3H, expected
lifetime can be calculated. In the case of silica glass, #ijica = 6 ps and for a pure ALOs
environment, Zaumina = 110 ps. Both values agree with those obtained from the fitting
procedure. The distribution of decay constant around 10 ps corresponds to Tm3* ions
located in almost pure silica environment whereas the second distribution is attributed to
Tm3* located in Al,Oj3 -rich sites. This result shows that the global efficiency is increased by
increasing the Al concentation in TDFAs. However concentrations above 20 at% would
cause excess loss and glass stability problems in silica.
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Fig. 2. a) Histogram of the recovered amplitude distributions obtained for silica-based Tm3+-
doped fibres. b) variations of the short (circle) and long (triangle) characteristic lifetimes vs
Al,Os concentration.

3.2 Modeling of Tm-doped silica-fibre devices

Numerical models are useful tools for investigating thulium-doped fibre devices, predicting
their performance and optimization of their parameters. We have developed
comprehensive, spectrally and spatially resolved numerical model that is based on
simultaneous solution of the laser rate equations and propagation equations that describe
evolution of the optical power along the fibre. The rate equations for the relevant energy
levels can be written according to the energy level diagram in Fig. 1 as follows:

dn
anl =119 (Woy + W) =13 (Wig + Wiz + Wiy + WY + Wip) + 4)

+1g(Way + W3 + Wy, + Wy ) +n5(Ws; + W),

d?’l nr r r
TZtS =1y (Wog + Woy) + 11 (Wi + Wiy) +15(W5" + Wsy + Wi3) -
. 5)
— 13| Was + Wy + Wy + W7 + 3 V3, |,
=0
d715 nr & r
T 1gWos +13Was —n5(Wso + W5 + Zwsj)/ (6)
=0

while it holds that the sum of population #; on each respective level is equal to the total
thulium ion concentration n; in the core. It is assumed that the thulium ions are
homogenously distributed and excited in the doped section of radius b in the fibre core of
radius a and it holds that b <a. The transition rates IW;; accounts for the stimulated absorption
and emission between the respective levels. Spontaneous decay processes are described by
W and Wy, the radiative and nonradiative decay rates, respectively. The formulae for the
transition rates can be found in (Peterka et al., 2004). In steady state the rate equations
become a set of four linear algebraic equations. The propagation of optical power at
respective wavelength is governed by the following propagation equation:
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where h is the Planck constant, P* are the spectral power densities of the radiation
propagating in both directions along the fibre axis and o;; is the respective transition cross-
section. The cross-sections are shown in Fig. 3. The spectral dependence of the cross-sections
are approximated by a set of Gaussian functions, the respective coefficients can be found in
(Peterka et al., 2011). The overlap factor /" represents the fraction of the transversal field
distribution that interacts with the RE ions. The first term in equation (7) describes the
amplification and reabsorption of optical signals, the second term represents ground-state
absorption and excited state absorption (ESA) in spectral bands with no significant
emission, the third term accounts for spontaneous emission and the fourth term stands for
background loss « of the fibre. Evolution of optical power in each ASE spectral slot around a
wavelength A (typical 1 nm wide slot is used) is governed by its respective propagation
equation. The propagation equations together with the set of the rate equations under
steady state conditions are solved simultaneously along the fibre using Runge-Kutta-Gill
method of the fourth order. Since the boundary conditions for the counterpropagating
partial waves P- are not known at the beginning of the fibre, an iterative solution is applied.
The above described numerical model was verified by experimental comparisons (Blanc et
al., 2006; Liithi et al., 2007).

3.3 Applications

Thulium-doped fibres are renowned for their applications in high power fibre lasers at
around 2 pm. It is despite the low quantum conversion efficiency of 3F, level in thulium-
doped silica fibres, which is about 10% compared to ~100% quantum conversion efficiency
of the ytterbium- and erbium-doped fibres, at around 1 pm and 1.5 pm, respectively. The
lower quantum conversion efficiency increases the 2 pm laser threshold but has almost no
effect on the laser slope efficiency. Indeed, kW-class thulium-doped fibre lasers have been
demonstrated recently (Moulton, 2011). Quantum conversion efficiency of the 3Hy level in
non-modified silica fibres is much lower than that of 3F, level, only about 2% and therefore
most of the applications of laser transitions originating from 3Hy level are hindered by the
lack of reliable low-phonon fibre host as discussed above. In the following two paragraphs
we will show potential of the developed thulium-doped fibres with enhanced 3H, level
lifetime for applications in fibre amplifiers for communication S-band and for fibre lasers
around 810 nm.

3.3.1 Thulium-doped fibre amplifier at 1.47 pm

The low-loss and single-mode spectral range of the most common single-mode
telecommunication fibre spans from about 1260 nm to 1675 nm. However, this tremendous
transmission bandwidth is nowadays used for long-haul transmission only in a restricted
portion in the C- (1530-1565 nm) and L-bands (1565-1625 nm), where reliable EDFA are
available. The next logical frontier is the S-band (1460-1530 nm). One of the most promising
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Fig. 3. Absorption and emission cross section spectra of thulium.

candidates for amplification in the S-band is the TDFA. Together with EDFA it can
substantially increase the bandwidths. An example of a TDFA structure is shown in Fig. 4.

S-band optical optical S-band
signal input isolator WDM isolator  signal output
— [—1 - x —
_— 7 TDF
pump at bandpass
~1050 nm filter

Fig. 4. Typical layout of the TDFA.

Two main obstacles have to be solved in order to use the 3Hy — 3F, transition in the TDFA.
Firstly, the quantum conversion efficiency of the 3H, thulium level should be increased, or in
other words, the 3H, fluorescence lifetime should be made longer. One possible solution of
the first problem is described above. Secondly, the lifetime of the upper laser level 3Hy is
shorter than that of the lower level 3F,. Therefore, direct pumping of the 3H;level will hardly
constitute the necessary population inversion. The second problem can be solved by using
more complex pumping scheme employing gradual upconversion of the thulium ion to the
upper laser level. It can be done by a single laser source as shown in Fig. 5a. The
disadvantage is the possibility of the ESA 3H; — 1Gy that results in loosing pump photons.
Many dual-wavelength pumping scheme have been also reported as reviewed in (Peterka et
al., 2004). Several results of TDFA performance simulation and of optimization of the TDFA
parameters are shown in Fig. 5 and Fig. 6. The TDFA spectral gain is shown in Fig. 5b for
different silica fibre hosts represented by the fluorescence lifetime of the 3H, level: 14 us of
the typical non-modified silica fibre and 45 ps of the alumina-doped fibre developed by the
authors and 55 ps of the highly germanium-oxide-doped fibre (Cole & Dennis, 2001). Similar
value of 58 ps was also measured in highly alumina-doped fibre (Peterka et al., 2007).
Codirectional pump of 1 W at 1064 nm is assumed. Unless otherwise stated, we consider the
thulium concentration 17,~=1.56x1025 m-3, the core diameter 2.6 pm, numerical aperture
NA=0.3 and the radiative lifetimes of the levels 3F4, 3H4 and 1G4 are 3500, 650 and 860 ps,
respectively. The fluorescence lifetimes of the levels 3F4, 3Hs and Gy are 430, 45 and 784 ps,
respectively. For sake of comparisons we set the cross sections the same for all fibre host
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types, although in real fibres they also depend on the host material. We have checked that
their values have little effect on the calculated S-band gain compared to the effect of 3Hy
lifetime. The relevant branching ratios were estimated using Judd-Ofelt theory and were
evaluated as fOHOWS: ﬂ54=0.03, ﬂ53=0.11, ﬂ52=0.30, ﬂ51=0.06, ,H50=0.50, ,H32=0.03, ﬂ31=0.09,
and f0=0.88. Zero background loss is assumed. Signal power evolution along the thulium-
doped fibre is shown in Fig. 5c for three input pump powers at 1064 nm. The available gain
is significantly reduced by the presence of ASE, mainly around 800 nm. Suppression of the
ASE, e.g., by cascaded inscription of long-period fibre gratings into the doped fibre or by
using thulium-doped photonic crystal fibre with tailored band-gaps, would ameliorate the
gain as shown also in Fig. 5.
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Fig. 5. Upconversion pumping of TDFA at around 1050 nm (a). The effect of glass host
composition, mainly manifested by the 3H, level lifetime, on the gain in the S-band (b) and
optimization of the TDFA length (c).

Optimization of the fibre waveguide parameters is shown in Fig. 6a. Similarly as in the case
of the EDFA, the gain gets higher with increasing numerical aperture and narrower core
diameter. The effect of distributed filtering out of the ASE around 800 nm is also shown in
the graph. Optimization of the pump wavelength is calculated in Fig. 6b. The optimum
pump wavelength shifts towards shorter wavelength with increasing power levels. Shorter
wavelength’s pump sees lower GSA but at the same time higher first step ESA and
consequently the integral value of the population inversion along the fibre is higher.
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Fig. 6. Optimization of the waveguide parameters, namely the NA and core radius (a) and
optimiziation of the pump wavelength (b).
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3.3.2 Thulium-doped fibre laser at 800 nm

The silica-based fibre lasers around 800 nm would extend the spectral range covered by
high-power fibre lasers. The single-transversal mode, high-power laser source in the 800 nm
spectral band is of interest for a variety of applications. The laser can be used for fibre
sensors, instrument testing and for pumping of special types of lasers and amplifiers, e.g.
the bismuth-doped lasers. Bismuth-doped fibres pumped around 800 nm may shift their
gain to 1300 nm telecommunication band, where highly reliable silica-based fibre amplifiers
are still unavailable. An efficient fibre laser in 800 nm spectral region could potentially be
used as a replacement for titanium sapphire laser in some applications. A high-power
amplifier in the 800 nm band would be useful in the optical fibre communications and short-
haul free-space communications. Although the laser diodes at this wavelength have been
available for a long time, to our knowledge, commercially available single-mode laser
diodes are limited to about 200 mW of output power in diffraction limited beam. It should
not be confused with, e.g., laser diode stacks of ~kW output power, that are highly
multimode with very high M2 >1000 factor. The amplification and lasing at 800 nm band has
been already investigated using fluoride-based TDFs and output power of up to 2 W and
37% slope efficiency was achieved (Dennis et al., 1994). The output power was limited by
the pump damage threshold of the fluoride fibre. Fibre-host reliability problems might be
solved by using of silica-based fibres with enhanced 3Hj, lifetime. We proposed compact all-
silica-fibre setup, example of which is shown in Fig. 7a. The proposed laser utilizes
upconversion pumping scheme according to Fig. 7b.
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Fig. 7. Fibre laser setup in compact all-fibre arrangement (a), single wavelength up-
conversion pumping scheme (b), effect of the host material (c) and pump wavelength (d).
The waveguide parameters used for the parts (c) and (d) are: the core diameter of 3.4 um
and numerical aperture of 0.2.

We have performed optimization of the waveguide parameters, namely the core radius and
NA (Peterka et al., 2011). The optimum length of the TDF can be determined from the
calculated dependence of the laser output on the TDF length as it is shown in Fig. 7c for the
three laser hosts. The laser output power vs. pump wavelength is shown in Fig. 7d. In
comparison with the TDFA for the S-band telecommunications with optimal pump
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wavelength around 1020 nm (Fig. 6), the region of optimal pump wavelengths is shifted
towards longer wavelength because in this case high inversion between 3H; and 3Hs levels
and high pump absorption from 3Hg level is desirable. The background loss of 0.1 dB/m was
considered. It can be seen in Fig. 7c that lasing at 810 nm is hard to achieve with silica-based
Tm-doped fibre in contrast to the fluoride host materials. However, the lasing might be
possible even for silica-based fibre for specific short range of the fibre lengths. Especially
when the 3H, lifetime is enhanced, the laser output is very close to the one of ZBLAN host.

3.4 Conclusions

Using a comprehensive numerical model we have shown the potential of the developed
thulium-doped fibres for applications in fibre amplifiers for S-band telecommunication and for
fibre lasers around 810 nm. The gain exceeding 20 dB of the S-band TDFA could be obtained
with optimized fibre waveguiding parameters and optimized pump wavelength. Although
the required pump power levels are relatively high, of the orders of Watts, thanks to the
progress in ytterbium-doped fibre lasers even these pump powers can provide a cost effective
solution. We have shown that efficient lasing at 810 nm can be achieved using silica-based Tm-
doped fibre with enhanced 3H, lifetime for specific ranges of the fibre and laser cavity
parameters. Such a fibre laser would broaden the spectral range currently covered by silica-
based fibre lasers and it may replace the conventional laser systems in numerous applications.

4. Transition metal ions in silica-based optical fibres

4.1 Introduction

Many applications need ultra-broad band gain optical fibre materials. The well established
tunability of RE-doped fibre devices is limited by shielding of the optically active electronic
orbitals of RE ions, whereas unshielded orbitals are found in transition metal (TM) ions. One
of the most promising is Cr4* because of its NIR ultra-broad band transitions. However
incorporating of Cr#+ ion in optical materials is difficult because it is less stable than the Cr3*
ion. Some cristals such as Cr4*:YAG are very good broad-band gain media (Sennaroglu et
al., 1995), but little literature deals with Cr¢+-doped bulk glasses (Cerqua-Richardson et al.,
1992; Hommerich et al., 1994), and even fewer on Cr-doped silica fibres (Schultz, 1974; Chen
et al.; 2007). Note that Ni?* in vitroceramic fibres is also a promising amplifying dopant
(Samson et al., 2002). However, the proposed fibres lack of high transparency, reliability and
cost-effectiveness of silica-based fibres, as produced by MCVD for instance. We have
explored this field through basic studies on the optical properties of TM ions in silica optical
fibres. In particular, the final TM oxidation states in the fibre core are strongly process-
dependent. Also, the optical properties of one particular TM oxidation state (say Cr#*) is
difficult to interprete because they depend (1) on the host composition and final structure,
due to crystal-field (or ligand field, in glass) fluctuations (Henderson & Imbush, 1989) and
(2) on the experimental conditions (temperature, pressure, excitation wavelength,...). We
describe the specific preparation details used for the Cr-doped fibres, we sum up
spectroscopic results and interpretations, and finally we summarize our original studies on
Cr-doped fibre saturable absorbers for all-fibre passively Q-switched (PQS) fibre lasers.

4.2 Fabrication and characterization of Chromium-doped samples
The fibres were prepared as in section 2.1, using Cr3* alcoholic doping solutions and
oxidizing or neutral atmosphere for the drying-to-collapse stages. Samples containing Ge
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or/and Al were prepared, referred to as Cr(Ge), Cr(Ge-Al) and Cr(Al), respectively. We
determined the absolute Cr content and relative concentrations of oxidation states using
plasma emission and electron paramagnetic resonance spectroscopies, respectively. We
assigned the optical transition of Cr3* and Cr#+ using the Tanabe-Sugano (T.-S.) formalism
(Sugano et al., 1970) and we qualitatively determined their strength, energy and bandwidth.
From composition and sharing out of valencies, we have determined the absorption cross-
sections. Absorption, emission and decay measurements were performed at room (RT) and
low temperatures (LT, 12 or 77 K), using various pump wavelengths. Full details of the
experimental procedures and analysis are given in (Felice et al., 2000, 2001; Dussardier et al.,
2002).

4.3 Local structure, valency states and spectroscopy of transition metal ions

The main finding is that only Cr3* and Cr4* oxidation states were found. Cr3+ is favoured by
Ge co-doping in O-symmetry as in other oxide glasses (Henderson & Imbush, 1989 Rasheed
et al,, 1991), whereas Cr4* in distorded tetrahedral site symmetry (C;) (Anino et al., 1997) is
present in all samples, and is promoted by Al or when [Cr] is high (Fig. 8). The most
interesting samples are the low-doped Cr(Al) ones containing only Cr4*. The Cr3* absorption
cross section ops3*(670 nm)= 43 x 1024 m?2 is consistent with reports in other materials like
ruby (Cronemeyer, 1966) and silica glass (Schultz, 1974), while czps**(1000 nm)~3.5 x 10-2¢ m?2
is lower than in reference crystals for lasers (Sennaroglu et al., 2006) or saturable absorbers
(Lipavsky et al., 1999), but consistent with estimated values in alumino-silicate glass
(Hommerich et al., 1994).
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Fig. 8. Absorption from a Cr(Ge) preform ([Cr] = 1400 mol ppm) and a Cr(Al) fibre ([Cr] = 40
mol ppm). Solid lines are gaussian fittings to Cr3* (left) and Cr#* (right) transitions,
respectively. Assignments are from the ground level Cr3+:#A; or Cr#*:3A; to the indicated
level, respectively. The Cr4* energy states are referred to by their irreductible representation
in the Ty symmetry coordination. The Cr4+:3T; level three-fold splitting is due to distorsion
from perfect Ty symmetry.

The main normalized parameter from the T.-S. formalism (Dg/B=1.43) was lower than the
so-called ‘crossing value’ (Dg/B = 1.6), and lower than those reported for Cr* in laser
materials like YAG and forsterite (Anino et al., 1997). As expected consequences, a broad
featureless NIR emission band along the 3T,—3A; transition is observed and no narrow
emission line from the 1E state is seen (Fig. 9, left). The LT fluorescence from Cr4* spreads
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from 850 to 1700 nm, and strongly varies depending on core chemical composition, [Cr] and
Ap (pump wavelength). The observed bands were all attributed to Cr4* ions, in various sites.
Fig. 9 shows examples of fluorescence spectra of Cr#* in different samples and experimental
conditions. Possible emission from Cr3*, Cr5* or Cr6* centers was rejected (Dussardier et al.,
2002). The fluorescence sensitivity to [Cr] and 4, suggests that Cr-ions are located in various
host sites, and that several sites are simultaneously selected by scanning of A,. It is also
suggested that although Al promotes Cr4+ over Cr3* when [Cr] is low, Cr4* is also promoted
at high [Cr] in Ge-modified fibres. The strong decrease of fluorescence from LT to RT (not
shown) is attributed to temperature quenching caused by NRD through multiphonon
relaxations, like in crystalline materials where the emission drops by typically an order of
magnitude from 77 K to 293 K (Sennaroglu et al., 1995).

The non-exponential LT fluorescence decays (Fig. 9, right) depend on [Cr] and 4. The fast
decay part is assigned to Cr clusters or Cr¢*-rich phases within the glass. The 1/e-lifetimes
(7) at A, =1100 nm are all within the 15-35 us range in Al-containing samples, whereas 7~ 3-
11 ps in Cr(Ge) samples, depending on [Cr]. The lifetime of isolated ions (7o), measured on
the exponential tail decay curves (not shown) reach high values: 75,~200 to 300 ps at
As~1100 nm, 75o~70 ps at As~1400 nm. In heavily-doped Cr(Ge) samples, 7, is an order of
magnitude less. Hence, Cr4* ions are hosted in various sites: the lowest energy ones suffer
more NRD than the higher energy ones. Also presence of Al improves the lifetime, even at
high [Cr]. It is estimated that at RT, lifetime 7 would be much less than 1 ps.

As a summary of these spectroscopic studies, the main results are: (i) the observed LT
fluorescence of Cr4* is extremely sensitive to glass composition, total [Cr] and excitation
wavelength; (ii) using Al as a glass network modifier has advantages: longer excited state
lifetime and broader fluorescence bandwidth than in Ge-modified silica; (3) the RT emission
is strongly limited by NRD in silica. Broadband light sources would need a better control of
the local environment around TM ions. However this study has allowed to propose an
alternative application to Cr-doped fibre for self pulsing lasers.
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Fig. 9. Fluorescence spectra (a) : (1) fibre Cr(Al), 4,= 900 nm, T=77 K ; (2) preform Cr(Ge-Al),
A= 673 nm, T=12K. Fluorescence decays (b) from Cr(Al) samples, 4, = 673 nm, T=12 K: (1)
As~1100 nm and [Cr]=40 ppm, (2) A4~1100 nm, [Cr]=4000 ppm, and (3) 4,~1400 nm,
[Cr]=4000 ppm.
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4.4 Passively Q-switched fibre lasers using a Cr‘"—doped fibre saturable absorber

The development of Q-switched fibre lasers is an alternative to bulk pulsed solid-state lasers
operating in the ns- to pus-range for applications such as material processing and metrology.
Actively Q-switched (AQS) fibre lasers have been extensively studied (Wang & Xu, 2007), as
well as passively Q-switched (PQS) lasers (Siegman, 1986). Most AQS and PQS fibre lasers
use externally driven bulk modulators or bulk passive components (Hideur et al., 2001;
Paschotta et al., 1999) or intracavity TM-doped crystals (Laroche et al., 2002), located in a
free space section of the cavity, causing alignment and reliability critical problems. To avoid
them, we are interested into all-fibre systems comprising a saturable absorber (SA) fibre. We
had experimentally demonstrated the first all-fibre PQS laser using a Cr-doped optical fibre
saturable absorber (SA) (Tordella et al., 2003). Before, only one numerical study had
mentioned this possibility (Luo & Chu, 1999), and “auto” self-pulsing had been observed in
heavily Er3*-doped fibres (Sanchez et al., 1993). However, to obtain stable PQS behaviour,
the criterium of ‘second laser threshold” must be met (Siegman, 1986). It imposes that the
SA absorption cross-section be larger than the gain medium emission cross section. Also, the
SA absorption must spectrally overlap the emission gain curve and the SA relaxation time
must be short to allow for high repetition rates. RE absorption transitions have limited
spectral width and sometimes very long decay times. For these reasons, TM ions are in
principle better SA elements: they offer broad absorption and fast decay. For example,
Oabst*(1 um) is at least 10 times larger than cemNd3+ (Felice et al., 2000) and zca+ <1 ps is much
less than of 7ng3+(500 ps) or yps+ (800 us) (Dussardier et al., 2002).

Our first all-fibre PQS laser, operating at 1084 nm, used a core-pumped Nd-doped fibre
spliced to a Cr-doped fibre saturable absorber (CrSA) (Tordella et al., 2003). Although the
pulse energy was low (~15n)]), the characteristic behaviour agreed with theory, and the
principle was demonstrated. Since, few PQS fibre lasers have implemented alternative SA
ions in fibres, like RE (Ho3*, Tm3, Sm3*) or Bi, using sometimes rather complex cavity
configurations, or heavily RE doped fibre SA (Kurkov, 2011). More recently, double-clad
ytterbium-doped fibre (DCYF) lasers have raised a great interest. In some cases, DCYF lasers
self-pulse in a random manner (Upadhyaya et al., 2010), along two main operating regimes:
the sustained self-pulsing (SSP: period longer than the cavity round-trip time), and the self
mode-locking (SML: period equal to the cavity round-trip time) (Brunet et al., 2005). The
setup of our second system is schematically shown in Fig. 10.
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Fig. 10. Yb3+:Cr4* PQS laser setup, and typical pulse train. DCYF: double-clad Yb-doped
optical fibre, PC: polarization controler, CrSA: Cr-doped fibre saturable absorber, FBG: high
reflectivity fibre Bragg grating mirror.
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It is based on a home-made D-shaped DCYF. All experimental details are found in
(Dussardier et al.,, 2011). The cavity parameters were chosen so that it would provide
favorable conditions for SSP. As a consequence, the laser slope efficiency (SE) was not
optimized. That also increased the threshold of appearance of stimulated Brillouin scattering
(SBS) far above the achieved output power, therefore SBS had not effect on the reported
results, and all the observed dynamic could be attributed to PQS mode of operation.

The DCYF laser without the CrSA had a chaotic behaviour, randomly switching between
continuous-wave (CW) and Q-switched operation. The pulse envelopes (few ps long) were
strongly modulated with a period of one cavity return-trip time (Fig. 11(a)), a sign of a
combination of SSP and SML. The same was observed using a commercial Yb3*-heavily
doped fibre. The CrSA fibre drastically changed the laser characteristics. The ps-long pulse
trains were stabilized over the whole available pump range (peak RMS fluctuations < 10 %
at 9.4 times the threshold) (Fig. 10). The PQS mode was present at any pump power. The
smooth Q-switched pulses did not show the sub-modulation at the return trip period that
was visible in the "DCYF only’ laser (Fig. 11(b)). The reasons of the stabilization are not fully
understood yet, and are still under study. The PQS laser threshold and SE were 1 W and
6 %, respectively. Although the SE has not been optimized it compares well with other fibre
lasers using RE- or Bi-doped fibre SA (up to ~10%) (Kurkov, 2011). At 16 W of incident
pump power the minimum pulse duration, highest repetition rate and peak power were
480 ns, 350 kHz and 20 W, respectively. Such a PQS laser source could be optimized to
increase the intracavity optical density, and hence to saturate the CrSA more and faster, and
produce more energetic pulses. It could also be a seed in a master-oscillator power amplifier
configuration to be amplified by power Yb-doped fibre amplifiers.
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Fig. 11. (a) zoom on a typical pulse envelope from the “DCYF only’ chaotic laser output. (b)
zoom on few typical pulses from the stabilized ‘DCYF+CrSA’ laser.

4.5 Conclusion on the study of Cr-doped optical fibres

Some glass modifiers like Al in silica-based fibres induce major spectroscopic changes, even
at low concentrations (~1-2 mol%). This would help engineering the Cr optical properties in
silica-based fibres, using possibly alternative modifiers. An interesting application for PQS
all-fibre lasers was found. However, increasing of the quantum efficiency would be
necessary for amplifiers and light sources. One needs to control the TM local environment
by some material engineering. Preliminary work was reported (Dvoyrin et al., 2003) on
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post-heat treatment of Cr3*-doped Ga-modified silica fibres. Other possible material
engineering would be the nanoscale spontaneous phase separation.

5. Rare-earth-doped dielectric nanoparticles

Optical fibres are mostly based on silica glass for its interesting properties, as mentioned in
section 1. However, some of its characteristics (high phonon energy, low solubility of
luminescent ions, ...) induce drawbacks in spectroscopic properties of rare-earth (RE)-doped
fibre lasers and amplifiers. Here we investigate the growing of RE-doped dielectric oxide
nanoparticles (DNP) in silica-based optical fibres. Through this route, we keep the optical
and mechanical advantages of silica glass, and we investigate the potential of engineering of
RE spectroscopic properties through the choice of the DNP chemical composition.

Scarce reports on RE-doped transparent glass ceramics (TGC) singlemode fibres use low
melting mixed oxides prepared by a rod-in-tube technique (Samson et al., 2002), or mixed
oxyfluorides using a double-crucible technique (Samson et al., 2001), both with a subsequent
ceramming stage. However the low melting point of these materials causes low compatibility
with silica components. Transition metal-doped silica-based TGC fibres were prepared by
MCVD and using a slurry method (Yoo et al., 2003), i.e. the particles were synthesized before
insertion into the silica tube-substrate.

In this section, we discuss a more straightforward and original technique to embed RE ions
within in-situ grown oxide nanoparticles in silica-based preforms (Blanc et al., 2009a). The
implemented principle is the spontaneous phase separation process (Zarzycki, 1991). Silicate
systems can exhibit strong and stable immiscibility when they contain divalent metals
oxides (MO, where M= Mg, Ca or Sr) (Fig. 12). For example, if a silicate glass containing few
mol% MO is heated it will decompose into two phases : one silica-rich and one MO-rich in
shape of spherical particles. Two key advantages of this process are that (i) nanoparticles are
grown in-situ during the course of the fabrication process and (ii) there is no need (and
associated risks) of nanoparticles manipulation by an operator. Further, the process takes
advantage of the high compositional control and purity typical of the MCVD technique. The
so-called ‘solution doping technique’ was applied to incorporate alkaline-earth and erbium
ions. To raise the core refractive index and ease the fabrication, germanium (~2 mol%) and
small amounts of phosphorus (~1 mol%) were added. In the next paragraphs, we discuss the
influence of the alkaline-earth ions on the nanoparticles formation. We also present the
attenuation measurements as well as the nanoparticles composition. Finally, modifications
of the erbium spectroscopy are described.

5.1 Effect of Mg, Ca and Sr on the formation of the nanoparticles

When alkaline-earth (Mg, Ca and Sr) ions are incorporated, nanoparticles are observed both
in preforms and fibres. Typical SEM pictures from the exposed core section of cleaved fibres
are shown on Fig. 13 (Mg, Ca and Sr concentrations in the doping solution are 0.1 mol/I).
The gray disk corresponds to the fibre core (~8 um). The dark central part of the core is
caused by the evaporation of germanium element; this is a common artifact of the MCVD
technique that can be corrected through process optimization. Nanoparticles are visible as
bright spots. They show an important compositional contrast compared to the silica
background. The size distribution of the NP depends strongly on the nature of the alkaline
earth ions. It is about 50 nm for Mg-doped fibre while it reaches 100 nm or more for Sr- and
Ca-doped samples. The size of the nanoparticles is also dependent on the concentration of
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Fig. 12. Immiscibility-gap in the phase-diagram of binary SiO,-MO glass (M = Mg, Ca, Sr)
(Ol'shankii, 1951).

the alkaline-earth ions (Blanc et al., 2011). For the fibre doped with the solution with 0.1
mol/1 of MgCl,, the mean particle size is 48 nm and no particle bigger than 100 nm was
observed in these MgO-doped fibres, unlike the case of CaO-doped fibres. Analysis of the
SEM images also revealed that the inter-particle distance is in the 100 - 500 nm range. When
the solution concentration increases from 0.1 to 1 mol/1 of MgCly, the inter-particle distance
remains nearly the same but the mean particle diameter almost doubles to reach 76 nm.
With this concentration, NPs up to 160 nm were observed.
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Fig. 13. SEM pictures of a MO-doped fibre (M = Sr, Ca, Mg). For each fibres, alkaline-earth
concentration of the doping solution is 0.1 mol/1.
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5.2 Transparency

The scattering loss in Mg-doped fibre was measured through the cut-back method. The fibre
bending radius was kept > 20 cm to minimize bend loss. The 0.1 mol/1 Mg-doped fibre
attenuation spectrum is displayed in Fig. 14. At the wavelength of 1350 nm, losses were
measured to be 0.4 dB/m only. This value is comparable with the attenuation measured in
low-melting temperature transparent glass ceramics fibres (Samson et al., 2002) and is
compatible with amplifier applications. The loss variation vs wavelength is attributable to
light scattering induced by the nanoparticles. Due to the small particle size we assume
Rayleigh scattering to be the major source of scatter loss, which was estimated according to
the formula: « (dB/m)=4.34.Crayteigh.N.Z, where N is the DNP density (m-), I"is the overlap
factor between the field and the core containing the DNP (/"= 0.3 in fibre A) and Craytign
(m?) is the Rayleigh scattering coefficient (Bohren & Huffman, 2004):

5 6 2_ 2\
CRayleigh = % X % x nfn x [%J (8)
where d is the nanoparticle diameter, n, and n, the host material and particles refractive
indices, respectively. The actual particle composition is not known but a high content of
MgO is expected (Stebbins et al., 2009). The nanoparticle refractive index is estimated at
~1.65, like that of Mg-based oxide such as Mg>SiO4 (Burshtein et al., 2003). Under these
considerations, fitting of the experimental data with Eq.8 yields a particle density N~
0.4 x 1020 m3, or equivalently a mean inter-particle distance ~300 nm. These values agree

well with the results collected from the SEM pictures taken from cleaved fibres.
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Fig. 14. Transmission spectrum of a Mg-doped fibre (0.1 mol/I solution). Dots: experimental
data, full line: calculated Rayleigh scattering curve.

At 1350 nm, the normalized frequency V was lower than 1.3 (LP1; mode cut-off wavelength
is 700 nm). The difference between experimental data and Rayleigh scattering curve above
1350 nm is attributed to bending loss only. However, for practical application, the presented
fabrication technique allows any necessary waveguide optimization without preventing the
TGC growth. The attenuation of other fibres (1 mol/1 of MgCl, or Ca- and Sr-doped) was
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extremely high (several 100s dB/m), in agreement with the Rayleigh formula (120 dB/m)
assuming large monodisperse 100 nm particles. This shows that the particle mean size must
be less than 50 nm for potential applications, and that the technique presented here is able to
produce fibres with acceptable scattering loss.

5.3 Composition of the nanoparticles

The composition was investigated by EDX analyses. When nanoparticles are analyzed, Ca or
Mg, P and Si are found while only Si is detected outside of the particles. Germanium seems
to be homogeneously distributed over the entire glass. When erbium is added to the
composition, it is found to be inserted into the particles as it is presented on Fig. 15. Such
conclusion was also drawn when emission intensity of Er®* was mapped on the end-face of a
cleaved fibre under a confocal microscope (Blanc, 2009b). No erbium fluorescence is
detected outside the DNP. This result was expected due to the low solubility of RE ions in
silica (or even in germano-silicate), whereas strongly modified and amorphous silicates,
such as in the DNP, have a high solubility for these ions. These results indicate that erbium
ions are located inside or very close to the DNP.
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Fig. 15. Energy dispersive x-ray analyses spectra of the preform sample doped with Ca and
Er. The area analysed corresponds to the nanoparticle (a) and outside (b).

5.4 Erbium spectroscopy

The emission spectra and lifetime from fibres doped with 0.1 (Fibre A) and 1 mol/1 (Fibre B)
were measured at room temperature around 1.55 pm under 980-nm pump excitation. The
emission spectrum from Fibre A (Fig. 16) is similar to that in a silicate environment. Fibre B
shows a distinct broadening of its spectrum (FWHM is 44 nm) by as much as ~ 50 %
compared to Fibre A. In comparison, more than 10 at% of aluminum, as network modifier,
would have been necessary to obtain the same FWHM in “type III" Er-doped fibres in optical
amplifiers for telecommunications (Desurvire, 1994), because Al and Er are evenly
distributed across the core volume. Moreover, the shape of the fluorescence spectrum from
Fibre B is quite unusual: it decreases monotonically between the peaks at 1.53 and 1.55 um
and the commonly observed dip at 1.54 pm is absent. These features would be attractive for
realizing intrinsically gain flattened fibre amplifiers, provided sufficient minimization of the
scattering loss is ensured through process optimization. Both fibres A and B produced
single-exponential decaying fluorescence with 11.7 and 6.7 ms lifetimes, respectively.
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Modifications of the Er3* spectroscopic properties in the TGC optical fibres are clearly
evident from the above results when the Mg concentration increases. Such observations
were previously reported in Ca-doped preforms. The broadening of the fluorescence curve
and the lower lifetime obtained from Fibre B is tentatively interpreted as an effect of the
modification of the erbium ions averaged local field. In other words, erbium ions in Fibre B
are, on average, located in a medium with stronger local field compared to Fibre A. This
induces stronger spontaneous transition probability, and hence a shorter lifetime
(Henderson, 1989). Although the exact composition of the NPs is not yet known, emission
spectrum and fluorescence lifetime of erbium ions in Fibre B are closely related to the results
reported in the literature in phosphate glasses (Liu et al., 2003 ; Jiang et al., 1998). When Mg
concentration increases, erbium ions environment changes from silicate to phosphate.
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Fig. 16. Room temperature emission spectra from Mg-doped fibres. The Mg concentration in
the doping solution is 0.1 (A) and 1.0 (B) mol/1, respectively. Excitation wavelength is 980
nm.

5.5 Conclusion
A method to fabricate Er3*-doped TGC fibers entirely through the MCVD process is

demonstrated. By adding magnesium to the silica-based composition, a low-loss fiber is
obtained through in situ growth without requiring a separate process to realize NP (such as
postprocess ceramming). An important result of this study is that the type of obtained
nanoparticle by this technique could be as large as ~50 nm for applications such as in fiber
amplifiers and lasers. Moreover, a broadening of the emission spectrum by as much as ~50%
is observed with attractive features to realize gain flattened fiber amplifiers. More generally,
this concept might have great potential as a possible solution to address various current
issues in amplifying fibers, including (but not limited to) realization of intrinsically gain
flattened amplifiers, etc.

6. General conclusion

The choice of a glass to develop new optical fibre component is most of the time a result of
compromises. Silica glass is the most widely used for its many advantages (reliability, low
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cost fabrication, ...). The overall composition suffers from different drawbacks, such as high
phonon energy or low luminescent ions solubility, which affect quantum efficiency or
emission bandwidth of luminescent ions, for example. However, spectroscopic properties of
active ions are not directly related to the average properties, but to their local environment.
Then, new luminescent properties of dopants can be obtained by slightly modifying the
silica composition.

In this chapter, we have shown that thulium emission efficiency can be improved by
reducing the local phonon energy. Using a comprehensive numerical model we have shown
that efficient S-band TDFA and lasing at 810 nm can be obtained. The chromium valence
state was controlled by adding some glass modifiers like Al. This open the way to PQS all-
fibre lasers. Then, nanostructuration of doped fibre is proposed as a new promising route to
‘engineer’ the local dopant environment. All these results will benefit to optical fibre
components such as lasers, amplifiers and sensors, which can now be realized with silica
glass.
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1. Introduction

Recently, researches worldwide have been focused in building up systems capable to
increase the output optical powers as well as to improve the beam quality of the delivering
system of fiber lasers. Notwithstanding, the demanding of sources in the telecom industry
together with the increasing in required bandwidth, need sources with multi-wavelength
emissions or tunable sources. The main advantage of tunable sources is due to the fact that
by using a single source is possible to tune a laser gain medium at different wavelengths.
For example, this feature allows having high quality sources for the telecom application.
Many techniques have been then developed in order to obtain a wide tuning range. Using
bulk grating (Chen et al., 2003), fiber Bragg grating (Xia et al., 2006; Goh et al., 2003; Mokhtar
et al., 2003), SOA fiber laser based on Sagnac loop mirror via polarization tuning (Zhang et
al.,, 2009), and Fabry-Perot cavity (Chawki et al., 1993) are some example of them. However
these techniques are relative expensive or might required very sophisticated setups.
Recently, the multimode interference (MMI) effect has demonstrated to be applied in a wide
variety of applications. Because of its wavelength dependence, it works as a wider band-
pass filter which is therefore well useful to our tuning mechanism.

On the first part of the chapter, it is analyzed the basic feature of the MMI effect as well as
the research carried out by applying this idea in tunable fiber laser systems. These two
aspects are well detailed reviewed and subsequently established as the bases for an
application of a high power tunable rare-earth optical fiber laser. Parameters like total
tunable range, signal to noise ratio, laser line-width are presented.

The second part describes an erbium-doped fiber optical amplifier numerical simulation in a
MOPA configuration with a seed signal obtained from a tunable erbium-doped fiber laser
(EDFL) based on the MMI effect. The MOPA amplifier was designed using a double-
cladding erbium-doped fiber (DC EDF), pumped with a 10 Watts high-power 980nm diode
laser. Based on the MMI effect, the tunable filter source of the tunable EDFL is composed by
a no-core optical fiber and a ferrule of 127 microns of diameter in a ring laser cavity. The
tunable range achieved was 24 nm. This tunablility is from 1576-1600nm which corresponds
to the C and L band of the telecomm. The output power was roughly 2.7 Watts with a line-
width of 0.1nm. This setup demonstrates to be a portable, no expensive optical fiber laser.

2. Multimode interference effect

The self-imaging feature of a homogeneous multimode planar optical waveguide has been
applied in the design of passive planar monomodal optical couplers based on multimode
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interference (MMI) (Soldano et al., 1992). This characteristic is described as an input field
profile which is reproduced in single or multimode images by mode interference at periodic
intervals along the propagation direction of the guide. The self-imaging was firstly
suggested by (Bryhgdahl, 1973) and by (Ulrich, 1975a, 1975b).

On one hand, the theory of multimode interference has been also introduced by (Bachmann
et al, 1994, 1995) and (Soldano & Pennings, 1995). A high performance multimode
interference filter was also proposed by (Li et al., 2002) for 1.3 and 1.5um regions. These
works do not described the self-imaging for optical fibers. On the other hand and using this
effect a wavelength tuning fiber laser was reported by (Selvas et al., 2005). Later on, an
enhancement of this work was reported by increasing the tunable range from 8nm to 12nm
(Anzueto-Sanchez et al., 2006).

Taking into account Fig. 1 which is a schematic diagram of the minimum length required to
this effect takes place, the mathematical expressions behind this effect are as followed.

SMEF MMF

e Zppy —>

Fig. 1. A schematic diagram in which the multimode interference effect takes place in optical
fibers.

The field distribution at the end of the MMF segment of length z, can be written as
(Mohammed et al., 2004)

M
Epr (7,0) Z jl//j r,0) exp(zﬁ] ) 1

where y; and aj are the jth mode electric field amplitude and the field expansion coefficient,
respectively. The constant M is the total number of guided modes inside the MMF. For on-
axis coupling, the number of modes is reduced to the number of radially symmetric modes.
The field expansion coefficients in Eq. (1) can be calculated from the following cross-
correlation formula:

J - (r,6) )xy;(r, 0)" rdrde

p;

i= .[ZOIZO‘U/]' (T,ﬁ)‘zrdrda. 2

In Eq. (2), Es is the field distribution of the SMF fundamental mode. The power coupling
efficiency to the second SMF is calculated through the overlap integral between Enmvr and
the second SMF fundamental mode.
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Now, considering the single reimaging of the input field, it occurs at specific longitudinal
locations within the MMF where |y(r,z)|=|y(r,0|. This occurs at periodic longitudinal z
locations (Mehta et al., 2003)

mr

Zie (A) = 2 , m=1,2,3,.. 3
ing (1) Binsiae,0 (4) = Binsiae, (1) ©
where [iside0 and Fnside1 Tepresent the longitudinal propagation constants within the MMF.
These terms are determined using the weakly guiding approximation and applying physical
dimensions and material properties of the MMF into the dispersion relations that
characterize propagation within the optical fiber.
Continuing with the analysis of this effect, the reimage that comes out of the MMF has been
used in order to get an optical device (Soldano et al., 1992; Li et al., 2002; Selvas et al., 2005;
Anzueto-Sanchez et al., 2006; Mehta et al., 2003). All these works used a high reflector
mirror to get the light back into the MMF again as is showed in Fig 2. The analysis goes
further because of the free space condition. Eq. (4) gives the relation between the mirror

distance expression and the maximum coupling of light back into the SMF (Mohammed et
al., 2004)

T

5 {(LMMF )(ﬂinside,[) (/1) = Binside 1 (’1))}
ﬂout,O (ﬂ') - :Haui,l (ﬂ')

where Ly is the length of the multimode optical fiber.
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Fig. 2. SMF/MME /mirror in free space setup.

In other words, the length at which single images are formed can be obtained from the
restricted symmetric interference condition which is given by (Selvas et al., 2005 or Mehta et
al., 2003)

L= p(e'i”j withp=0,12,..., )

where L, is the beat length
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where nymir and Wavr correspond respectively to the refractive index and diameter of the
MMF core, with 4 as the free space wavelength.

Once established the basic principle and the mathematical equations of the MMI effect, in
the next section, it will present three different tunable optical fiber lasers in which their
tunable systems are based on the MMF theory, and each of them have modified aspects of
the MMI effect in order to improve the optical results.

3. Tunable optical doped fiber laser based on MMI effect

Recently, the multimode interference effect has showed so much interest to build up
different optical device. A lot of groups all around the world have introduced this effect into
their own research. The multimode interference effect has been applied on several optical
devices, especially in optical fiber based source, such as: multi-wavelength fiber laser
(Poustie et al., 1994), all-fiber refractometer sensor (Wang & Farrell, 2006), high-temperature
sensor (Li et al,. 2005) and wavelength tunable laser (Selvas et al., 2005). The latter research
area is mainly the focused of this chapter.

3.1 Tunable double-clad ytterbium-doped fiber (DCYDF)

This laser consists of a double-clad ytterbium-doped fiber (DCYDF) with 6/125 um of
core/cladding diameter and an 0.14/0.45 numerical apertures (Martinez-Rios et al., 2003).
The length of the DCYDF was 16 m, which corresponds to 7.2 dB of pump absorption (just
the 80% of the pump is absorbed). The setup employed is depicted in Fig. 3.

Laser output
ﬁ Mirror
- SMF
: = E———————
..................................... = DCYDF MMF
Laser diode 915 Didiic i o
915/1060

Fig. 3. Set up of the tunable double-clad ytterbium-doped fiber laser.

This tunable laser consists in a laser diode at 915 nm and 5 watts as output power. The light
was launched into the DCYDF by two lenses which were AR coated. The DCYDF was fusion
spliced to the MMI filter (SMF and MMF), after that, it was set a mirror in order to get the
light feedback into the MMF. It was also added a dichroic mirror in order to obtain the
output laser power as well as protection to the laser diode.

It is reported by the authors that the broadband mirror was placed at this position, and
wavelength tuning was then demonstrated by varying the distance between the broadband
mirror and the output facet of the MMF. The separation distance between the mirror and the
MMF were achieved by steps of 25 micros where the output power and the optical spectrum
of the tunable laser were measured. Fig. 4 shows the relation between the separation
distance in steps of the MMF from the mirror and the wavelength tuned.

It can be notice from the Fig. 4. that the linearity tendency are coming from the steps moving
away the MMF and the mirror in relation with the wavelength range tuned. It is also
demonstrated that the total tuning range was only 8 nm (1088nm to 1097nm). The measured
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Fig. 4. Tuning wavelength range of the YDFL vs. separation distance of the mirror.

line-width was roughly 0.5 nm and the signal-to-noise ratio better than 30 dB. This optical
spectrum is showed in Fig.5.

Additionally, it is reported that an average of 500 mW was obtained with the minimum and
maximum power being 460 and 550 mW, respectively. For separation distances shorter than
100 microns and longer than 250 microns, the lasing emission vanished and it is notice that
does not correlate to the emission cross section spectrum of the Yb ions. If the goal is to
extend the tuning range, it is needed to use a mirror with a flat spectral response within the
Yb-gain spectra, and consequently to take advantage of the whole gain range of the
ytterbium-doped fibers. The reflectivity of the mirror at 1100-1320nm is about 95% and this
reflectivity drops drastically to about 73% from 1100-1070 nm. It is also mentioned that the
alignment process have been converted in a tedious work.

3.2 Enhanced tuning mechanism in fiber laser based on multimode interference effect
Taking into account the problems faced on the previous work, a new proposal was then
analyzed. Now, an enhanced design for a tuning mechanism was developed (Anzueto-
Sanchez et al., 2006). In this occasion, an SU-8 fiber gripper structure was fabricated. This
device would align much easier the MMF along with a gold-coated fiber (golden facet) as a
fiber mirror. It was also implemented a micrometric stepping motor which was attached to
the gold-coated fiber to control the separation distance between the two fibers. Fig. 6. shows
the experimental set up of this tunable optical fiber laser.
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Fig. 5. Total optical tuning range of a DCYFL.
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Fig. 6. Schematic diagram of the experimental setup.

The experimental setup was design similarly to the previous one. The important difference
lay out in the tunable mechanism. The DCYDF is pumped by a fiber pigtailed multimode
laser diode launching the light through two aspheric lenses to one end of the Ytterbium fiber
with a maximum power of 1.8 W at 915 nm. To separate the pumping wavelength and the
laser emission, it was set a dichroic mirror. The other end of the Ytterbium fiber was fusion
spliced to the filter. Fig. 7 shows the tuning device proposed.

The tuning device consists of a SU-8 fiber gripper which is a channel with negative slope
walls. The structure was able to grip both fibers once these were inserted in the groove, let
them moving along their longitudinal direction giving them an automatic x-y alignment.
The fabrication process of the SU-8 structures is well explained in (Raymond et al., 2004). In
this case, one fiber is the MMF while the other is the mirror-fiber. It was used a standard
thermal evaporator in order to coating a gold film on one facet of a single mode fiber. The
MMF was fixed to the SU-8 and the fiber mirror was attached to a computer controlled
micrometric stepping motor getting a better displacement control of the fiber, as is showed
in Fig. 6.
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Fig. 7. Wavelength tuning SU-8 device.

Fig. 8. Shows the relation between the separation distance between the MMF and the mirror.
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Fig. 8. Experimental results of displacement of facet mirror fiber versus emitted laser
wavelength.

It is understood from Fig. 8 that a quasi-linear wavelength tuning against the separation
between the MMF and the fiber mirror is obtained. A total tunable range of 12.24 nm was
measured and the slope efficiency was around 30% at each wavelength.

The alignment problems were reduced considerably; and an improvement in the total
tunable range was therefore achieved, increasing it from 8 nm to 12.24 nm when comparing
it with the last section work.

3.3 Tunable multimode interference filter

The maximum tuning wavelength range achieved with the previous set up has been limited
to only 12 nm. This limitation is not due to the MMI filter itself, but rather from other effects
arising from the way of its implementation. Considering that the peak wavelength response
of the filter exhibits a linear dependence when the length of the MMF is modified, a



128 Selected Topics on Optical Fiber Technology

capillary tube was filled with a refractive index matching liquid as a new proposal. This
implementation was figure out in order to increase the length of the MMF as well as the
total tuning range (Antonio-Lopez et al., 2010). From the equations (5) and (6) it is possible
to obtain an expression in terms of other parameter, the emission wavelength,

nMMPDZZ\/IMF .
A=p T withp=0,1,2,..... @)

This equation is indicating us that if we want to tune in wavelength, the parameters to modify
are: the refractive index, the length of the MMF, or the diameter of the MMF. This work
proposed the modification of the MMF length as a first option. It was then used a fused silica
(n=1.444) ferrule with an inner diameter of 127 um, and an outer diameter of 5 mm. The
process consists in fill the ferrule with a high refractive index liquid with n=1.62 (Cargille
Index Matching Liquid), so a liquid multimode waveguide (MMW) would take place inside of
the ferrule. As it is explained in'4, the SMF and MMF were inserted in the ferrule, then, at
every step the two fibers were moving apart to each other, the space created between them
would fill with the refractive index liquid; so the effective length of the MMF will be the sum
of the real MMF length plus the liquid MMW segment. As a consequence, if the effective
length of the MMF is increased, the wavelength response should be tuned. The set up used is
showed in Fig. 9. An important factor was the MMF used. It is also demonstrated that having a
bigger refractive index difference between core and cladding provides a MMI filter with
narrower linewidth and better contrast (Mohammed et al., 2006). The MMF used is known as
no-core, which it is a 125 pm of diameter with air as the cladding.

105/125MMF

Ferrule Fibra no-core
d
) jE—

A NN/
N Coupler
Erbium optical fiber ( OutputSMF)
(input SMF) Refractive index matching liquid

Fig. 9. Schematic of the tuning mechanism with a liquid MMW segment.

There was a deep study in order to obtain the best multimode fiber for the filter. The finite
Difference Beam Propagation Method (FD-BPM) was used to numerically model the MMI
effect that occurs in the MMF. All the fibers considered for the simulations were those which
are commercial. Considering Eq. (5) the autoimages must be formed periodically along the
MMEF. Nevertheless, due to the nature of the MMI effect, the real output field images are
given each 4th image. Fig. 10 to Fig. 13 shows these simulations.

Fig. 10 to Fig. 13 were obtained from a simulation on the BeamPro program. The parameters
used in Fig. 13 were the no-core’s. This multimode fiber shows to be the better option for the
filter due to its own optical properties along with the possibility to do the filter in the
practice. As can be seen in Fig. 13 there are different reimages with different intensities,
these formed images at several distances are known as pseudoimages. Most of them are
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similar to the input field but they show some losses, therefore, the filter operates with the 4th
image.
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Fig. 10. Beam propagation of a 50/125 um MMF for 1575 nm.
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Fig. 11. Beam propagation of a 62.5/125 pm MMF for 1575 nm.



130 Selected Topics on Optical Fiber Technology

x104

I Pathway, 1
L Monitor: N

‘
. ©

1, Launch

alsaaalaaaal

I I A T I O B B

1ol

1

L R R 8 R B3 R R B 0.0
60 -30 0 30 860 1.0 0.5 0.0 7
X (um) Monitor Value (a.u.)
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Fig. 13. Beam propagation characteristics of a 125/125 um MMF for 1575 nm.

Now, since it was used a refractive index liquid which trends to accumulate in the end of the
ferrule, it was decided to split the numbers of images in two different multimode fibers. The
first re-image was obtained on the 105/125 MMF, the next third re-images were obtained on
the no-core fiber. The length of both fibers would be calculated from Eq. (7). By this way,
losses due to the contact of the liquid refractive index with the no-core fiber were avoided.
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This tunable multimode interference bandpass filter is added to an erbium doped fiber ring-
laser. The set up used is showed in Fig. 14.

Diode laser 980nm

MMI Tunable filter

Isolator

Coupler

10% Output
Fig. 14. Schematic set up of a tunable erbium doped fiber laser based on MMI effect.

The experimental set up consists on a laser diode at 980 nm with an output power of 150
mW, a WDM coupler of 980 nm/1550 nm, 5 meters long of Erbium doped fiber (EDF), a C-
band optical isolator to keep the laser unidirectional , a 10/90 coupler to monitor the
tunability of the laser, and the MMI tunable filter.

Fig. 15 shows the relation between the separation distance between the SMF and the
105/125 MMF. The response of the filter was at every 200 um.
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Fig. 15. Wavelength versus separation distance between SMF and 105/125 MMEF.
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Finally with the implementation of a liquid index matching fluid (n=1.64) inside of a ferrule
a tuning range of almost 30 nm was achieved with an insertion losses of 0.4 dB with a 3 dB
bandwidth of 0.35 nm as it is showed in Fig. 16.
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Fig. 16. Wavelength versus Output power with a multimode interference filter.

3.4 A liquid multimode waveguide segment means more tunable range

After the work done so far with the implementation of a liquid index matching liquid
(n=1.64), several questions were on the table, for example, how far can be gone with the
tunable range?, depending on what?. So, on a try for answering these questions, the spectral
response of a group of liquid index matching fluids were studied (Castillo-Guzman et al.,
2010). Taking into account that as it is demonstrated in Eq. (7), the peak wavelength
response of the MMI filter can be selected by simply changing the length of the MMF, and it
was necessary to design a mechanism to change the length of the MMI in real time, creating
a liquid waveguide. Previously, it was analysed a liquid index matching fluid of 1.64 as
refractive index. Now, the proposal was a deep study of several index matching fluids in
order to enlarge the waveguide which gives a larger tunable range as a consequence. Fig. 17
shows the relation between the refractive index of the index matching fluids versus the
FWHM.

The index matching liquids were provided by Cargille Labs. It is important to remember
that the refractive index of the liquid has to be higher than that of the ferrule and lower than
the no-core fiber in order to prevent losses. Fig. 17 shows that the bandwidth increases along
with the refractive index. Therefore, since the ferrule refractive index is 1.444 and the no-
core fiber is 1.463, it was selected the 1.45. Another change done in this work was that the
MMF length was design using only no-core fiber instead of two different MMF.

The set up used was similarly of the Fig. 9, with the exceptions of the variations of the index
matching fluids and the use of the no-core fiber as the unique MMF. Fig. 18 shows the set up
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used in this occasion. About of the elements used in the set up, it was reported a L-band
Erbium-doped fiber (EDF) with 2.85 m long, 0.25 NA and 3000 ppm of Er-concentration. A
980 nm laser diode with 150 mW of maximum output power from Lucent Technologies as
the pump source. The rest of the elements remained the same.

Ferrule No-core fiber(MMF)
A &
A\ \/ Coupler
Erbium doped fiber \ (out-puI:SIWF)
(input SME) Refractive index matching liquid (LMMF)

Fig. 18. Set up of a tunable erbium doped fiber laser with a liquid waveguide as a filter.

In order to obtain a tunable range, the EDF and the no-core fiber were separated. The first
results obtained are shown in Fig. 19. Here, is shown the relation between the separation
distance and the wavelength tuned. The wavelength tuning was achieved varying this
separation in 50 um steps, within a total of 1.6 mm. The index matching fluid used was the
1.64.

The total tuning range was of 39nm. It was from 1561.98nm to 1600.76nm. The linewidth
measured was of 0.4nm and the signal to noise ratio was of 40dBm. These experimental
results are showed in Fig. 20. The MMI filter has proved to be confident for an erbium
optical fiber laser. The tuning mechanism was applied back and forth maintaining the
output power always stable.
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Fig. 20. Tuning range of 39nm, output power versus wavelength.

The second results obtained are shown in Fig. 21. Here, is shown the relation between the
separation distance and the wavelength tuned. The wavelength tuning was achieved
varying this separation in 1000 um steps, within a total of 1.7 mm. the index matching fluid

used was 1.45.
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Fig. 21. Separation distance between fibers (single mode fiber and no-core) versus
wavelength tuned.

As it can be seen, the total tunable range was limited by 60 nm. It was reported that a
possible reason for this is the small mismatch between the diameter of the silica ferrule (127
pum) and that of the no-core fiber (125 um) and also for the inner ferrule imperfections. So,
every time the fibers were moving apart to each other, some kind of tilting between the
facets end-fibers could deteriorate the coupling of the self-image to the output SMF. It is
understood that a more uniform capillary with a diameter closer to the diameter of the MMF
would increase the tuning range.

The complete tunable range is showed in Fig. 22. It is cleared that the peak wavelengths
achieved in both tunable set ups differs. It is assumed that the difference on the index
matching fluids affects directly in the optical spectrum wavelength as well as on the total
tunable range because of the reduction of the loss inside of the liquid waveguide.

The total insertion loss was of 0.64 dB. The tunable range covered was of 60 nm which was
from 1549 nm to 1609 nm. The measured laser linewidth was of 0.4 nm with a signal-to-
noise ratio (SNR) of about 40 dB.

Since the wavelength peak response is a function of the MMF length, it could be possible to
apply this system to other kind of rare-earth doped fiber laser in order to develop different
wavelength ranges. Also, it is possible to apply this filter to high power application since the
index matching liquids have boiling points of at least 100°C or implement it together with a
master oscillator power amplifier (MOPA) configuration.

3.5 Numerical model for a high power erbium doped fiber laser

It was compute the evolution of a signal, pump, backward and forward ASE (Amplified
Spontaneous emission) in a fiber laser in a model that takes into account the modal shape of
the radiation fields, the spectral shape of cross sections and of forward and backward
propagation ASE, pump power depletion, and saturations due to ASE and or signal. The
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Fig. 22. Total tunable range of an EDFL based on the MMI effect.

model can be easily extended to different rare-earth fiber laser configuration subject to some
constrains, since the physics remains the same in many cases. It is used the spectroscopy
data of an erbium doped fiber from a published paper.

Rare-earth doped fibers offer many advantages for example: they are lightweight and
flexible and can be coiled so that compactly packaged and robust devices can be carried out;
they are well-controlled beam shape, owing to the confinement of light in the core of the
fiber; the thermal management is simple thanks to the extended length, large surface area,
and small transverse dimension of the fiber (Ueda et al., 2002). It can also find the rare-earth
fibers good devices offering a high gain, and the use of a glass host leads to a wide
bandwidth, which makes them suitable for amplifiers as well as for widely tunable lasers.
Other attractive features of fibers lasers include narrow linewidth (with wavelength-
selection), efficiency, stability, reliability, and temporal characteristics ranging from CW to
femtosecond pulses. All these attractions make fiber lasers very useful in areas such as
thermal printing, drilling, welding, cutting, material processing, nonlinear frequency
conversion, remote pumping of EDFAs (Erbium Doped fiber Amplifiers), range finding,
defense, aerospace, and medicine (Anthon et al., 2001; Jackson & Lauto, 2002). For those
reasons, the rare-earth modeling is acquiring so much importance now in our days. This
work is focus in the modeling of an erbium doped fibers seeded with a tunable fiber source
based on the multimode interference effect.
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3.5.1 The model

The equations do need to be solved numerically. Assuming again that the pump and the
signal light are co-propagating, the numerical solution proceeds as follows: First, the
(discretized) forward-travelling ASE spectrum and the pump and signal powers are
propagated forward according to Egs. (1) - (6) with S- ASE =0 in Eq. (5).
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The equations are integrated numerically, e.g. with a Runge-Kutta method. At the same
time, the population inversion throughout the fiber is calculated. The resulting forward-
travelling light powers are then used in Eq. (12) when Eq. (11) is integrated backward to
yield the backward-travelling ASE spectrum. In the process, the population inversion is
recalculated. Appropriate boundary conditions (determined by the endreflectors) are used
to couple forward and backward-propagating light fields to each other. Then, Eq. (8) and
Eq. (11) are integrated forward again, now including the S—- ASE(z,v) just found in Eq. (12).
This process is repeated until convergence is reach. Other methods for solving Egs. (8 and
12) exist, too. In the case of a laser, no signal is injected; instead, the lasing field builds up
from spontaneous emission.

3.5.2 Results and discussion

Erbium-doped fiber laser is modeled as a three level system. It was pumped at 980nm, 10 W
diode laser, to amplified light at 1567, that is, it was launched into it a seed signal at 1567nm
in order to configure our experiment that would consists of a tunable erbium fiber laser
feeding a double-clad erbium-doped fiber amplifier in a MOPA configuration and thus
realizes a high power system together with our previous results of a MMI-effect-widely-
tunable-fiber laser. Double-cladding-pumping has revolutionized fiber lasers over the last
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decades. The perspective of that a single-mode diodes are limited in power to a few
hundred miliwatts changed with the breakthrough idea, referred to as cladding-pumping
(using double-clad fibers), patented by James Kafka at Spectra Physics ( Kafka, 1989). A
double-clad fiber, indeed, enables a good match with the output beam from broad-stripe
diode. These are multi-mode devices that can generate much higher powers than single-
mode ones. Thus, with cladding-pumping, a double-clad fiber laser can produce much
higher output power, in a beam that nevertheless can be diffraction-limited. Cladding-
pumped fiber lasers are currently considered for many applications, where high laser
powers are required.

In Fig. 23 is plotted the values of the laser signal calculated in this fashion versus absorbed
pump power. The system achieved a total output power of 2.64 Watts and with a threshold
absorbed power of 0.3W. We obtained a slope efficiency of around 30%. The dopant
concentration for our power regime was 300ppm wt% of erbium with a total fiber length of
10 m. Some parameters of the double cladding optical fiber were an inner cladding diameter
of 30 pm, and out cladding diameter of 125 um, a NA of 0.1 and a radius of 1.8x10¢ m. The
model utilized can be easily extended and complete the all widely tunable seed signals (1549
nm to 1609 nm) for our double-clad erbium fiber laser simulated configuration, since the
optics remains the same.

Qutput power (Watts)
o
|

Pump power (Watts)

Fig. 23. Erbium results, output power versus pump power.
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The results obtained in this part, were compared with other rare-earth doped-fiber
simulations and it was realized that this work is highly reliable. It was utilized some
spectroscopy data of important fiber fabrication companies as a base like the diameters of
the fiber, indexes of refraction, pump wavelength, etc; that guarantee even more our
work.

4. Conclusion

It has been demonstrated tunable rare-earth doped fiber lasers which based their tunable
system in the multimode interference effect that occurs on the optical fibers. Different
arrangements were used in order to apply this effect. Firstly, it was used a mirror and a facet
fiber with a gold film as a reflecting device to induce the light back into the system and
selecting the wavelength to tune by moving away the reflecting device from the final facet of
the multimode fiber. The tunable range achieved with these optical lasers was as many as 8
nm and 12 nm respectively.

The following setup presented shows to be the most promising device, and it consisted in a
device that works as a liquid waveguide inside of a ferrule filled it with an index matching
fluid for a longer tunable range and for conserving the light propagation in one axis. The
highlighted results showed a total tunable range of 60 nm which goes from 1549 nm to 1609
nm. The measured laser linewidth was of 0.4 nm with a signal-to-noise ratio (SNR) of about
40 dB.

In general this device is inexpensive and portable due to the simplicity of its elements. Also,
these types of lasers are well applied to a variety of technologies such as optical
communications and medicine.

It is also concluded by a simulation that a high power fiber laser that uses our optical filter
as tunable device is possible to build up. An output power of 2.64 Watts was achieved
within the optical range tuned of 60 nm. This device is very likely to scale even to higher
powers along with different rare earth doped fiber lasers.
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6. Nomenclature

SOA  Semiconductor Optical Amplifier
MMI  Multimode Interference

MOPA Master Oscillator Power Amplifier
EDFL  Erbium Doped fiber Laser

DCEDF Double Cladding Erbium Doped Fiber
MMF  Multimode Fiber
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SMF  Singlemode fiber

DCYDF Double Cladding Ytterbium Doped Fiber
AR Anti-Reflection Coating

YDFL  Yterbium Doped Fiber Laser

DCYFL Double Cladding Yterbium Fiber Laser
SU-8  SU-8 photoresist

TEDFL Tunable Erbium Doped Fiber Laser
MMW  Multimode Waveguide

FWHM Full Width at Half-Maximum

SNR  Signal to Noise

ASE Amplified Spontaneous Emission
EDFA  Erbium Doped Fiber Amplifier

NA Numerical Aperture
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DWDM Application
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1. Introduction

Over the past years, the internet core rapidly increases, transparent protocols become more
available for DWDM system in the fiber to the home, fiber to the institutions service. In
densely spaced wavelength-routed and large-capacity optical network systems, single-mode
lasers with narrow linewidth and low temperature sensitivity are of particular importance
as the light sources in transmitter modules. The efficient coupling of a laser diode to an
optical fiber has been a problem of general concern since the advent of fiber-optic
communication systems. This chapter will introduce to fabricate a fiber grating external
cavity laser (FGECL) module with a low cost while still maintaining a good single
longitudinal mode performance by using a low-cost AR(Anti-reflection)-coated(5%10-3) laser
and a tapered hyperbolic-end fiber (THEF) microlens for strong coupling the fiber grating
external cavity. Previously, high-performance FGECL modules have only been available by
using a complicated AR-coated(1x10-5) laser process that leads to a high packaging cost. The
FGECL consisted of a HR/ AR-coated diode laser, an uncoated THEF microlens, and a fiber
grating. The results showed that the FGECL module exhibits a side-mode suppression ratio
(SMSR) higher than 44 dB, a higher output power of more than 2 mW, and a larger
operation current range of over 50 mA. In addition, excellent wavelength stability and a
low-penalty directly modulated 2.488 Gbit/s were also obtained for FGECL modules. The
THEF microlens demonstrated up to 86% coupling efficiency for a laser with an aspect ratio
of 1:1.5. A fiber microlens which provides an efficient coupling mechanism to match the spot
size of the diode laser to the fiber is commonly used for optical alignment in FGECL
modules. Low-cost FGECL modules with good performance were achieved primarily owing
to the THEF microlens having a high coupling efficiency (typically 75%) which enhanced the
feedback power from the fiber grating external cavity to the HR/ AR-coated laser compared
with the currently available hemispherical microlens which has low coupling efficiency
(typically 50%). Therefore, the packaged FGECL module is suitable for use in low cost 2.5
and 10 Gbit/s lightwave transmission systems, such as gigabit passive optical networks
(GPON ), metropolitan area networks (MANSs), and fiber-to-the-home (FTTH) applications.
This chapter is organized as follows:

Part I: A tapered hyperbolic-shaped microlens has been improved for efficient the coupling
of the output from a laser diode into an optical fiber. A tapered hemispherical-end
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fibermicrolens is also evaluated for comparison purposes. The Fresnel diffraction theory is
used to evaluate laser to fiber coupling using microlenses. Experimental results demonstrate
that, for an elliptical Gaussian laser diode with an aspect ratio of 1:1.5, the coupling
efficiencies for the hyperbolic-shaped microlenses and the hemispherical-end fiber
microlenses are 87% and 62%, respectively. Calculation results show excellent agreement
with the measurements. The research results illustrate that a hyperbolic-shaped microlens
has a much higher coupling efficiency than a hemispherical-end microlens due to efficient
mode matching and phase matching. An empirical model and a comparison of coupling
efficiency between hyperbolic-end and hemispheric-end microlenses are presented.

Part II describes a new scheme of the tapered hyperbolic-end fiber (THEF) and experimental
setup. A new lensed-fiber scheme for producing a THEF microlens with an efficient
coupling between a laser diode and a single-mode fiber. The high-coupling performance of
microlenses with a hyperbolic profile was due to the improved mode matching between the
laser and the fiber when compared to currently available hemispherical microlenses, The
THEF microlens is ideally suited to collect all the available radiation emitting from a laser
source. The diffraction theory predicted that near 100% coupling efficiency could be
achieved by a THEF with a circular laser beam pattern, based on both the horizontal and
vertical far-field angles of 20 degrees.

Part III describes a low-cost FGECL modules with good performance which were achieved
primarily owing to the THEF microlenses having a high coupling efficiency (typically 75%).
In general, a high-performance FGECL requires a low AR-coated (1x10%) laser. However,
such packages require complicated processes, which make their cost too high. Using a
temperature-insensitive and low-chirp fiber Bragg grating reflector as the external cavity for
the semiconductor gain element. The possibility fabricating FGECL modules at low cost
while still maintaining a good performance by employing a low-cost AR-coated (5%10-3)
laser and a THEF microlens can be demonstrated in the part II. The fiber grating external
cavity lasers (FGECLs) have been developed for 2.5 Gbit/s WDM with a low bit error rate
penalty. It has been shown that the side-mode suppression ratio (SMSR) of the non-AR-
coated FGECL exhibits a current-dependent oscillation.

2. Theoretical fundamentals between a tapered hyperbolic-shaped microlens
and a hemispherical-end fiber microlens

A hyperbolic-shaped microlens, the shape of a perfect microlens was modeled in the shape
of a hyperbolic curve, which was different from the previous studies. The hyperbolic-
shaped microlens of this study transforms accurately the incident Gaussian pattern wave
into a plane wave according to geometric optics. The novel hyperbolic-shaped microlenses
were fabricated by symmetrically tapering the fibers during the unique etching process and
hyperbolically lensing the tips during the fusing process. In comparison with other
techniques of making hyperbolic-shaped microlenses, the fabrication process of our tapered
hyperbolic-shaped fiber microlens is reproducible and suitable for high-volume production.

2.1 A model of the hemispherical-end microlens
Fig. 1(a) shows the hemispherical-end microlens with a radius of curvature of 9.4 pm. The
equation for the hemispherical-end microlens can be expressed as Eq. (1)

R, —2)2 +1° = R({z @
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where z is the axial coordinate along the optical axis of the lens (the direction of traveling
wave), r is perpendicular to the optical axis, R,is one radius of curvature of the

hemispherical-end microlens, as shown in Fig. 1(b). The phase transformations of the
hemispherical-end microlens can be expressed as Eq. (2)

tAr):exp[—i-K-(n—l)-(R[—m)} 2

where 7 is the refractive index of the fiber core and « represents the wave number of a
propagating wave, given by 2rn/A. The Gaussian laser beam entering into the mode field of
the hemispherical-end microlens can be stated as Eq. (3)

un(x'yfz)=usx(x'z)'usy(yfz)'tlf(r) (3)

with Egs. (1), (2) and (3), we can calculate the coupling efficiency of an elliptical Gaussian
mode laser to the hemispherical-end microlens.

2.2 A model of the hyperbolic-shape microlens

The lens shape of a perfect the hyperbolic-shape microlens was modeled by a hyperbolic
curve. Fig. 2(a) shows the hyperbolic-shape microlens with a radius of curvature of 9.4 pm
and the simulated hyperbolic curve from the enlarged tip. The feature of the hyperpolic-
shape microlens has a smaller taper angle than the hemispherical-end microlens and a larger
tilt taper angle of the lens tip of the hyperpolic-shape. The hyperbolic equation can be
expressed as

2 2

z=

S-—=1 4)

a’ b’ (
This formula was derived from the fitted lens radius, R, within the core region and the tilt
angle, 6,, of the asymptotic line with respect to the fiber axis, where z is the axial coordinate
along the optical axis of the lens (i.e. the direction of traveling wave), r is perpendicular to
the optical axis and is equal to the square root of x2 + y2, as shown in Fig. 2(b).

10-5 0 510 g-axis

(@) (b)
Fig. 1. (a) Hemispherical-end microlens with a radius of curvature of 9.4 pm, right figure is a
simulated hemispherical curve from the enlarged tip. (b) z is the axial coordinate along the
optical axis of the lens (the direction of traveling wave), and r is perpendicular to the optical
axis.
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We assume that the circle was fitted perfectly within the fiber core region. The repeatability
of the measurement is within 1pm. Hence, the center point, (h, 0), of the circle can be
calculated with the following equation,

[1/tan(9u)2} +1

h(a) =17 - : )
2.{ [rf/tan(gﬂﬂ +a? —a}
where ryis the fiber core radius. Since the following equation needs to be satisfied,
R,+a-h(a)=0 (6)

R, is one radius of curvature of the hyperbolic-shape microlens, the value of a can be solved
in terms of the measured parameters. The value of b is calculated from the asymptotic
relationship,

b=a-tan(6,) @)

The phase transformations for the hyperbolic lens can be represented by the following
equations (8) & (9)

toe (%)= exp[—i k- (n-1) »((a/b) b+ (x+d,)? —a)} ®)
ty (v)= exp{—iqo(n —1)-((a/b)~1lb2 +(y+ cly)2 —11)} e

where 7 is the refractive index of the fiber core, and d, and d, represent the deviation (offset)
of the lens from the fiber center axis in the horizontal and vertical directions, respectively.
The mode field after the hyperbolic-shape microlens can be expressed as

u, (x,y,z) =Uy, (x’Z) ’ usy (y,Z)- tr (x) ’ té/y (y) (10)

2.3 Experiments and analysis of transmission properties

The laser-to-fiber coupling was modeled based on the Fresnel diffraction theory. From the
elliptical Gaussian laser source to the fiber microlens, which used Fresnel diffraction for
beam propagation through the free space. At the lens tip, a phase delay caused by the fiber
microlens was added to the electric field. Finally, an overlap integral between the
transformed field and the fiber mode field was calculated to obtain a coupling efficiency.
The mode field patterns for both the laser and fiber were assumed to be Gaussian and the
1550 nm laser diode had an elliptical emission pattern. The measured full-width-half-
maximum (FWHM) far-field angles along the horizontal and vertical directions, 6, and 6,
were used to calculate the laser mode-field radii at the front facet, @y and @, respectively.
The relationship between the far-field angle and the mode-field radius at the waist can be
derived as

@,y :(1/111(2)/2)/1/(7%tan(@x/2)) 11)
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Wy = (\/r /1/(77 tan y/Z)) (12)
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Fig. 2. (a) Enlarged tip of hyperbolic-shape microlens with a radius of curvature of 9.4 pm.
(b) The circle was fitted perfectly within the fiber core region, z is the axial coordinate along
the optical axis of the lens, r is perpendicular to the optical axis, the tilt angle of the
asymptotic line with respect to the fiber axis with 8..

The laser mode fields at a distance Z from the facet were thus represented by the Fresnel
diffraction theory,

st(x,z)zj.iexp[ (xl/ Ox) +i-(k/2-z)-(x—x,) }dxl \/exp (i-x-2)/(i-2-2) (13)

usy(y,z):j_”;exp[ (11/@, )+1 (x/2-2)-(y-v,) }dyl-\/exp(ivk-z)/(i%vz) (14)

where A is the wavelength, and « is the wave number, given by 2n/A. Equations (13) and
(14) do not include the astigmatism for the laser diode. This is the case for the well-designed
index-guided lasers. Finally, the coupling efficiency is calculated from the overlap integral
of this new mode field with the fiber fundamental mode field, U (x, y),

2
j jun (x,,2) U (x,y)dxdy
j jun XY,z Un*(x,y,z)dxdy-j qu(x,y)-uf*(x,y)dxdy

For a fixed fiber lens radius, the coupling efficiency between the laser diode and the fiber
was calculated. The hyperbolic-shape microlenses had a much higher coupling efficiency
than the hemispherical-end microlenses for an elliptical Gaussian laser with an aspect
ratio of 1:1.5. An experimental comparison of the hyperbolic-shape microlenses has
demonstrated a coupling efficiency of up to 86.8% while the hemispherical-end fiber
microlenses with taper asymmetry have demonstrated imperfect coupling of at best
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61.5%. An elliptical Gaussian laser diode with an aspect ratio of 1:1.5, a widely adopted
commercial product, has a full-width-half-maximum (FWHM) far-field divergence of
20°x30°(lateral x vertical) at 20°C and 60 mA, both horizontal angle and vertical angle as
shown in Figs. 3(a) and (b), respectively. Theoretically, a high coupling efficiency can be
obtained under specific conditions, for example, the coupling loss is relative to the radii of
curvature of microlenses and laser diodes aspect ratio. The diffraction theory predicted
that near 100 % coupling efficiency could be achieved by a hyperbolic-shape microlens
with a circular laser beam pattern, based on both the horizontal and vertical far-field
angles of 20 degrees.

Fig. 4 shows the coupling efficiency as a function of radius of curvature for a laser diode
with an aspect ratio of 1:1.5; the hyperbolic-shape microlenses can reach a 95% coupling
efficiency and the hemispherical-end fiber microlenses with a typical coupling efficiency of
only 70% for calculation results. The theory does not take into account any astigmatism in
the endface of the fiber microlens. There is a difference in optical field distributions between
an elliptical Gaussian laser diode and the radius of curvature, not only in the size, but also in
the profile. The coupling loss of a spot-size transformation between the tapered hyperbolic-
shape fiber lens and an elliptical Gaussian laser diode is extremely reduced by controlling
the shape of the hyperbolic lens tapered portion. The hyperbolic-shape microlenses have a
higher coupling efficiency due to larger acceptance angles which was the major reason to
bring about excellent mode matching, as shown in Fig. 5.
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Fig. 3. An elliptical Gaussian laser diode with an aspect ratio of 1:1.5 has a full-width-half-
maximum (FWHM) far-field divergence of 200x30e (lateral x vertical) at 20°C and 60 mA
(a) horizontal direction and (b) vertical direction.



Design of High Performance and

Low-Cost Single Longitudinal Mode Laser Module for DWDM Application 149
100 1 N T M 1 M 1 N T M T M 1 M 1
3 )
90| o -
& 80F o 0% ]
e L 0 °
- O
> 10+ = qQ ° ]
= [ m
S 60[ 2 o . ]
2 L O i ™ o
|
s SO0 ©o o A
= Op 4o i
= 40+ 0 7
L ] )
= N 1| ) N ]
R= = Simulation Hemispherical-end lens
= 20| ® Simulation Hyperbolic-shape lens 4
g o Experiment Hemispherical-end lens
&) 10 [ o Experiment Hyperbolic-shape lens ]
0l— .

6 8 10 12 14 16 18 20 22
Radius of Curvature (um)

Fig. 4. The coupling efficiency as a function of radius of curvature for a laser diode with an
aspect ratio of 1:1.5, the oupling loss is relative to the radii of curvature of microlenses and
laser diodes aspect ratio. The hyperbolic-shape microlenses have a much higher coupling

efficiency than the hemispherical-end microlenses for experimental and calculated results.
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Fig. 5. Hyperbolic-shape microlenses have a higher coupling efficiency due to larger
acceptance angles than the hemispherical-end microlenses.
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For calculating the intensity and wavefront inside the optical waveguide, we have designed
two models of the hyperbolic-shape and the hemispherical-end microlens with Solidworks
software, as shown in Fig. 6. Figs. 6(a-1) and (a-2) show the pictures of the hemispherical-
end microlens and an enlarged tip, respectively. Figs. 6(b-1) and (b-2) show the hyperbolic-
shape microlens and an enlarged tip, respectively. Figs. 7(a) and (b) show the optical
intensity and the two-dimensional contour plots at 4.7 um from the tip of microlens in the
optical waveguide of the hemispherical-end microlenses and the hyperbolic-shape
microlenses, respectively; both microlenses were of a radius curvature of 9.4 um and the
beam was propagating along the z-direction (the fiber axis). Figs. 8(a) and (b) show the
optical intensity and the two-dimensional contour plots at 18.8 um from the tip of microlens
in the optical waveguide of the hemispherical-end microlenses and the hyperbolic-shape
microlenses, respectively. Obviously, .the hyperbolic-shape microlens shows a strengthened
intensity along the waveguide path after transformation by the microlens. The optical
intensity of the hyperbolic-shape microlenses with radii of curvature were of 9.4 um and 15
pm at 4.7 um from the tip of microlens in the optical waveguide, the strengths were 0.933
a.u. and 0.789 a.u., respectively, as shown in Figs. 9(a) and (b), respectively. Therefore, a
radius of curvature of 9.4 pm is an optimal lens of the hyperbolic-shape microlenses of
standard single-mode fibers owing to higher coupling efficiencies after lenses’
transformation. The calculation of the effect of the optical coupling of the hyperbolic-shape
microlenses based on an empirical model is in agreement with the measured results.

(b-1) (b-2)

Fig. 6. Two models with Solidworks software, (a-1) hemispherical-end microlens,
(a-2) enlarged tip of the hemispherical-end microlens , and (b-1) hyperbolic-shape microlens,
(b-2) enlarged tip of the hyperbolic-shape microlens.
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Fig. 7. The optical intensity and the two-dimensional contour plots at 4.7pm from the tip of
microlens in the optical waveguide. Both the hyperbolic-shape and the hemispherical-end
microlens were of a radius curvature of 9.4 um, the beam was propagating along the z-
direction (the fiber axis). (a) hemispherical-end microlens, and (b) hyperbolic-shape
microlens.
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Fig. 8. The optical intensity and the two-dimensional contour plots at 18.8 pm from the tip of
microlens in the optical waveguide. Both the hyperbolic-shape and the hemispherical-end
microlens were of a radius curvature of 9.4 um, the beam was propagating along z-direction
(the fiber axis). (a) hemispherical-end microlens, and (b) hyperbolic-shape microlens.
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Fig. 9. Optical intensity of the hyperbolic-shaped microlenses 4.7 um from the tip of the
microlens in the optical waveguide. The strengths were (a) 0.933 a.u. with curvature radius
of 9.4 um and (b) 0.789 a.u. with a curvature radius of 15pm.

Fig. 10(a)-(c) show the variation of wavefronts at the different distances from the tip of
microlens in the optical waveguide, of 1.1471, 4.7, 50 um, respectively. The wavefronts of the
hemispherical-end microlenses aren’t in accordance with the Gaussian shape in the optical
waveguide due to the existence of radiation modes and a greater Fresnel’s reflections on the
endface of the lens tip. From numerical results with a radius curvature of 9.4 um, the
hyperbolic-shape microlenses have less normalized phase aberration than the
hemispherical-end microlenses with wavelength of 1.55 um, as shown in Fig. 11. It was
evidenced in the phase matching after microlens’s transformation of the hyperbolic-shape
microlens which was not that of the hemispherical-end microlens. From both of the
simulations and experiments, the hyperbolic-shape microlenses can be proved with a much
better coupling efficiency than the hemispherical-end microlenses, due to phase matching
between the Gaussian type laser source and the fiber mode. In addition to the wavefront
matching between the propagating laser beam and the fiber mode, the spot-size matching of
the Gaussian field distribution is a major reason of improving the coupling efficiency for the
hyperbolic-shape microlenses. Compared to the near field intensity patterns, 1 um of near
the tip of lens in free space, both the hyperbolic-shape microlens and the hemispherical-end
microlens with a radius curvature of 9.4 pm are shown in Figs. 12(a) and (b). Obviously, the
hyperbolic-shape microlenses, as shown in Fig. 12 (b), have much stronger optical intensity
and a larger extent of an elliptical field than the hemispherical-end microlenses.

We have compared the optical transformation of the hyperbolic-shaped microlens versus
the hemispherical-end microlens for efficient coupling to an elliptical Gaussian laser diode
of aspect ratio 1:1.5. The coupling efficiencies for both the tapered hyperbolic-shaped
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microlens and a tapered hemispherical-end fiber microlens were calculated based on the
Fresnel diffraction theory and the results are in good agreement with the measurements.
From the theoretical calculations, we show that uncoated tapered hyperbolic-shaped
microlenses, affected solely by Fresnel’s reflections, suffer less than 0.2 dB loss when
coupled to an elliptical Gaussian mode laser of aspect ratio 1:1.5.
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Fig. 10. The variation of wavefronts at the different distances from the tip of microlens in the
optical waveguide at (a)1.1471, (b) 4.7 and (c) 50 pm, respectively. (a-1), (b-1) and (c-1) are
for hemispherical-end microlenses. (a-2), (b-2) and (c-2) are for hyperbolic-shape

microlenses.
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Fig. 11. For the hemispherical-end and the hyperbolic-shaped microlenses of curvature
radius 9.4 um, the hyperbolic-shaped microlenses have a less normalized phase aberration
at wavelength 1.55 um.
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Fig. 12. Near field intensity patterns for: (a) hemispherical-end microlens and (b) hyperbolic-
shaped microlens 1 um near the tip of the lens. Both the hyperbolic-shaped microlens and
the hemispherical-end microlens are of curvature radius 9.4 pm. The hyperbolic-shaped
microlens shows a larger extent of the elliptical field.
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3. Manufacturing process of fiber microlenses

The fibers used in this discuss were Corning step-index single-mode fibers. The glass
composition was SiO,-GeO,-P,0s for the core and pure SiO, for the cladding with low
impurity content. The fiber core diameter, the beam spot size, and the refractive index
difference were 8 um, 5 um, and 0.3%, respectively, at a wavelength of 1.55 pm. To obtain
efficient coupling between the diode laser and fiber in a previous study, hemispherical fiber
lenses with a short taper length and a large taper angle with a small radius of curvature
were required. One of the convenient methods of producing short taper lengths and large
taper angles in hemispherical fiber lenses has been reported.

In this chapter, the THEF was redesigned with a longer taper length and a smaller taper
angle with a small radius of curvature than the hemispherical fiber lens. The THEFs were
fabricated by etching the fiber end in a 55% HF solution placed in a teflon beaker, with a
thin layer of oil floating on top, as shown in Fig. 13. Fig. 13 is a sketched diagram of the
etching process; up to 200 fibers may be etched simultaneously in the experiment. The
etching process at room temperature in the HF/oil solution was terminated after 25 min.
The oil on top of the HF solution has the effect of reducing the fiber etching above the bath
surface from the HF vaporization. The higher-density oil floating on the surface of the HF
solution reduces the fiber etching caused by the re-deposition of the evaporated HF
molecules. In this process, the longer taper length and the smaller taper angle of the fiber
end were achieved by controlling the density of the oil floating on top of the HF solution.

Single Mode
Fiber
+—

Al Holder
Qil

HF
D

Teflon Beaker

Fig. 13. Setup of the THEF fabrication diagram with the HF solution, oil layer, holder, and
the fibers.

The experimental measurements and numerical calculations for the dependence of taper
angle on oil density for the THEF are presented. The etching process at room temperature
in HF with oil solution was terminated at 25 min. Different densities of oil floating on the
HF solution were investigated. The oil density was defined by weight per volume
(g/cm3). Fig. 14 shows the taper angle as a function of the oil density. This result shows
that the taper angle is dependent on the oil density. The oil floating on the HF with an oil
solution with lower density and much etching effect caused by HF deposition due to
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vaporization exhibits a smaller taper angle. In order to create hyperbolic microlenses for
high-coupling efficiency, straight tapers without lateral offsets were required. This was
achieved by exactly aligning the fiber vertically with the surface of the HF solution in the
fiber holder, as shown in Fig. 13. After the fiber was etched to the desired tapered shape, a
hyperbolic microlens for the THEF was formed by heating the fiber tip in a fusion splicer.
Only one tapered fiber can be processed with a splicing machine at a time to form a lensed
fiber. The duration of the arc discharge and the offset distance between the tapered fiber
tip and the arc discharge line were optimized to obtain the proper melting temperatures.
In addition, the arcings were performed twice and oriented orthogonally from each other
to achieve a symmetrically hyperbolic microlens. A 300-um-long InGaAsP/InP multi-
quantum-well, ridge-waveguide Fabry-Perot laser diode wire bonded on a sub-carrier
was used as the gain medium for the fiber gating laser. The FP laser diode, which has a
90% HR coating at the back facet and a low-cost AR-coated front facet of 0.5%, was
mounted on a TE cooler to control the substrate temperature. The FP laser beam has a far-
field divergence of 20°x30°(lateral x vertical).
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Fig. 14. The taper angle as a function of the local oil density. The taper angle is dependent on
the oil density.

3.1 Measurements of hyperbolic-end and hemispheric-end microlenses

Fig. 15 shows the hemispherical-end microlens and hyperpolic-end microlens with singular
tapered angle by different etching process and fusion parameters. The taper angle of the
hemispherical-end microlens and hyperpolic-end microlens are 26s and 20,1, respectively.
The feature of the hyperpolic-end microlens has a smaller taper angle, i.e. 20p1< 20ps, and
20hp2 larger than 20y, is necessary. In Figs. 15(a) and (b), both microlenses have a radius of
curvature of 9.4 pm. The coupling efficiency of the hemispherical-end microlens and
hyperpolic-end microlens as a function of the lenses radius of curvature is shown in Fig. 4.
The distance L between the laser and the fiber lens was optimized at every point for a
maximum coupling efficiency. The high coupling performance of microlenses with a
hyperbolic profile was due to the improved mode matching and the better wavefront
matching between the laser and the fiber compared with the currently available
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hemispherical microlenses, which have a typical coupling efficiency of 50%. The radius of
the hyperbolicend microlens will determine the collimated beam size for mode-size
matching, and the hyperbolic shape will remove the hemispherical aberration for wave front
matching between the propagating laser beam and the fiber mode. This hyperbolic-end
microlens exhibited a better coupling performance compared to other microlenses fabricated
by chemical etching and drawn-tapered fiber techniques, which showed a maximum
coupling efficiency of 65% for a laser diode with an aspect ratio of 1:1.5. Some previous
studies used complicated processes. The lens shape of a perfect THEF was modeled by a
hyperbolic curve, is expressed as Eq.(4).

5 : i x-axis
@ (b)

Fig. 15. (a) Hyperbolic-end microlens, and (b) hemispherical-end microlens with different

tapered angles. Both microlenses have a radius of curvature of 9.4 um.

3.2 An emperical model for taper length depending on oil density

The HF with oil solution can be divided into three layers: the bottom layer of
uncontaminated HF solution, the interface layer of HF with oil solution, and the top-most
layer of oil, as shown in Fig. 16(a). Fig. 16(b) shows the etching processes of tapered fiber.
The oil floating on top of the HF solution decreases the vaporization effect from the HF
solution onto the fiber surface above the HF solution during etching. The local oil density,
7(g), is assumed to vary in the e-direction.

According to Fig. 16(a), the layers I, II, and III are the fiber dipped in the uncontaminated
HF solution, the interface layer between the oil layer and the HF solution, and oil layer,
respectively. Therefore, the local oil density in layers I, 1I, and III are zero, a function of e,
and a constant (depending on the oil), respectively. The fiber in layer I can be etched to a
long round stick, while the fiber in layer II can be etched to form a longer taper length and a
smaller taper angle. The etching process in both layers I and II is terminated at room
temperature after 25 min. The local oil density, y(g), in three different layers can be
expressed as

constant < &

r@)=1[p +qr@©](e-¢) £ <E<¢
0 £ < g
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where the p and g are constants. Based on Fig. 16, the taper angle, 8;, is given by
6,=05 tan™ (d; /2¢) 17)

where the dyis the fiber diameter of 125 pm. From Egs. (16) and (17) yields

6, =05tan™{d;[p+qr(2)]/27(2)} (18)

where the constants p and g are —0.113 and 0.169, respectively. The constants p and g are
from the experimental values of the taper angle related to the oil density. To complete the
etching process, the long round stick in layer I disappeared and left a longer taper fiber, as
shown in Fig. 17. Figs. 17(a) and 17(b) show the pictures of different etching time, 18 min.
and 25 min., respectively. Figure 17(c) shows a tapered fiber picture after completing an
etching process to be enlarged by 500 times by SEM (Scanning Electron Micrograph Image).
The taper angles are dependent on etching time and oil thickness, as shown in Fig. 18. In the
interface region, the fiber was subjected to the influence of adhesive force (horizontal
direction) except for surface tension (vertical direction). The activity of the horizontal
direction and the vertical direction were 7y sin€ and ryp = ryp — 1oy cos@, respectively.

The dependence of the taper length and the taper angle between the hemispherical
microlenses and THEFs is shown in Fig. 19.
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Fig. 16. (a) HF with oil solution divided into three layers; layerl: the fiber dipped in the
uncontaminated HF solution, layer II:the interface layer between the oil layer and the HF
solution, and layer III: oil layer. (b) Etching processes of fiber microlensat different etching
time.
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Fig. 17. Pictures of different etching time, (a) 18 min. (b) 25 min., and (c) enlarged by 500
times taper fiber after etching process, photo by SEM (Scanning Electron Micrograph
Image).
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Fig. 18. The taper angles are dependent on etching time and oil thickness.

4. Fabrication of fiber gratings laser with uncoated microlenses

In densely spaced wavelength-routed and large-capacity optical network systems, single-
mode lasers with narrow linewidth and low temperature sensitivity are of particular
importance as the light sources in transmitter modules. Using a temperature-insensitive and
low-chirp fiber Bragg grating reflector as the external cavity for the semiconductor gain
element, fiber grating external cavity lasers (FGECLs) have been developed for 2.5 Gbit/s or
10 Gbit/s WDM with a low bit error rate penalty. It has been shown that the side-mode
suppression ratio (SMSR) of the non-AR-coated FGECL exhibits a current-dependent
oscillation. To avoid the formation of an intra cavity and increase the SMSR, Morton et al.
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Fig. 19. The dependence of taper length and taper angle between the hemispherical
microlenses and THEFs.

have demonstrated an FGECL configuration by applying antireflection (AR) coatings to
both the fiber tip and the diode laser front facet (facet closest to fiber tip). However, both
the fiber tip and the diode laser front facet required low AR coatings(1x10-5). This makes
the fabrication process complicated and causes an increase in the cost of the production.
Therefore, compact integration of the diode laser and the fiber grating external cavity,
which would allow the ease of optical coating and the reduction of back reflection from
the fiber tip, is of great research interest for optimizing the FGECL performance. A fiber
microlens which provides an efficient coupling mechanism to match the spot size
of the diode laser to the fiber is commonly used for optical alignment in FGECL
modules.

This paragraph will elucidate the fabrication of a fiber grating external cavity laser (FGECL)
module with a low cost while still maintaining a good performance using a low-cost
AR(Anti-reflection)-coated(5%103) laser and a tapered hyperbolic-end fiber (THEF)
microlens. Previously, high-performance FGECL modules have only been available by using
a complicated AR-coated(1x105) laser process that leads to a high packaging cost. Our
FGECL consisted of a HR/AR-coated diode laser, a THEF microlens, and a fiber grating.
The results showed that the FGECL module exhibits a side-mode suppression ratio (SMSR)
higher than 44 dB, a higher output power of more than 2 mW, and a larger operation current
range of over 50 mA. In addition, excellent wavelength stability and a low-penalty directly
modulated 2.488 Gbit/s were also obtained for FGECL modules. The THEF microlens
demonstrated up to 86% coupling efficiency for a laser with an aspect ratio of 1:1.5. Low-
cost FGECL modules with good performance were achieved primarily owing to the THEF
microlens having a high coupling efficiency (typically 75%) which enhanced the feedback
power from the fiber grating external cavity to the HR/ AR-coated laser compared with the
currently available hemispherical microlens which has low coupling efficiency (typically
50%). Therefore, the packaged FGECL module is suitable for use in low cost 2.5 Gbit/s
lightwave transmission systems.
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4.1 Fiber grating external cavity laser structure

The fiber grating used in the FGECL comprises a single-mode fiber grating, and an uncoated
THEF microlens. They are fabricated on the same photosensitive single-mode fiber with a
mode-field diameter of 9.6 pm at A = 1.55 pm. The fiber Bragg grating is firstly written on
the photosensitive single-mode fiber using 248 nm UV light. The 6-mm-long grating is
formed in the core of germanium-doped silica glass. To stabilize the grating formation,
thermal annealing at 140°C was performed for 40 h. After the preparation and
characterization of the fiber grating, the THEF microlens was processed at the tip of the
single-mode fiber with the grating formation. To conveniently fabricate the high coupling
efficiency THEF microlens, a unique chemical etching and fusing technique was developed.
According to the abovementioned, the THEF were fabricated by symmetrically tapering the
fiber during etching and hyperbolically lensing the tip during fusing process. For a high
coupling efficiency between the diode laser and the single-mode fiber grating, the THEF
microlenses are required to have a small radius of curvature and a low lateral offset between
the microlens center and the fiber axis.
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Fig. 20. (a) AR-coated FGECL module, (b) laser-welded butterfly-type FGECL module, and
(c) THEF microlens.
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Fig. 20 shows the FGECL module configuration. The FGECL module consisted of an
HR/AR-coated diode laser, a THEF microlens, a fiber grating, a photodiode, and a TE
cooler, as shown in Fig. 20(a). A laser-welded butterfly-type FGECL module package is
shown in Fig. 20(b). A 300-um-long InGaAsP/InP multi-quantum-well, ridge-waveguide
Fabry-Perot laser diode wire-bonded on a sub-carrier was used as the gain medium for the
FGECL. The FP laser diode which has a 90% HR coating at the back facet, and a low-cost
AR-coated front facet of 0.5%, was mounted on a TE cooler to control the substrate
temperature. The FP laser beam has a far-field divergence of 20°x30° (lateral x vertical). The
fiber grating with the THEF microlens was assembled in a fiber ferrule, and then the FGECL
module was packaged by laser welding technique, as shown in Fig. 20(b). Fig. 20(c) shows a
THEF microlens.

4.2 Performance of the fiber grating external cavity laser

For each THEF, the maximum coupling efficiency between the laser diode and the fiber was
measured. The coupling efficiency is defined as the ratio of the optical power from a 2-m-
long fiber pigtail with a THEF to that of the FP laser output power. When the maximum
coupling was achieved, the distance between the front facet of the laser and the tapered
hyperbolic-end fiber tip was 9 um. The 3 dB lateral alignment tolerance between the laser
and the fiber was +1.0 um. The apodized fiber grating has a reflectivity of 50% at a center
wavelength of 1539.15 nm, and a 3 dB bandwidth of 0.2 nm. The spectra of non-AR-coated
and AR-coated FP laser diodes are shown in Figs. 21(a) and 21(b), respectively, at a substrate
temperature of 25°C. The non-AR-coated and AR-coated Fabry-Perot laser diodes, and
FGECL module typically exhibit linear L-I curves up to a pumping current of more than 70
mA, as shown in Fig. 22(a). In the Fig. 22(a), the threshold current (Is,) of the non-AR-coated
laser, AR-coated laser, and FGECL were 12 mA, 32 mA, and 18 mA, respectively, at a
substrate temperature of 25°C. At an operation current of 70 mA, the output powers of the
non-AR-coated laser, AR-coated laser, and FGECL were more than 14 mW, 7 mW, and 5
mW, respectively. In the Fig. 22(a), the FGECL module has a lower threshold current and
slope efficiency than the AR-coated laser. The spectral characteristics of the FGECL module
can be analyzed as a single-cavity laser formed by a HR back facet and an effective front
facet from the reflectivity and coupling efficiency of the fiber grating external cavity.

The mth mode effective reflectivity Ry at the diode laser front facet, including all the
reflection components from the output end of the FGECL is given by

2

(19)

RZs = ‘725‘2 =" +(1—‘1’2‘2) r2ext exp(_jZHVmText)

where 75, 72ext, Vi, and Tey; are the reflection coefficient of the diode laser front facet, the
external cavity reflection coefficient, the optical frequency, and the round-trip delay through
the length of the external cavity, respectively. Here, the external cavity length is the distance
from the laser diode front-facet to the center of the fiber grating. For the longitudinal mode
of the wavelength located within the 3 dB bandwidth of the fiber grating reflection, the
value of r2x: can be estimated by taking into account the fiber grating reflectivity Ry and the
coupling efficiency n, and is given by

2 2
RZext = ‘VZext‘ =n Rg (20)
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The effective reflectivity Ros has a higher value for the case of higher R; and n. However, for
the FGECL, Ry is lower than the reflectivity of the natural cleavage facet. Therefore, the
mirror loss of the equivalent cavity is higher. The lower slope efficiency of the FGECL may
be induced by the internal refractive loss of the fiber grating, due to the imperfect refractive
index modulation and uncoated section of the grating. Fig. 22(b) shows the lasing spectrum
with an SMSR of more than 44 dB at a substrate temperature of 25°C and an injection current
of 40 mA.
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Fig. 21. Spectra of (a) non-AR-coated and (b) AR-coated FP laser diodes at substrate
temperature of 25°C.
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Fig. 22. (a) Typical L-I characteristics of AR-coated laser, non-AR-coated laser, and FGECL
module at substrate temperature of 25°C and (b) lasing spectrum of FGECL module with
SMSR of more than 44 dB at substrate temperature of 25°C and an injection current of 40
mA.

The lasing peak wavelength (A,) and the SMSR of the AR-coated FGECL as a function of
current (I) is shown in Fig. 23. In the range of current from 18 to 70 mA at an ambient
temperature of 28°C, A,of the AR-coated FGECL is almost fixed at 1539.15 nm, which is
consistent with the center wavelength of the fiber grating. This indicates that for wavelength
stability, the operation current range of the AR-coated FGECL is tenfold that of the non-AR-
coated FGECL. At a substrate temperature of 25°C, the AR-coated FGECL maintains a single
longitudinal mode operation with the SMSR mostly greater than 44 dB at operation currents
from 30 to 60 mA, as shown in Fig. 23. The high values of the SMSR indicate that the main
mode is strongly locked by the fiber grating’s external cavity.
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Fig. 23. Lasing peak wavelengths (A,'s) and SMSR of AR-coated FGECL as a function of
pumping current at substrate temperature of 25°C.

The lasing peak wavelength (A,) and SMSR of the AR-coated FGECL as a function of
temperature (T) are shown in Fig. 24. The lasing peak wavelength is strongly locked by the



166 Selected Topics on Optical Fiber Technology

fiber grating and is dominated by the fiber grating. The A, is dependent on lasing
wavelength of fiber grating temperature at ambient temperature of 28°C. The temperature of
the laser chip is controlled using a TE cooler. To determine the effect of temperature on the
SMSR and A, the data was measured at I = 40 mA. The AR-coated FGECL had a high SMSR
at temperatures from 20 to 40°C. At 20 to 40°C, the SMSR varies from 38.5 to 47.4 dB, as
shown in Fig. 24. This change of SMSR was caused by the temperature-induced red shift of
the diode laser gain spectrum. The FGECL module showed excellent single-longitudinal-
mode characteristics. In the range of temperatures from 20 to 40°C, little variation of A, was
observed. The average variation of AL/AT was ~ 0.0042 nm/°C, and the shift of %, was
within the 3 dB window of the fiber grating.

On the other hand, for the temperature dependence of the non-AR-coated FGECL, the peak
wavelength (A,) has more significant variations between 1536 to 1545.8 nm at 18 to 36°C, as
shown in Fig. 25. The FGECL with a non-AR-coated laser operates less effectively in a single
mode from the measured SMSRs. This is due to the mode hopping caused by the strong
intra-cavity resonance of the FP diode laser. While the lasing mode of the FP diode laser is
outside the 3dB window of the fiber grating, there is no more mode selection by the external
cavity. Fig. 26 shows a plot of the SMSR and A, as a function of the pumping current of the
non-AR-coated FGECL at a substrate temperature of 25°C. The A, showed current-
dependent variation, and weak wavelength selection by the fiber grating external cavity.
The SMSR exhibited current-dependent oscillations with a short operation current range
from 17 to 22 mA. Without AR coating on the diode laser’s front facet, the FGECL shows a
nonlinear L-I curve and a low SMSR, indicating strong mode hopping competed by the
diode-laser FP cavity and the external cavity.

Fig. 27 shows the BER performance of the AR-coated and non-AR-coated FGECL modules
with a transmission rate of 2.488 Gbit/s. The measured conditions were a NRZ format, 223-1
pseudo-random binary sequence (PRBS) pattern, with a modulation current of 20 mA, and
an operation current of 40 mA at substrate temperature of 25°C. The power penalties of the
AR-coated and non-AR-coated FGECL modules for 25 km SMF (ITU G.652) were measured
at 0.8 and 1.42 dB, respectively. The AR-coated FGECL module shows much better BER
performance than the non-AR-coated FGECL module. Therefore, the packaged FGECL
module is suitable for use in low cost 2.5 Gbit/s lightwave transmission systems.

5. Discussion and conclusions

In general, a high-performance FGECL requires a low AR-coated(1x10%) laser. However,
such packages require complicated processes, which make their cost too high. In this
chapter, the experimental results demonstrate the possibility fabricating FGECL modules at
low cost while still maintaining a good performance by employing a low-cost AR-coated
(5x1073) laser and a THEF microlens. Compared with previous studies, new low-cost FGECL
modules exhibited a better SMSR (>44 dB), a good wavelength stability (almost fixed from
18~70 mA), and an excellent temperature stability (AL/AT~0.0042 nm/°C). In a previous
study, an FGECL showed a higher SMSR (>55 dB) and a better wavelength stability
(AL/AI~0.0062 nm/mA from 8~250 mA), however, both the fiber tip and the diode laser’s
front facet required a low-AR coating (1x10%). This makes the fabrication process
complicated and causes a rise in the cost of the production. In this chapter, low-cost FGECL
modules with good performance were achieved primarily owing to the THEF microlenses
having a high coupling efficiency (typically 75%) which enhances the feedback power from
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the fiber grating external cavity to the HR/AR-coated laser compared with the currently
available hemispherical microlens which has a low coupling efficiency (typically 50%).

In addition, the experimental results demonstrated a good performance of the BER and a
low penalty of directly modulated 2.488 Gbit/s for FGECL modules with HR/AR-coated
diode lasers and uncoated THEF microlenses. This clearly indicates that the packaged
FGECL modules are suitable for use in low-cost 2.5 Gbit/s lightwave transmission systems,
such as gigabit passive optical networks (GPONs), metropolitan area networks (MANSs), and
fiber-to-the-home (FTTH) applications.
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1. Introduction

The interaction of intense short nano- and picosecond laser pulses with plasma leads to
reach variety of important applications, including time-resolved laser induced breakdown
spectroscopy LIBS (Walid Tawfik et al., 2007), soft x-ray lasers (X. F. Li et al., 1989), and
laser-driven accelerators (W. P. Leemans et al., 1989). In most cases the useful output -
whether it be photons or accelerated particles - increases with the distance over which the
laser-plasma interaction occurs, at least up to some upper limit which might, for example, be
set by the onset of phase mismatching. The strength of any such interaction will depend on
the intensity of the driving radiation, which for the short pulse lengths reached higher
power densities and started the race for ever shorter laser pulses as a unique tool for time-
resolved measurements of ultrashort processes (R. A. Cairns et al., 2009).

The progress in generating of femtosecond down to sub-10 fs optical pulses has opened a
door for scientists with an essential tool in many ultrafast phenomena, such as femto-
chemistry (Zhong et al., 1998), high field physics (Li Y T et al., 2006) and high harmonic
generation HHG (John et al., 2000).The advent of high-energy laser pulses with durations of
few optical cycles provided scientists with very high electric fields, sufficient to suppress the
Coulomb potential in atoms, accelerate electrons up to kilo-electron-volt energies, and
produce coherent intense UV and extreme ultraviolet (XUV) radiation with durations of
attoseconds (10-18 second) (Hentschel et al., 2001, Christov et al., 1997) which allow for the
investigation of molecular dynamics with 100-as resolution (Baker et al., 2006). Ultrashort
pulsed laser amplifiers can easily provide pulse energies in millijoule and even joule levels
but with pulse durations longer than 20 fs. Amplification of pulses with shorter durations
even to the millijoule level is a difficult task requiring elaborate setups (Ishii et al., 2005).
Durations down to the few-cycle regime can be achieved through pulse compression
schemes. Typically, such methods start in the picosecond or femtosecond region, i.e. already
in the regime of ultrashort pulses. These methods can be grouped into two categories: linear
pulse compression and nonlinear pulse compression (Shank et al., 1982).
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In linear pulse compression; when pulses are chirped, their duration can be reduced by
removing (or at least reducing) this chirp, i.e. by flattening the spectral phase (Treacy et al.,
1969). Dechirping can be accomplished by sending the pulses through an optical element
with a suitable amount of chromatic dispersion, such as a pair of diffraction gratings, a
prism pair, an optical fiber, a chirped mirror, a chirped fiber Bragg grating or a volume
Bragg grating (Martinez et al., 1984, Fork et al., 1984). The smallest possible pulse duration is
then set by the optical bandwidth of the pulses, which is not modified by dispersive
compression. In the ideal case, bandwidth-limited pulses are obtained. On the other hand, in
the nonlinear pulse compression; in a first step, the optical bandwidth is increased, typically
with a nonlinear interaction such as a supercontinuum generated by self-phase modulation
(SPM) in nonlinear medium (Tomlinson et al., 1984). In most cases, this leads to chirped
pulses, often with a longer duration which can be strongly reduced by linear compression
(Fork et al., 1984).

The main challenge in pulse compression using supercontinuum generation lies in effective
dispersion compensation and hence compression of the generated bandwidths to yield an
isolated ultrashort optical pulse (Schenkel et al., 2003). In recent years significant progress
has been made in the generation of supercontinuum in the visible and near-infrared spectral
region from hollow and microstructured fibers. Recently, a high-energy supercontinuum
extending a bandwidth exceeding 500 THz was generated with two gas-filled hollow fibers
in a cascading configuration (Nisoli et al., 2002). The supercontinuum at the output of a
single gas-filled hollow fiber has been compressed to 4.5 fs by use of a combination of
chirped mirrors and thin prisms (Nisoli et al., 1997).

Hollow fiber pulse compression is currently the most widespread method for generating
high-power, few-cycle pulses, with pulse durations as short as 2.8 fs and pulse energies up
to 5.5m] being achieved in this manner (Nisoli et al., 1996), with the energy throughput
limited by damage and plasma formation at the fiber entrance and self-focusing in the
waveguide. In this technique, laser pulses are spectrally broadened in a gas contained
within a long (~ 1m, 50-500 pm inner diameter) hollow, glass fiber, that acts as a dielectric
waveguide for the light, allowing significantly longer interaction lengths than possible in an
unguided interaction. When an intense laser pulse propagates through a gas in the fiber it
induces continuum generation due primarily to self-phase modulation (SPM). To maximize
energy throughput, it is important to efficiently couple the pulse into the fiber. This is
achieved by carefully matching the focal spot of the laser to the guided mode of the fiber. In
a typical setup, the fiber is entirely contained within a single chamber which is statically
filled (SF) with gas. In a differentially pumped (DP) fiber, gas is injected into the exit end of
the fiber, and pumped away at the fiber entrance. The broadened pulses can be temporally
compressed to durations shorter than the input pulses by using appropriate dispersive
optical elements, e.g. prism compressors or chirped mirrors (Nisoli et al., 1996, Sartania et
al., 1997).

In this chapter we represent a review on the generation of few-cycle fs light pulses using a
gas-filled hollow-core fiber. Also, we report our experimental results of reaching 3.8-fs light
pulses with energies up to 0.5 m]J using a laser of 0.9 mJ energy at reputation rate of 3 kHz
and pulse duration of 28 fs. The pulse compressing achieved by the supercontinuum
produced in neon gas-filled hollow fibers while the dispersion compensation is achieved by
five pairs of chirped mirrors. In these experiments, we demonstrated the broadening
variation with static pressures of neon gas. The applied technique allows for a
straightforward tuning of the pulse duration via the gas. Since the focusing into the fiber is
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no longer dependent on pressure and intensity, consistent coupling conditions are achieved
for a broader range of pressures and input pulse parameters.

2. Supercontinuum generation and ultrashort pulses

Supercontinuum (SC) generation or white-light generation, is a complex physical
phenomenon where the interplay between different nonlinear processes and dispersion
leads to a significant spectral broadening of laser pulses propagating in a nonlinear
medium. White light generation by laser radiation was first reported by Alfano and Shapiro
who observed a spectral broadening of a 5 m]J picosecond second-harmonic output pulses of
a Nd:YAG laser using a bulk of borosilicate glass (Gersten et al., 1980). The major nonlinear
phenomena participating in SC generation are self-phase modulation (SPM), cross phase
modulation (XPM), four wave mixing (FWM), intrapulse Raman scattering (IPRS) and
soliton self-frequency shift (SSFS) (Alfano et al., 1987). If an intense laser pulse propagates
through a medium, it changes the refractive index, which in turn changes the phase,
amplitude, and frequency of the incident laser pulse. Changing the phase can cause a
frequency sweep within the pulse envelope which called self-phase modulation (SPM).
Nondegenerate four-photon parametric generation (FPPG) usually occurs simultaneously
with the SPM process. Photons at the laser frequency parametrically generate photons to be
emitted at Stokes and anti-Stokes frequencies in an angular pattern due to the required
phase-matching condition. When a coherent vibrational mode is excited by a laser,
stimulated Raman scattering (SRS) occurs which is an important process that competes and
couples with SPM. The interference between SRS and SPM causes a change in the emission
spectrum resulting in stimulated Raman scattering cross-phase modulation (SRSXPM)
(Gersten et al., 1980). A process similar to SRS-XPM occurs when an intense laser pulse
propagates through a medium possessing a large second-order ¥ and third-order
susceptibility as a nonlinear effect. Sometimes both of second harmonic generation SHG and
SPM occur simultaneously and can be coupled together thus the interference between them
alters the emission spectrum that is called second harmonic generation cross-phase
modulation (SHG-XPM) (Alfano et al., 1987). When a weak pulse at a different frequency
propagates through a disrupted medium whose index of refraction is changed by an intense
laser pulse according to another nonlinear process called induced phase modulation (IPM)
at which the phase of the weak optical field can be modulated by the time variation of the
index of refraction originating from the primary intense pulse (Alfano et al., 1986).

Recent development of ultra-short femtosecond lasers has opened the way to the
investigation of ultrafast processes in many fields of science. An important milestone in
the generation of femtosecond pulses was posed in 1981, with the development of the
colliding pulse mode-locked (CPM) dye laser (Alfano et al., 2007). The first 27 fs pulses
were generated in 1984 using a prism-controlled CPM laser (Agrawal, 1980). By using
chirped mirrors to control the intracavity dispersion of Ti:sapphire oscillator ; pulses as
short as 7.5 fs have been generated (Fork et al., 2007) and by with the additional use of
broadband semiconductor saturable absorber mirror; sub-6-fs pulses were generated
(Valdmanis et al., 1985). In 1985, the first chirped-pulse amplification technique (CPA)
was found which introduce amplification of ultrashort pulses as short as 20 fs to become
available with extremely high power levels up to terawatt peak power at kilohertz rates
(Donna Strickland et al., 1985, Xu et al., 1996, Sutter et al., 1999 ). Compression techniques
represent an alternative way to generate ultrashort pulses. Nakatsuka and co-workers
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introduced an optical compression technique based on the interplay between self-phase
modulation (SPM) and group velocity dispersion (GVD) occurring in the propagation of
short light pulses in single-mode optical fibers (Nakatsuka et al., 2007). It is found that
nonlinear propagation induces both of spectral broadening and chirping of the laser
pulses then a subsequent propagation in an appropriate optical dispersive delay line can
provides compression of the chirped pulse. Increasing the spectral bandwidth of the
output pulse leads to the generation of a compressed pulse shorter in duration than the
input one. Using this technique with a prism chirped-mirror Gires-Tournois
interferometer compressor, 4.6 fs compressed pulses were obtained from a 13-fs cavity
dumped Ti:sapphire laser but with a few with only nanojoules due to the low-intensity
threshold for optical damaging of the single-mode optical fibers (Backus et al., 2007). By
introducing a novel technique, based on spectral broadening in a hollow fiber filled with
noble gases, the pulse compression extended to millijoule energy range which presents
the advantage of a guiding element with a large diameter mode and of a fast nonlinear
medium with high damage threshold(Nakatsuka et al., 1997). By controlling of group-
delay dispersion (GDD) in the compressor stage over an ultrabroadband (650-950 nm)
spectral range, the hollow fiber technique could delivered a high-throughput up to 4.5-fs
with multigigawatt (Nakatsuka et al., 2007). Advances in the design of chirped multilayer
coatings led to the adequate dispersion control without the need for prisms which opened
the way to scaling sub-10-fs hollow fiber-based compressors to short pulses of 5 fs with
substantially higher peak power up to 0.11 TW were generated at 1 kHz repetition rate
(Nisoli et al., 1996).

3. Nonlinear pulse propagation in optical fibers

The Kerr-nonlinearity-induced intensity-dependent additive to the refractive index is one of
the key physical factors in supercontinuum generation. This nonlinearity is due to the
anharmonic motion of bound electrons under the influence of an applied field that causes
also the induced polarization P from the electric dipoles to be nonlinear with the electric
field E, and follow the nonlinear relation (Shen et al., 1984)

P=¢ [x"E+yPE2+ yPEs +..] (1)

where x% (i =1, 2, ...) is susceptibility for the order the i-th and &, is the vacuum permittivity.
Here, the dominant contribution to P is the linear susceptibility %' while the second-order
susceptibility x® is responsible for nonlinear processes such as sum-frequency generation
(SFG) and second-harmonic generation (SHG) (Shen et al.,, 1984). However, for media
exhibiting an inversion symmetry at the molecular level, y® is zero. Therefore, optical fibers
do not normally show second-order nonlinear effects since % vanishes for silica glasses
(SiOs is isotrop). So that the lowest order nonlinear effects in optical fibers originate from the
third-order susceptibility x® which is responsible for phenomena such as third-harmonic
generation (THG), four-wave mixing (FWM), and nonlinear refraction. However, the
processes are not efficient in optical fibers unless special efforts are made to achieve phase
matching. Therefore, most of the nonlinear effects in optical fibers originate from nonlinear
refraction due to the intensity dependence of the refractive index resulting from the
contribution of X(S). That means, the refractive index of a medium with a Kerr nonlinearity is
written as (Shen et al., 1984)



Generation of Few Cycle Femtosecond Pulses
via Supercontinuum in a Gas-Filled Hollow-Core Fiber 175

n=ny+n,I(t) 2

where ny is the field-free nonperturbed refractive index of the medium, and I(¢) is the laser
radiation intensity, and n, = (211/n0)2 ) (®; ®, ® , —©) is the nonlinear refractive index at the
frequency o, x(3 ) (o; o, ®, —) is the third-order nonlinear-optical susceptibility.

For the case of short laser pulses, the intensity-dependent additive to the refractive index
gives rise to a physically significant phase modulation of the laser field, the so-called self-
phase modulation (SPM). We used formula (2) to represent the nonlinear phase incursion
acquired by a laser pulse over a distance L in a medium with a Kerr nonlinearity in the form

D(t) = %nzl(t)L ®)

It can be seen from expression (3) that the intensity dependence of the refractive index of the
medium maps the temporal profile of the field intensity in a laser pulse on the time
dependence of the nonlinear phase shift, which, in turn, gives rise to a time-dependent
frequency deviation across the laser pulse:

Ao(t) = ?nsz )

The maximum SPM-induced spectral broadening of the laser pulse can then be estimated as

Aw(t) =2l )
c T

where Iy is the peak intensity of the laser pulse, and t is the pulse width. SPM is responsible
for spectral broadening of ultrashort pulses and the existence of optical solitons in the
anomalous-dispersion regime of fibers (Hasegawa et al, 1973). The third-order
susceptibility controls the nonlinear effects which seem to be elastic in the sense that no
energy is exchanged between the electromagnetic field and the dielectric medium. Another
class of nonlinear effects results from stimulated inelastic scattering due to the optical field
transfers part of its energy to the nonlinear medium.
Stimulated Brillouin scattering (SBS) and stimulated Raman scattering (SRS) represent two
important nonlinear effects in optical fibers which are related to vibrational excitation
modes of silica (Stolen et al., 1972, Ippen et al., 1972 ). The main difference between the two
is that acoustic phonons participate in SBS while optical phonons participate in SRS. In a
simple quantum-mechanical picture applicable to both SBS and SRS, a photon of the
incident field (the pump) is annihilated to create a phonon with the right energy and
momentum to conserve the energy and the momentum and a photon at the downshifted
Stokes frequency. Of course, if a phonon of right energy and momentum is available it can
creates a higher-energy photon at the so-called anti-Stokes frequency via the inverse
process. The FWM generates an anti-Stokes photon, where two pump photons annihilate
themselves to produce Stokes and anti-Stokes photons provided the conservation of the total
momentum. The conservation of momentum requirement leads to a phase-matching
condition, that must be satisfied for FWM to occur. In single-mode fibers, that phase-
matching condition is not easily satisfied, thus the anti-Stokes wave is rarely observed
during SRS. Even though SBS and SRS are very similar in their origin, different dispersion
relations for optical and acoustic phonons lead to some basic differences between the two. A
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fundamental difference is that in optical fibers SRS dominates in the forward direction
whereas SBS occurs only in the backward direction. Although a complete description of SBS
and SRS in optical fibers is quite involved, the initial growth of the Stokes wave can be
described by a simple relation for SRS, as follows;

dl.

d_Zs = grlpls (62)
where g, is the Raman-gain coefficient and, I, is the pump intensity and, I; is the Stokes
intensity. Since the growth of the anti-Stokes wave is negligible, it is not discussed here. A
similar relation holds for SBS as follows;

% = s Ip I (6b)
where g, is the Brillouin-gain coefficient and, I,, is the pump intensity and, I; is the Stokes
intensity. The Raman-gain spectrum is measured to be very broad extending up to ~30 THz
while the Brillouin-gain spectrum is extremely narrow with a bandwidth of only ~10 MHz
(Stolen et al., 1972, Ippen et al., 1972 ). The maximum value of Brillouin-gain decreases by a
factor of Av,/Avg for a broad-bandwidth pump, where Av,, is the pump bandwidth and Avg
is the Brillouin-gain bandwidth. So that for short pump pulses (< 50 ns), SBS is negligible.
An important feature for both SBS and SRS is that they exhibit a threshold-like behavior.
The later means that a significant conversion of pump energy to Stokes energy occurs only
when the pump intensity exceeds a certain threshold level. For example, for SRS the
threshold pump intensity typically is ~ 10 MW/cm? (Hasegawa et al., 1973).

4. Supercontinuum generation in hollow fibers

Ultrashort pulses can be obtained not only by linear pulse compression, but also by
nonlinear pulse compression techniques as descript earlier. In nonlinear pulse compression,
the pulses are spectrally broadened by propagation through a suitable nonlinear medium
and subsequently compressed in a dispersive delay line. In 1981, a new method based on
spectral broadening by SPM was introduced for optical pulse compression. With this
technique 6 fs pulses at 620 nm have been generated due to the propagation of short pulses
in single-mode optical fibers and by using a prism-pair for external dispersion
compensation (Nakatsuka et al., 1981). Furthermore, a 4.5 fs pulses at 800 nm have been
achieved using an improved ultrabroad-band dispersion compensation scheme broadened
by propagation through a suitable nonlinear medium (Baltuska et al., 1997). However, the
use of single-mode optical fibers limits the input pulse energy to a few nanojoules range.
Therefore, the need for new spectral broadening techniques was born with the availability of
high-energy (m]) femtosecond pulses from solid-state laser amplifiers. One possibility is to
achieve spectral broadening in bulk materials but due to the very short interaction length,
limited by Rayleigh lengths, high intensities are needed to achieve the necessary
nonlinearity for spectral broadening (Rolland et al., 1988). These high intensities can lead to
damage and spatial beam quality problems due to multiphoton ionization. In 1996, another
particularly suitable technique for high-energy ultrashort pulses was introduced. This
technique depends on spectral broadening by SPM in a hollow cylindrical fused silica fiber
filled with a noble gas under constant pressure (Nisoli et al., 1996). That technique enables
pulses shorter than 5 fs to be generated at multigigawatt peak powers (Nisoli et al., 1996).
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Hollow fiber is suitable for large pulse energies since it provides a guiding element with a
large-diameter single mode. Furthermore, the use of noble gases as nonlinear medium offers
several important advantages compared to optical fibers.

Light propagation in a hollow waveguide is a well-studied topic, which was developed
when long-distance communication in standard optical fibers was still inaccessible
(Marcatili et al., 1964). Electromagnetic radiation propagates in hollow fibers by grazing
incidence reflections; only leaky modes are supported because of power losses through the
fiber walls. Three propagation modes can be excited: transverse circular electric (TMom)
modes, with the electric field directed radially; TEom modes, in which the electric field lines
are transverse concentric circles and centered on the propagation axis; hybrid modes (EHpm,
with p > 1) at which all field components are present, but axial components are so small that
such modes can be thought as transverse. For fiber diameters sufficiently larger than the
optical wavelength, EHim modes appear linearly polarized and can be efficiently coupled to
a laser beam. The radial intensity profile of EHim modes is given by I.(r) = I.o J§ (v, 7/a)
where J, is the zero-order Bessel function, a is the capillary radius, vy, is the m th zero of
Jo(1), I is the peak intensity. The complex propagation constant §(w) of the EHi, mode is
given by (Shen et al., 1984)

_ on(w) _ 1 vme \2 i ( Umc 2 2(w)+1
pw) = c [1 2 (wn(w)a) ]+ a3 (mn(w)) JvZ(w)-1 @)

where n(w) is the refractive index of the gas, w is the laser frequency, and v(w) is the ratio
between the refractive indexes of the external (fused silica) and internal (gas) media. The
refractive index n(w) can be calculated at standard conditions by tabulated dispersion
relations then the actual refractive index can be easily determined in the operating
conditions used for pulse compression (Lehmeier et al., 1996). Many modes can be excited
when the laser beam is injected into the capillary. However single-mode operation is
generally required for pulse compression and mode selection must be exists. This aim can be
achieved by optimal coupling between the input laser beam and the fundamental fiber
mode EHy. By assuming a Gaussian linearly polarized input beam, it is possible to
determine the equation for the coupling efficiency between the input beam and the capillary
modes. Propagation along hollow fibers can be occurred at grazing incidence reflections of
the dielectric inner surface. This grazing angle reduces the losses caused by these multiple
reflections by suppresses the higher order modes. Thus, only the fundamental mode can
propagate, in a sufficiently long fiber (Lehmeier et al., 1996). On the other hand, with the
proper mode matching for an optimum value of wy/a = 0.65, where wy is the spot size at
the fiber entrance and a is the capillary radius, the coupling efficiency of the EHi; mode
with the laser beam is ~ 98 %, while higher-order modes show a value lower than 0.5%.
Thus, the incident radiation intensity profile as a function of the radial coordinate r is given

by

Io(r) = Iy J2 (2.405 r/a) (8)

where I is the peak intensity and Jo is the zero-order Bessel function (Marcatili et al., 1984).
It is worth pointing out that even if higher-order modes were excited, mode discrimination
would be achieved anyway, owing to the higher loss rate of EHi, with respect to
fundamental mode. Mode discrimination in the capillary allows one to perform a spatial
filtering of the input beam. By applying the same mode on the complex propagation
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constant B(w), B the real phase constant of Eq. (8) , and imaginary, a/2 (field attenuation
constant), parts of the propagation constant are given by:

2m 1 [2.405 2\2
'827[1_5(2710.)] (93.)
a _ (2405\% 22 41
E_( 2m ) 2a3 Vvr-1 (9b)

where 1 is the laser wavelength in the gas medium. Assuming Gaussian pulse profile and
neglecting dispersion and self-focusing, the maximum broadening spectrum after
propagating a length of | can be written as

SWmax = 0.86 fol y (2)Py € e %dz /T, (10)

where z is propagating distance, a is given by Eq. (9b), P, is the peak power; T is the half-
width (at the 1/e intensity point) of the pulse; y is the nonlinear coefficient and is given by
¥y =ny p(2) wo/c Aerr [ is given by Eq. (2)], where n, is the nonlinear index coefficient,
wy is the laser central frequency; c is the light speed in vacuum, ¢ is the coupling efficiency,
Agsris the effective mode area (Nisoli et al.,, 1996). In the statically gas-filled case, the
pressure is constant along the fiber. While in the differentially pumped case, the pressure is
chosen to be a minimum (0 bar) at the entrance and gradually increases along the fiber. This
leads to the pressure distribution

p@ = [t + () @7 - pé)]m (11)

where p, and p, are the pressure at the entrance and the exit, respectively. Then the
bandwidth broadened in both the cases can be expressed as

Awgp = 0.86wony pr, Py E(1—e™%) JacTy Agsy, (12)
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So that the bandwidth broadening depends on both the input laser characteristics and the
gas used in the hollow fiber. The nonlinear coefficient y takes the values 7.4 x 1025 m2/W
bar, 9.8 x 102 m2/W bar, and 2.78 x 102 m2/W bar for neon, argon, and krypton
respectively (Nisoli et al., 1997, Robinson et al., 2006). For short pulses (20-fs), it is found that
a much larger spectral broadening is obtained than long pulses (140-fs). This is because at
shorter pulse duration, gas dispersion, in addition to SPM, also plays an important role
during pulse propagation while for longer pulses (140 fs) a purely SPM-broadened highly
modulated spectrum is observed (Nisoli et al., 1996). The higher order nonlinear effect of
Self-steepening has to be taken into account as well for the short input pulses. This higher
order nonlinear effect is due to the intensity dependence of the group velocity and leads to
an asymmetry in the SPM-broadened spectra with a larger broadening on the blue side
(blue-shift) (Baltuska et al., 1997).

In the following, we reviewed recent results of some working groups in that field;

In 2006 Joseph Robinson et al, group used 700-pJ, 30-fs laser pulses with a 50-nm
bandwidth centered at 800 nm and 1-kHz repetition rate 15 mm diameter to generate SC for
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few cycle generation (Robinson et al., 2006). The beam was focused into a 1-m-long hollow
fused-silica fiber and reach intensity of about 2x1014 Wem=2. The fiber is mounted inside a
larger fused-silica support capillary, with an outer diameter of 6 mm and filled with neon
pressures of 0-3 bar, in both the SF and DP cases. They found that the transmission remains
constant with increasing pressure for the DP case, in contrast to the SF case, which exhibits a
sharp drop in transmission with increasing pressure. They conclude that performance is due
to defocusing at the fiber entrance, which causes an increase in the focal spot size and beam
aberrations and consequently a reduced coupling efficiency. In these experiments, they
observed a spectra broaden in both cases up to a pressure of 1.5 bar, with the DP bandwidth
lagging that of the SF case, due to the reduced average gas density for the DP case. At higher
pressures, while the DP spectra continue to broaden, the SF spectra begin to reduce in
bandwidth due to the reduced energy throughput at these pressures. finally, a Spectral
broadening of Aw = 7x10% rad s—1 with an energy throughput of 40% and corresponding
output pulse energies of 290 pJ and subsequent compression to 6.5 fs has been achieved in
the DP fiber filled with neon at 3 bar.

In 2008 Katsumi Midorikawa et al., group used 800 nm, 5 m], 25-fs laser pulses 1-kHz
repetition rate to generate SC for few cycle generation . The beam was focused into a 220
cm-long hollow fused-silica fiber and reach intensity of about 2.4 x10¢ Wem-2. The fiber is
mounted inside a larger fused-silica support capillary, and filled with neon in gradient
pressures of 0 - 1.6 bar (Samuel et al., 1996). They observed the spectral broadening for
various neon pressures on the exit side as shown in Fig. 1(a) (Fig. 1(a), (b) is reproduced
with permission from Akira Suda (Samuel et al, 1996)). Then they used the same
parameters as those used in the experiments to make simulations for these broadenings
based on a method described elsewhere (Nurhuda et al., 2003) in order to understand the
mechanism driving the spectral broadening as shown in fig.1 (b). A good agreement was
found between the experimental and the theoretical simulations. By investigating the
simulation data in details they recognized that the spectral broadening is predominantly
driven by the self-phase modulation. Moreover, they concluded that the pressure gradient
method prevents the beam from collapsing due to self-focusing as well as from plasma
defocusing, while allowing the pulse to undergo self-phase modulation during its passage
through the hollow fiber. However, the spectral broadening of more than 300 nm was
obtained at a pressure of 1.6 atm. Under these conditions, they could obtain 5 fs laser pulse
after compression.

In 2009 Chang H. Nam et al,, group used a Ti:sapphire, 5 m]J, 29-fs laser pulses 1-kHz
repetition rate to generate transform-limited 3.5 fs pulse (Park et al., 2009). The beam was
focused into a 100 cm-long hollow fused-silica fiber. The fiber is mounted inside a larger
fused-silica support capillary, and filled with neon in gradient pressures of 0 - 2.0 bar. They
observed the spectral broadening for various neon pressures on the exit side as shown in Fig.
2 (Fig. (2),(3) are reproduced with permission from Chang H. Nam (Park et al., 2009)). The
output beam from the pulse compressor was recollimated by a concave silver mirror, and
two sets of chirped mirrors. The first pair of the chirped mirrors has GDD of - 80 fs2 and
TOD of +150 fs3 (510 nm to 920 nm), and the second pair has -90 fs2 and +1270 f£s3,
respectively, (600 nm to 1000 nm). They used SHG FROG (second-harmonic generation
frequency-resolved optical-gating) for temporal characterization of the compressed output
pulses. They found that the shortest pulse measured was 4.1 fs at neon pressure of 1.6 bar
and also at 1.8 bar. For pressures in excess of 1.8 bar, the pulse duration increased due to the
high-order chirp induced by self-focusing and ionization. The FROG measurement showed
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Fig. 1. Comparison of spectral broadening at various neon gas pressures. (a) Experimental
data and (b) Simulated results.
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Fig. 2 Spectral broadening in a differentially pumped hollow-fiber pulse compressor
measured while changing (a) Ne pressure with chirp-free 29-fs pulses and (b) laser chirp
with 1.6-bar neon.

that the GDD increase with neon pressure was much larger than that theoretically estimated
for the increase of neon pressure. In these studies they also studied the effect of laser chirp
on spectral broadening. That was done by changing the grating distance in the pulse
compressor of the kHz CPA Ti:Sapphire laser as shown in Fig. 3 where the output spectra
changed very delicately to laser chirp. Their obtained results showed that the spectral
broadening was sensitive to the direction of the laser chirp. With negatively chirped pulses,
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spectral broadening was reduced, while the broadening was effective with positively
chirped pulses. Furthermore, they observed 3.4-fs pulses in the transform-limited case using
positively chirped 31-fs pulses, while the negatively chirped 30-fs pulses resulted in a longer
transform-limited duration of 4.4 fs. They found that while the compressor cell was
evacuated, the energy transmission was 62 % (3.1 m]), but it decreased to 28% (1.4 m]) with
1.6-bar neon.

In 2010, Wei Zhi-Yi group compared the spectral broadening from statically neon-filled and
differentially pumped hollow fibers (Wei Zhang et al., 2010). They used 800 nm Ti: sapphire
25fs 800 yj laser which is focused into a fused silica 1 m hollow fiber filled with neon. The
spectral broadening was obtained at different pressures, as shown by the spectra in Fig. 4
(Fig. (4),(5) are reproduced with permission from Wei Zhi-Yi (Wei Zhang et al., 2010)). They
found that for the statically filled case, the spectrum broadens obviously as the gas pressure
increases, even at very low pressure. For the optimum pressure of 1.5 bars, the broadening
bandwidth covers the range from 460nm to 930nm with transmission efficiency of 50%.
However, at pressure 2.0 bars they observed a narrow bandwidth with lower transmission
and significant spot splitting. They concluded that this was due the energy loss due to
ionization and defocusing at the fiber entrance at very high pressure. For the differentially
pumped case, it was noticed that the bandwidth is almost unchanged at the pressure lower
than 1 bar. However, the spectrum continuously broadens with nearly constant
transmission efficiency with the increase of the pressure. The pressure was limited by the
windows pressure maximum capacity at 2.5 bars. At the later pressure, the broadest
spectrum was obtained in region from 420 nm to 960 nm with transmission efficiency of
68.8% for 0.55 m] pulse energy. In this case, both of the bandwidth and the transmission
efficiency are much higher than the statically filled case. These results show the obvious
advantages of the differentially pumped hollow fiber, which supports 3.3 fs transform
limited pulses with higher transmission efficiency. Based on a set of negative dispersion
chirped mirrors and _ne adjustment of the small angle wedges, laser pulses as short as 4.4 fs
are obtained, as shown in Fig. 3. It corresponds to only 1.6 cycles at the central wavelength.
The compressed pulse duration obtained is 1.3 times the Fourier transform limitation; the
reason is that the higher order dispersions cannot be compensated perfectly.

In general, the same equations used to describe pulse propagation in optical fibers can be
used for gas-filled hollow fibers. Both of the dispersion and the weights relative of SPM can
be evaluated using characteristic parameters such as the dispersion lengthL,, and the
nonlinear length Ly, where

Ly, = 1/(yPy) (14)
Lp = T3 /15! (15)
where P, is the peak power of the pulse and Ty is the half-width (at the 1/e-intensity point)
of the pulse and f, = % is the GVD (Group-velocity dispersion) of the fiber filled with gas.

The fiber length L is a very important factor to affecting the nonlinear processes that if L
exceeds the dispersion length L, and the nonlinear length Ly, both of SPM and dispersion
will play an important role in pulse propagation through the fiber. The optimum fiber
length L,,, for best pulse compression, i.e. for interplay between GVD and SPM for the
generation of linearly chirped pulses, is approximated by L,,, ~ (6L ~iLp)? (Tomlinson et
al., 1984). For the case of higher pulse energies there are two considerations set the limit
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when scaling this approach to supercontinuum generation. First, the input laser peak power
must be smaller than the P, critical power for self-focusing P. = A2/2nn, (for a Gaussian
beam) which constraints the type of noble gas used and its pressure. Second, to avoid
ionization, the input laser peak intensity should be smaller than the multiphoton ionization
threshold which constraints the hollow fiber diameter and the type of gas used. The second
constraint can be reduced by using shorter pulses, since the threshold for multiphoton
ionization increases with decreasing pulse duration.

In the following Sections, we will demonstrate our experimental findings for the generation
of few-cycle pulses using supercontinuum generation in hollow fiber filled with neon gas.
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Fig. 5. Calculated and measured bandwidths broadening at the full-width-half-maximum
(FWHM) for both the differentially pumped (upper panel) and statically gas filled (lower
panel) cases.
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5. Experimental setup

Figure 6 the experimental setup used for SC generation and pulse compression. A typical
chirped-pulse amplifier (CPA) based on a commercial multipass Ti:sapphire system
(Femtopower Pro, Femtolasers GmbH) delivers pulses 900-p], 28-fs laser pulses with a 55-
nm bandwidth centered at 800 nm and 3-kHz repetition rate (Rolland et al., 1988, Nisoli et
al. 1997, Cerullo et al. 2000, Marcatili et al. 1964). A Tiisapphire oscillator (Rainbow;
Femtolasers GmbH) produces sub-10 fs seed pulses with 2.4 n] energy at 76 MHz. The
oscillator was pumped by a continuous wave cw diode-pumped frequency doubled
Nd:YVO4 laser (Coherent Verdi) at 532 nm and 3.10 watt. The oscillator output pulses are
then stretched by 30 mm of SF57-glass before coupling them into the amplifier.

3.715,05m]

Chirped mirrors

|' Ti:Sapphire CPA system
0.9 mJ, 28 fs, 3 KHz,
L 800 nm

Hollow fiber

Brewster angle

Fig. 6. Schematic of the experimental setup where the laser beam is focused into the
statically pumped hollow fiber by a lens with focal length of 1.5m and then compensated for
by chirped mirrors and a pair of thin wedges.

A nine-pass amplifier with three-mirror configuration was used to boost the pulse energy to
the millijoule level. This amplifier consisted of a pair of dielectric-coated spherical mirrors
(R/C=800, 500 cm) and a flat silver mirror overcoated with MgF,. A 5-mm-long Brewster-
cut 0.25% titanium-doped-sapphire crystal system was placed at the confocal position of the
two spherical mirrors and was pumped by 527 nm, 25.6 watt Nd:YLF laser (Quantronix
527DQ) (Quantronix). About 90% of the focused pump total energy was absorbed by the
Ti:sapphire crystal. To reduce thermal lensing effects, the crystal was cooled to -100 °C by
using immersion cooling. After the fourth pass through the crystal the beam is coupled out
by mirror and fed into the single pulse selecting system. This system consists of a Pockels
cell between two crossed polarizers, a Berek compensator and an acousto-optic
programmable dispersive filter (DAZZLER) (FASTLITE), which improves the pre pulse
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suppression ratio of the single pulse selection, provides fine dispersion control, and
preventing gain narrowing before coupling back to the amplifier. After amplified in another
four passes, the pulse passes through the 8th-pass periscope followed by a telescope which
adapts the beam for efficient gain saturation across the entire pumped volume for the last
two passes through the crystal. The beam is finally picked out of the multipass system by
the 9th-pass PICK-OFF prism. The output of the amplifier was more than 1.1 mJ] with
hundreds of picosecond duration and 3 kHz repetition rate. After amplification, the beam
sent into a grating compressor. The compressor consists of two high-efficiency transmission
gratings and a vertical retro-reflector to get 23 fs with about 80% throughput efficiency of 0.9
mJ.

The beam from this laser system was focused into a fused silica hollow fiber with a length of
1 m (250 um inner diameter, and 750 um outer diameter) by a lens with 1.5 m focal length.
The focusing was chosen to be 65% with respect to the hollow fiber diameter to satisfy the
maximum coupling criterion, resulting in an intensity of 2x104 Wem~2.The fiber was kept
on a V-groove and then placed inside a tube chamber made of stainless steel with Brewster-
cut input and output windows (0.5-mm-thick fused silica), making small enclosures at both
ends of the hollow fiber. Stainless steel tubes are attached to both ends of the support
capillary using o-ring seals. A CCD camera was used to image the entrance of the fiber,
enabling qualitative measurement of the focal spot size. Pulse energy and spectral
broadening were measured at the output of the fiber for neon pressures of 0-3 bar, using
static pressure. The vacuum chamber was filled with neon with pressure of about 2 bars.
Initially, the chamber is vacuumed to 2 x 102 torr using a mechanical vacuum pump.
Furthermore, the beam from the hollow fiber was collimated using a silver concave mirror
with curvature radius of 4 m. The dispersion induced by gas in the hollow fiber, air and
optical components such as lens, two windows, was compensated for by a set of ten
broadband chirped mirrors and a pair of fused silica wedges. Each pair of chirped mirrors
had group delay dispersion (GDD) of —40 fs2 for the wavelength range from 510 nm to 920
nm. The compressed pulse duration is measured with an autocorrelator.

6. Results and discussions

The result of supercontinuum relies on nonlinear phase shift due to self-phase modulation
and self-steepening, it is crucial to optimize the dispersion of the input laser pulse for
obtaining broadband supercontinuum so that the laser pulse maintains high peak power
and steep temporal shape. Dispersion controlled supercontinuum spectra are presented at
Fig. 7(a) and their 2D spectrogram at Fig. 7 (b).

To control the dispersion of the input pulse, group delay dispersion (GDD) was adjusted by
the DAZZLER for the range from -200 to +160 fs2. It’s clearly shown that the dependency of
supercontinuum bandwidth on the dispersion of the laser pulse exists. The optimal GDD is
about -50 fs2, which indicates this initial negative chirp compensates the positive dispersion
from both the focusing lens and hollow fiber. The maximum bandwidth covers single octave
from 450 nm to 950 nm wavelength. The transform limited pulse duration of 2.9 fs FWHM
can be achieved using this spectrum as shown in Fig. 7(c). Output pulse energy is about 0.5
m] and no significant dependence on the dispersion is observed.

Not only the dispersion of the pulse affects the spectral broadening but also the pressure of
noble gas plays an important role on supercontinuum generation. In general, by increasing
the pressure of Ne gas in hollow fiber, more spectral broadening occurs due to the
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increasing nonlinear susceptibility x. Fig. 8 shows the measured spectra of supercontinuum
for various Ne pressures from 0.0 bar to 2.6 bar. Below the pressure of 2 bar, the spectral
bandwidth increases with the increasing pressure of Ne gas, while the intensity of
supercontinuum decreases over the pressure of 2 bar due to the absorption in the gas
medium. One of the bandwidth limitations of supercontinuum from hollow fiber is energy
lose due to leaky mode from mode matching condition for marginal wavelength. For fixed
core diameter, only single wavelength satisfies the EHi; mode matching condition which
allows the best coupling efficiency while other wavelength components suffer energy loss
during propagation. So as shown in Fig. 8, the spectral bandwidth does not really cover
shorter than 400 nm and longer than 1000 nm wavelength. To overcome this limitation one
should consider about multiple stages of supercontinuum generation in parallel or in serial
with different parameters such as length and core diameter of hollow fiber, type of gas and
gas pressure. Indeed, the serial supercontinuum generation has been successfully
demonstrated to enhance the supercontinuum bandwidth (Schenkel et al., 2003), and
parallel supercontinuum generation also can be implemented for multi-channel waveform
synthesis (Goulielmakis et al., 2007).

The supercontinuum output is sent to compressor which consists of 5 pair of double-angle
chirped mirrors for residual dispersion compensation (Pervak et al., 2007). The chirped
mirror is originally designed for the wavelength range from 450 to 900 nm and reflectivity
drops below 400 nm while reflectivity for other wavelength is above 98%. So after
compressor the pulse energy drops to 0.4 m] depending on how much spectrum is lost
below 450 nm.
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Fig. 7. (c) The transform limited pulse duration corresponding to the spectrum for each
GDD.
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Compressed pulse duration of 3.8 fs is measured by using second harmonic autocorrelator
and the autocorrelation trace is shown in Fig. 9 (a). Precise chirp compensation can be made
by either adjusting wedge thickness or slightly changing the pressure of Ne gas which
introduces positive material dispersion. The pulse duration for various gas pressures is
shown in Figure 9 (b). The shortest pulse duration is achieved as 3.7 fs at 2.4 bar pressure.
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7. Conclusion

Compression of high-energy pulses down to the few cycles regime is a well-established
technology nowadays, essentially based on the hollow fiber technique. Using this tool,
significant successes have been performed in ultrafast physics and nonlinear optics, in
particular in the field of attosecond pulses.

Nonlinear-optical interactions of ultrashort laser pulses can efficiently generate an artificial
white light with a controlled and short pulse duration, unique spectral properties, and a
high spectral brightness. We have reviewed the basic theory of supercontinuum generation
especially in nonlinear hollow fiber optics. In that review, we demonstrated a comparison
between the spectral broadening in both SF and DF using hollow fiber filled with gas
(usually neon). Also, we have showed our experimental results for the generation of few
cycle pulses using different static gas pressures. We successfully observed 3.8 fs, 0.5 m] laser
pulses at 3 kHz with high through output.

In future prospective, ultrashort pulses are expected to lead to breakthroughs in
communication and optical computing. Optical computing based on ultrafast logic units has
the potential for revolutionizing the field of computers. On the other hand, using SPM more
spectrally wider supercontinuum pulses could be achieved and hence compression down to
1 fs and possibly even into attosecond regions may be possible over the next decade using
uv pulses.
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1. Introduction

A novel Whispering-Gallery-Mode (WGM) fibre laser is demonstrated by pumping and
gain coupling with evanescent-waves in this chapter. The properties of the fibre laser,
including energy threshold, produced length and polarization of lasing emission have been
investigated. Two important applications of the fibre lasers on optoelectronics, linearly
polarized three-color lasing emission and single WGM lasing emission, are also
demonstrated in this chapter. The chapter is composed by four parts. In part one, an
evanescent wave pumped and gain coupled micro-cavity fiber laser is demonstrated by
inserting a bare fused quartz fiber into a glass capillary filled with Rhodamine 6G dye
solution, and its energy threshold properties, including the energy threshold varied with the
refractive index of the dye solution for different fiber diameters and the produced length of
lasing emission, are then investigated. In part two, the polarization properties of an
evanescent-wave pumped WGM fibre laser are investigated. It is found that there are two
kinds of polarization lasing beam emitting from the evanescent-wave pumped WGM fibre
laser under two different pump conditions. In part three, WGM fibre laser, emitting linearly
polarized three-color light, is demonstrated by pumping and gain coupling with evanescent
waves. In part four, a coupled cylinder-cavity structure, which is used to increase the free
spectral range of a WGM fiber laser, is demonstrated by binding two bare optical fibres
together, and single WGM lasing emission is realized.

2. Part-l - Threshold property of Whispering-Gallery-Mode fiber lasers
pumped by evanescent-waves

In Part I, the threshold properties of Whispering-Gallery-Mode (WGM) fiber lasers pumped
by evanescent-waves are investigated. Evanescent-wave gain coupled circular microcavity
lasers, such as cylindrical [1-6], spherical[7,8], capillary [9,10] and fiber knot [11] lasers, have
generated much interest in recent years, which are due mainly to the fact that the gain
media are distributed around their resonators and their potential applications in integrated
optics, optoelectronics and optofluidics [12,13] etc. As the evanescent field of a WGM in a
circular cavity extends into the gain medium, the gain can be coupled into the WGM that
provides optical feedback required by lasing oscillations. To optically excite the gain
molecules around a circular cavity, laser beams are usually pumped from the outside of the
gain medium [1-5], this pumping configuration, called side-pumping scheme, suffers a low
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pump efficiency, because the pump energy is absorbed by all of excited molecules, and only
a small number of molecules residing in the WGM evanescent field contributes to the optical
gain. To solve this problem, evanescent-wave pumping scheme has been used in circular
cavities in recent years, such as bare optical fiber [6], capillary[9], and microfiber knot[11],
which reduces lasing threshold from 200 pJ /pulse in the side-pumping scheme[1] to 9.2 uJ
/pulse [9] and further to 100 nJ /pulse[11]. Optical gain in the evanescent-wave pumping
scheme is produced by evanescent-waves on a fiber surface, the waves are created by a
pump light that propagates within the fiber by total internal reflection. Due to a strong
spatial overlap between the gain profile and the WGM evanescent field, a high pump
efficiency and a long gain distance along the axis of the circular cavity have been achieved
[6], which has been successfully used to invent a WGM fiber laser emitting three-
wavelength-range lasing beams in a single optical fiber [14].

In the evanescent-wave pumping scheme, laser resonator is surrounded by a dye solution of
low refractive index (RI), which acts not only as the gain medium, but also the cladding
material for the pumping and circulating light in a microcavity. The penetration depth of
pump light into the dye solution determines the gain value, the smaller RI difference
between the cavity material and dye solution is, the larger gain is produced by evanescent-
wave pumping scheme. Further more, the quality factor (Q value) of a resonator determines
the cavity loss, a small RI difference between the cavity material and dye solution means a
large cavity loss, which is not benefit to lasing oscillation. Therefore, the threshold property
of an evanescent-wave pumped microcavity laser is affected strongly by the RI of cladding
solution. However, few works, either the simulations or the experiments, have been
reported to explore this important effect of the microcavity laser.

In this part, firstly, the optical gain of a microcavity fiber laser in the evanescent-wave
pumping scheme is analyzed by introducing a Gaussian distribution function of pump light,
a gain formula is derived. The energy losses related to a circular cavity, including cavity
absorption, light scattering and leakage are considered, which leads to a quality-factor
equation. Secondly, assuming the derived gain is equal to the energy loss, the energy
threshold formula is achieved that is convenient to be compared with our experimental
results. Based on the characteristics of frustrated totally internal reflection (FTIR) of pump
light traveling along an optical fiber, an attenuated factor is introduced in the threshold
energy formula, to achieve the equation for determining the produced length of lasing
emission along the axial of the optical fiber. Thirdly, an evanescent-wave pumped and gain
coupled WGM fiber laser is fabricated by inserting a bare fused quartz fiber (no cladding)
into a glass capillary filled with Rhodamine 6G dye solution, the energy threshold
properties of the laser, including the energy threshold varied with the RI of the dye solution
for different fiber diameters and the produced length of lasing emission along the fiber axis,
have been experimentally investigated. Fourthly, the experimental results are compared
with the theoretical calculations, a summary of this work is given. Finally, the analytical
formula for resonant line-width of WGM in a circular cavity is derived, which is arranged as
the appendix at the end of this chapter.

2.1 Derivation of the energy threshold and the produced length of lasing emission
2.1.1 Optical gain in evanescent-wave pumping scheme

An optical fiber without cladding is immersed in a dye solution, longitudinally pumped by
laser light along the fiber axis, pump beams inside the fiber are the meridian beams [15]
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which can be drawn in XZ-plane as shown in Fig.I-1. When a pump beam experiences a total
internal reflection at the interface of the fiber and the dye solution, its evanescent-wave (Ep)
excites dye molecules and produces an optical gain around the fiber surface. Because fiber
cross-section is a circular microcavity that supports WGM oscillation, the optical gain
produced by the E; is within the WGM evanescent-wave (Ew), a strong spatial overlap
between two evanescent-waves of E, and E, leads to a high pump efficiency in the
evanescent-wave pumped WGM fiber laser.
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Fig. I-1. The schematic diagram of a WGM fiber laser pumped by an evanescent-wave.
Pump light propagating within a bare fiber in the form of meridian beams, & : the entrance
angle of a beam on the fiber end face, &: the incidence angle of the beam on the fiber side
face, Ep and E,, : the evanescent-fields of a pump light and a WGM.

The evanescence-wave intensity of the pump light can be calculated by [16]

L,(r)= Ey(r) = Lyexp[-2k(B, + o)(r —a)l, (r=a), (I-1)

Where 7 is the fiber radius, k =27 / A, is the wave vector of the E,, 4, is the wavelength of
/2 is the attenuated factor induced by
total internal reflection, n1 and n; are the RIs of fiber core and cladding solution hereafter (11

the pump light in vacuum space, 3, =[nj sin” 6, —n3]

> 1), 6, is the incident angle of the pump light on the fiber interface that is larger than the

critical angle 6, =sin"'(n, /m,), B, = AOlhs “ is the attenuated factor due to the absorption

of E, by dye molecules, a/;**" is the absorption coefficient of dye solution at the wavelength

Ap. Assuming the concentration of dye molecules to be Ny, the optical gain coefficient in the
small signal condition can be written as

8(r)=C(¢, A, 12)Nozyo expl-2k(Sy + fo)(r —a)], (r=a). (I-2)

Where pump energy ¢,, is used to substitute of the intensity of I, for the convenience of

comparing the calculation with the experiment, C({,A.,n,) is a coefficient related to
coupling efficiency of pump energy (¢ ), the fluorescence-quantum efficiency of dye
molecules, which is a function of center wavelength of lasing emission (4.) and the RI for

the clad solution (n2). After integrating Eq. (2) along radial direction, the total optical gain
can be expressed as
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G =[g(r)dr = [C(&, 4,1y )Ny&,0 exp[-2k(Sy + )RR
a 0
C(glﬂc/nZ)NOﬂpng
= 2.2 23172 outq (I-3)
4zx[(nysin® 6, —n3)"" + el |

Since the pump-light source is usually a tightly focused laser beams [6, 9, 11], each beam

coupled ”h}to the fiber incidents upon the fiber side face with different angled,.
sin®6, = | f(6,)sin?6,d6, is used to substitute the term of sin?#, in Eq. (3), where the
oM™ is tfe minimum incident angle at fiber side face that relates to the maximum incident
angle 6™ at fiber end face as shown in Figl-1, f(6,) is the distribution function of
incident angle that is defined as the fraction of pump intensity per unit angle. In order to get
the f(6,), the intensity distribution of pump light on the fiber end face is assumed to be a
Gaussian function, (8,) = I, exp[—tan® 6, /tan> 6™] . The f(6,) thus can be expressed as

2 2 2 pmin
_cos” (1 —nj cos” 67™")

2 pmin 2 2 4
cos” 6" (1 -nj cos” 6,)

f(8) = foexpl

(14)

Where f is the normalized factor that can be calculated by the numeral integration. For the
purpose of comparison, a homogeneous distribution function f(6,)= 1/(z /2-6™") has
been used to calculate the term of sin’ 6, the calculated optical gains for both distribution
functions are shown in Fig.I-2. Let sin”6, be equal tosin® ™, the calculated gain curves
are also shown in Fig.I-2.
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Fig. I-2. The calculated optical gains varied with the RI of cladding solution. The curves a-
c: M =38° (™" =87.4°), the curves d-f: ™ =15 (™" =79.8"). HD: homogeneous
distribution, GD: Gaussian distribution. In the calculations, 1,=1.458 for the quartz fiber
used in our work, 4,=532 nm, and 5, = Zpafb’;’”t = 0.062 for the dye concentration of 4x10-3
M/L.



Evanescent-Wave Pumped and Gain Coupled Whispering-Gallery-Mode Fibre Laser 199

The calculations indicate that (1) the optical gain increases with the increase of 1, value and
the incident angled;, (2) when the incident angle 6, is small, the effect of distribution
function on the optical gain is not obvious, however, the effect can not be neglected with the
increase of the incident angle.

2.1.2 The cavity energy losses
Assuming the Qups, Queak and Qs to be the quality factors of a circular cavity related to the
energy loss coefficients o, @y, and a,,, which are caused by cavity absorption, light

leakage and scattering, respectively, the total quality factor (Q ) of a WGM in a cylindrical
cavity can be expressed as

1 1 1 1
+—

Qtol Qabs Qleak Qscat

(I-5)

w,in

The absorption loss (¢, ) includes the losses inside the cavity (o, , related to the inner

field of a WGM) and outside the cavity (a4, related to the evanescent field of a WGM).
To calculate it, we assume an occupation factor (7,,) of a WGM in a circular cavity, which is

defined as the ratio of the evanescent-field volume to that of the whole WGM [1]. The
occupation factor can be written asz, :HE(V)\zrdr / HE(;’)\2 rdr . For a TE wave in a
a 0

cylindrical coordinate system shown in the top left of Fig.I- 1, the EM field of a WGM in a
cylindrical cavity can be written as [17],

H(r)= A,],(mk're,, (0<r<a), (I-6a)
H(r)= AyHO (k! r)e,, (r=a), (I-6b)
= n 1 \= kl 1 1 \—
E(T) = Dl T]n (nlknr)er - l]n (nlknr)e¢ '(0 <rs ll), (I_6C)
nyr ny
1
E(r)=D, {’ZHS}%nszr)a - ""H’53><n2kf,r)é¢} (r>a). (1-6d)
nyr 1,

Where A1, Az, D1 and D; are constants; a is the radius of the cavity; ], and H are the nth
Bessel and Hankel functions of the first kind, the derivative of the function denoted by a
prime is respect to its argument hereafter; k' =2za/ 4" is the wave vector in vacuum for

the nth angular mode number and [th radial mode order of a WGM. The occupation factors
for (I, n) = (1,745), (1, 1530) and (1, 2256), which correspond to fiber diameters (2a = 93 +
Tpum, 196 + 1pm and 296 = 1um) used in our work and the resonant wavelengths at 576.94,
583.14 and 583.72 nm, have been calculated as the function of n, value, the calculated results

are shown in Figl-3 as the violet dotted lines. The absorption coefficient

. _ w,in w,out
1S Ogps = (l My )aabs *+ 170 abs

as

, and the quality factor related to the «,,, thus can be written

abs
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O = (L Lyt i A A=) | i A 1 (1-7)
Q! 27, 27
In the wavelength range of 560 to 580 nm, a%/"=2x10"* c¢m< in our calculation, a2

=20.5 to 2.7 cm! for the dye concentration of 4x103 M/L, and 41.0 to 5.4 cm for the
concentration 8x10-3 M/L. The calculated Qs s varied with n, value are shown in Fig.I-3 as
the red circular points.

For the TE wave, there are two boundary conditions at surface (v = a) of a cylindrical cavity,

AJ, (nkla)= A,HY (n,k a) and &];(nlk,ﬁa) = &H‘f})(nzqua), which can be deduced from
m n
Eq. (6). As A;D, = A,D; , the characteristic Eq.(6) for TE wave is written as

Jumkia) _ H(nskia)

n n
2 Ju(mkha)y " HO (nykla) - (I-8)

n

Let x;,,=2m/ 4 be the size parameter of a circular cavity of radius 4, based on Eq. (8) , the

Qieax for a TE wave of a WGM can be calculated with the analytic asymptotic formula [18]
shown in Eq. (9).

TP B 2 no\2 Y‘(”zxz,)z
szk=z(”1—”2)xz,n | ( +(F =) |-

H m(nle )
" " nlxl,n Yn(n2xl,n)

(I-9)

The Quear s of (I, n) = (1,745), (1, 1530) and (1, 2256), have been calculated as the function of n>
value, the calculated results are shown in Fig.I- 3 as the green solid lines.

The value of Q,., is of the order of 1012 for an ultrahigh-Q microsphere with smooth surface
[19]. The Q.. s may be degraded to the order of ~108 for the fibers used in our work, which

corresponds to a scattering loss «,.,; ~2x103 cm?, and can be neglected by comparing with

scat
oy, that is in the range of 2 to 0.2 cm? within the wavelength range of 560 to 580 nm.

Therefore, 1/ Q,; =1/ Qus +1/ Qpu » and the total cavity energy loss is expressed as

N szznl[ 11 } o
! -~ A |- -
o Qabs Qleak ( )

The Q,,; s have been calculated as the function of n, value, the calculated results are shown

in Fig.I-3 as the blue solid lines.

The calculated results indicate that (1) for the fiber with a larger diameter (Fig.I- 3c, 2a =
296 um), the Quear is always much larger than the Qus, the Qi is determined mainly by the
Qubs, as the result, the cavity loss increases smoothly with the n, value; (2) for the fiber
with a small diameter (Fig.I- 3a , 2a = 93 pm), as the n value increase, the Qyy is also
determined by the Qu if 12 is smaller than 1.385, however, the Q;y is determined mainly
by the Qe if 12 is larger than 1.385, which leads to a sharp increase of the cavity loss; (3)
for the fiber with a medium diameter (Fig.I- 3b, 2a = 196 um), the situation is between the
cases (1) and (2).
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Fig. I-3. Quality factors (Ql in the blue solid line, Qieak in the green solid line and Qaps in red
the circles points) and occupation factor (7, in the violet dotted line) varied with 1, value. The

calculated fiber diameters are 93 um in Fig.I-3a, 196 pm in Fig.I-3b and 296 pm in Fig.I-3c.
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2.1.3 The formulas of energy threshold and produced length of lasing emission
The threshold condition of lasing action is the gain equaling to the loss. Let Eq. (3) be equal
to Eq. (10), the threshold energy can be expressed as

o _drl(nisin® 6, - )" + 2,

Epo = Aol
! C( 4 c/nZ)NO (4 ’

_C(G Am)(nfsin® 6, —n3)? + 2,08 1[Qupe + Q]
N, Oﬂpﬂ’l Qathleuk

(I-11)

Due to the cladding solution is an absorption medium, the pump energy is gradually
attenuated along the fiber axis (Z-axis). The energy attenuation is consistent with Beer’s law,
&,(Z)=¢,0exp(- al .Z), where af_ is the absorption coefficient of pump light that consists
of two parts, the fiber absorption (/") and the cladding’s absorption (/""" ). Therefore,
the optical gam in Eq. (3) must be written as G(Z)=G(0)exp(-a},.Z) at the Z point. To
for a WGM, we define an
occupation factor 7, for the pump light, which is the fraction of the evanescent-field
intensity to that of the whole pump lightt The af, is then written
asal, = (1- s + 7,

The produced length of lasing emission along the Z-axis increases with the pump energy

calculate the of value, similar to the definition of the ag,

when the energy is larger than the threshold. For a given pump energy, there is a maximum
produced length Z .., which corresponds to the optical gain atZ=Z7_, equaling to the
cavity loss, that is G(Z =a,, . The threshold energy at the position Z=Z7_. is thus
written as gp%(Zmax) = g;%(O)exp(afszmax) , and the produced length of lasing emission along

the fiber axis can be expressed by the logarithmic function as

ax

max ) ax

max )]

In[s 0 (Zanax)] = In[£5(0)]
pout °

(1-n,)a" +n.a (-12)
77p abs 77;1 abs

max

Egs. (11, 12) will be used to compare with the experimental results in Section 2.2.3 of this part.

2.2 Experimental results and discussion

2.2.1 Experimental setup

The experimental setup is shown in Fig.I-4 schematically. The laser beams (532.0 nm),
generated by a frequency doubled and Q-switched Nd:YAG laser, was used as a pump
light. The required pump energy was obtained by changing the polarization direction of a
polarizer (P1), and its power was monitored by a power meter (PM) through a beam splitter
(BS). The polarizer (P2) was used to determine the polarization state of the pump light. The
lenses L; and L were used to compress the size of the pump beams. A bare fiber (Fi,
RI=1.458) was inserted into a long glass capillary (C, 1 mm in inner diameter, 120 mm in
length), the open space between F; and C was filled with ethanol and ethylene-glycol mixed
solution of the Rhodamine 6G dye with a concentration of 4x10- M/L. The RI of the mixed
solution, acting as the cladding solution, was varied from 1.361 to 1.430 (measured by an
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Abbe refractometer) by adjusting the volume ratio of the two solutions. The pump beam
was longitudinally coupled into F; along the fiber axis by a lens (Ls) (focal length =75 mm)
with a conical angle of 26 =7.6°. The beam would propagate within F; by FTIR if the
entrance angle & was smaller than the critical angle &, which was 15.9° in our experiments.
To make sure the pump beams within F; were all meridian beams, the incident direction of
the pump beams was set to be along the axial direction of F.

The WGM lasing emission (L) from the rim of F; was recorded by a spectrometer
(Spectrapro 500i) with an ICCD detector (PI-Max 1024RB) via an optical fiber F», which had
a 0.05 nm spectral resolution when a grating of density 2400 g/mm was used. The intensity
of Ly, was detected by a photo detector (PD, DSi200) after the lasing emission passing
through an analyzer P; positioned on the Y-Z plane, the polarization state of the L., was
checked by rotating P3. The produced length of the L, along Z-axis was measured by a ruler,
and the fiber sizes were measured by a reading microscopy with an accuracy of Tpm.

PM Spectrometer

YAG Laser u u/ U U U ,,l;:==

i o
6<6.=159° v /

Fig. I-4. Schematic illustration of the experimental set up. P1, P> and Ps: polarizer, BS: beam
splitter, PM: Power meter, Ly, L, and Ls: lens, Fy: bare quartz fiber, Fa: optical fiber, C: glass
capillary, Ep: evanescent field of pump light, E,,: evanescent field of WGM, L,,: WGM laser
radiation.
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2.2.2 Experimental results

As shown in the insert of Fig.I-5, the output intensities of a WGM fiber laser versus pump
energies were measured at the position Z = 0 mm (fiber diameter 196 pm, n, = 1.402). When
the pump energy was lower than 12.8 pJ/pulse, only a weak spontaneous fluorescence was
observed around F;, once the pump energy was higher than 12.8 pJ/pulse, a strong deep-
yellow light emitting from the rim of F; was observed in the direction vertical to the Fy’s axis
(X-Y plane), the energy (12.8 pJ) was the lasing threshold corresponding to the onset of the
deep-yellow light. The intensity of lasing emission was found to reach its maximum (or
minimum) when the polarization direction of P3 are vertical (or parallel) to the Fy’s axis,
meaning that electrical vectors of the lasing emission are perpendicular to the fiber axis, and
the evanescent-wave pumped WGM lasing emission is a typical TE wave. When the pump
energy was fixed at 100 pJ/pulse, the lasing spectrum recorded by the spectrometer was
shown in the Fig. I-5. The interval between any pair of adjacent lasing peaks is about 0.39
nm, slightly larger than 0.38 nm that is calculated by A1 = A2/2mn; (free spectral range). In
the calculation of the Qi in Section 2, the values of 4’ and (I, n) should be known in
advance. Based on asymptotic formula (Eq. (13)) for the resonant positions of WGMs in

cylindrical cavity [20-21], the modes in the lasing spectrum of TE wave in Fig.I-5 were
assigned by the pair of numbers (I, ), where a; is the root of Airy function.

2ray

1
n

ny =n+2"3an? + %2’2/351,211’1/3 +072/3, (I-13)

For the fiber of diameter 196 pm and the resonant wavelength 4 =583.14 nm, [ and n have
been assigned by (1, 1525) as indicated in Fig.I-5. Using the same method, for the fibers of
diameter 93 pm ( 4" =576.94 nm) and 296 um (4" =583.72 nm), [ and n have been assigned by
(1, 745) and (1, 2256), respectively.

The threshold energies varied with the n, value were measured for three fibers with
different diameters at the position Z = 0 mm, and the results were shown in Fig.I-6. For the
fiber of diameter 296 um, as shown in Fig.I- 6 in green square points, threshold energies
decrease monotonously with the increase of 1, value, which is 25.0 pJ (the maximum) if n =
1.361, and 13.4 pJ (the minimum) if 1, = 1.430. For the fiber of diameter 93 um, as shown in
Fig.I-6 in the blue triangle points, threshold energies are not sensitive to the change of the
cladding solutions when n, value is between 1.361 and 1.385, but increase sharply when n
value is larger than 1.385. For the fiber of diameter 196 um, as shown in Fig.I-6 in the red
circle points, the threshold energies decrease slowly with the increase of n, value when n; is
between 1.361 and 1.410, beyond the value 1.410, the threshold energies increase sharply
and there is minimum threshold value (12.0 pJ) when n, = 1.412.

The output intensities versus pump energies at the positions Z = 50 and 80 mm were
measured as shown in Fig.I-7 (cladding solution is the same as that in Fig.I-5). The threshold
energy is 100.0 uJ/pulse at Z = 50 mm (Fig.I-7a), while it is 190.0 pJ/pulse (Fig.I- 7b) at Z =
80 mm, both values are much larger than 12.8 pJ/pulse measured at Z = 0 mm (Fig.I-5). The
results indicate clearly that the threshold energy increases with the measured position (Z),
which yields two important issues: first, what experimental law does the pump energy and
produced length of lasing emission along the fiber axis follow? Second, which factors affect
the produced length of lasing emission?
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Fig. I-5. Lasing spectrum from the WGM fiber laser of a fiber diameter 196 um. The output
intensities of the laser versus pump energies are shown in the insert of the figure. The

measured free spectral range is 0.39 nm indicated by a pair of arrows, and the assigned
modes for each lasing peaks are indicated by brackets.
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Fig. I-6. Threshold energies varied with the refractive index of cladding solution at the
position of Z = 0 mm. Green square points: experimental data for the fiber of diameter 296
pm, red circle points: experimental data for the fiber of diameter 196 um, blue triangle
points: experimental data for the fiber of diameter 93 um. Solid curves: theoretically

calculated results.
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Fig. I-7. The output intensities of a fiber laser versus pump energies at different fiber
position (Z). Z = 50 mm in Fig.I-7a, and Z = 80 mm in Fig.I-7b.

To address the problems mentioned above, a contrastive experiment was carried out by
using the fiber of diameter 196 um. First, different dye concentrations were used with a fixed
RI of cladding solution (ethanol, 7,=1.361), and the produced lengths versus the pump
energies was measured as shown in Fig.I-8a (c = 4x10-3 M/L) and Fig.I-8b (c = 8x103 M/L).
Second, the dye concentration is the same as that in Fig.I- 8a, but the n; value is increased to
1.402, the produced lengths versus the pump energies was measured as shown in Fig.I-8c.
The experimental data (red triangle points) in Fig.I-8 shows that the produced length
increases dramatically when the pump energy is just larger than the threshold energy at Z =
0 mm, however, the increasing trend become slow when the produced length reaches a
certain value, beyond this value, the produced length is almost saturated with the pump
energy. Comparing Fig.I-8a with Fig.I-8b, the energy threshold at Z = 0 mm is shifted from
49.0 pJ/pulse in Fig.l-8a (low dye concentration) to 22.0 pJ/pulse in Fig.I-8b (high dye
concentration), however, the produced length is decreased from 120 to 89 mm when the
pump energy is fixed at 400 pJ/pulse. Comparing Fig.I- 8a with Fig.I-8c, the energy
threshold at Z = 0 mm is lowered from 49.0 uJ/pulse in Fig.I-8a (12=1.361) to 12.8 puJ/pulse
in Fig.I-8c (n,=1.402), however, the produced length is decreased from 120 to 97 mm when
the pump energy is fixed at 400 pJ/pulse. The observed phenomena shown in Fig.I-6 and
Fig.I-8 can be well explained by the theory described in Section 2.1.3.

2.2.3 Comparing experimental results with the theoretical calculation

The Eq. (11) is used to calculate the threshold energy varying with n, value at the position Z
= 0 mm. Each parameter is known except the coefficient C(¢,4,,n,) in the Eq. (11).
C({,A.,my) is treated as C(4,,n,) for a fiber with certain diameter, since the coupling
efficiency of pump energy is unchangeable, and C'(4,,1,) is approximately treated as
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Fig. I-8. The produced length of lasing emission versus pump energy. The n, value is fixed at
1.361, but the dye concentrations are 4x10- M/L in Fig.I- 8a and 8x10-3 M/L in Fig.I- 8b.
The dye concentration is the same as that in Fig.I- 8a, but the 1, values is 1.402 in Fig.I- 8c.
The red triangle points with error bars are experimental data, the solid curves are
theoretically calculated results for various fitting parameters (7, ).

C'(4,) when solvent effect in dye molecules is negnected. Pairs of experimental data
(”215;}6) and the related Q,, value are substituted into the Eq. (11) to determine C (/) . For
the fiber of diameter 2a = 296 um at central wavelength A.~583.72 nm, (”2r5;;}6erz) = (1.361,
21.5p], 2.21x107), the determined C =6.07x1020(uJ. m-1). For the fiber of diameter 22 =196 um
at central wayelength Ac ~ 583.14 nm, (”215;}6/ w) = (1361, 25.0 pJ, 1.66x107), the
determined C =5.30x1020 (u]. m-1). For the fiber of diameter 2a = 93 um, three values
(nz,S;,’B,Qtol) = (1.361, 15.5 pJ, 1.19x10¢), (1.386, 20.0 pJ, 1.36x105) and (.1'409’ 256.1 pJ,
1.85%103) are chosen to suit the spectral shift with n, value, the determined C (A.= 576.94nm)
= 2.33x10%9, C (A = 569.91 nm) = 3.86x1018 and C (A = 564.92 nm) = 7.82x1017 (uJ. m-1),
respectively. The calculated energy thresholds shown in Fig.I- 6 fit the experimental data
very well after the C values are determined.
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The dependence of energy threshold on ny value for the different fiber diameters can be
understood when the properties of optical gain and cavity loss are considered
simultaneously. Both optical gain and cavity loss increase with 1, value, the increment of
energy threshold can be expressed by Eq. (11) as

Ag;ho(”z) = §(1y)Aayy (1) = |Ag (1) 2 (112) (I-14)
where g(11,) = 4z[(n?sin® 6, —n3)"? + Zpa[’:l;:"t] /CNy4, is the factor related to optical gain. If
‘Ag‘ /8> Aayy [ & =|AQy| / Qu that is the relative increment of optical gain being larger

than that of cavity loss, thus Ag{,’})(nz) <0, otherwise Ag;,’(l)(nz) >0.

For the fiber of diameter 22 = 296 pm, ‘Ag‘ /g is always larger than Ae,,; /o,

=|AQy| / Qi When n; varying from 1.361 to 1.430, thus Ag’%(nz)<0 , meaning that the

energy threshold decreases monotonously with the increase of 1> , which is shown in Fig.I- 6

as the green square points. For the fiber of diameter 2z = 93 um, |Ag|/ g is slightly larger
:
increased optical gain compensates the increased cavity loss and the energy threshold keeps
Ag‘ / § <<Aa,,; [ a,; after ny > 1.385, thus Agr%(nz) >>0, meaning that
more pump energy is required to compensate the cavity loss and the threshold energy

than Ae,, / a,,; when n; varying from 1.361 to 1.385, thus Ag,(n,)~ 0, meaning that the

stable; however,

increases with the increase of n, value, which is shown in Fig.I- 6 as the blue triangle points.
For the fiber of diameter 2a = 196 um, n, =1.412 is a critical RI that corresponding to
‘Ag‘ /g ~Aa,y [ o . When ny < 1.412, Ag‘ /g >Aay,; [ a,, but ‘Ag‘ /g <Aay, /o, when
ny >1.412. Therefore, there is a minimum threshold energy at n, =1.412, which is shown in

Fig.I- 6 as the red solid points.
Eq. (12) is used to calculate the produced length of lasing emission varied with pump
energy. Fiber absorption coefficient (a/;.") is 0.0002 cm, and the cladding absorption

(a"Y is 1156 cm 1 (2312 cm-1) at A, =532 nm for dye concentration of 4x10 M/L(8x103
M/L). The occupation factor for pump light (7, ) is still an unknown value that is used as a
fitting parameter in Eq. (12), the 7, value for fitting the experimental data best is considered
as the true 7, . The fitting results are shown in Fig.I- 8. For the three experimental conditions
of (1) c = 4x103 M/L and ny = 1.361 in Fig.I- 8a, (2) ¢ = 810 M/L and n»=1.361 in Fig.I- 8b,
and (3) ¢ = 4x103 M/L and n,=1.402 in Fig.I- 8c, Eq. (12) fits the experimental data best if
m,= 1.43x104, 1.34x104, and 2.85%104, respectively. It is clear that the experimental data of
Zmaxand &) (Z,,,) follow Eq. (12) well.

Comparing Fig.I- 8a with Fig.I- 8b in the same 75 value, a large dye concentration in Fig.I- 8b
will attenuate more evanescent field of the pump light, and reduce the penetration depth of
the pump light into the cladding solution, leading the 7, value to lower slightly down from
1.43x10+ in FigI- 8a to 1.34x10+ in Fig.I- 8b. Based on afy, =(1-7,)ak:" + npafé:“t , the

calculated @), values are 0.17 cm! in Fig.I- 8a and 0.31 cm! in Fig.I- 8b. A large absorption

coefficient a‘fbs , of cause, will lead to a short produced length of lasing emission for a given
pump energy. The energy threshold at the position Z = 0 mm is determined mainly by the
dye concentration, the dye concentration in Fig.I- 8b is twice as that in Fig.I- 8a, therefore,
the energy threshold at Z = 0 mm is reduced from 49 (¢ = 4x103 M/L in Fig.I- 8a) to 22

uJ/pulse (c = 8x10-M/L in Fig.I- 8b).
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Comparing Fig.I- 8a with Fig.I- 8c in the same dye concentration, a large n» value in Fig.I- 8c
implies a long penetration depth of the pump light into the cladding solution, which leads
1, value to rise up from 1.43x104 in Fig.I- 8a to 2.85x10+ in Fig.I- 8¢, corresponding al,
values to increase from 0.17 cm? to 0.33 cm. Based on Eq. (12), the produced length of
lasing emission in Fig.I- 8c will be shorter than that of Fig.I- 8a for a given pump energy. The
energy threshold at the position Z = 0 mm is determined mainly by 7 value at this time, a
large n value implies a long penetration depth of pump light into cladding solution, and
thus a large occupation factor 7,. When 7, value increasing from 1.43x10+ in Fig.I-8a
(n2=1.361) to 2.85x10+ in Fig.I-8c (1,=1.402), more dye molecules are excited by the given
pump energy, it is reasonable that the energy threshold is reduced from 49 to 12.8 uJ/pulse.

3. Part Il - Polarization properties of an evanescent-wave pumped
Whispering-Gallery-Mode fibre laser

In Part II, the polarization properties of an evanescent-wave pumped Whispering Gallery
Mode (WGM) fibre laser evanescent-wave pumping scheme are investigated. The dye gain
is produced by the evanescent field of the pump light, therefore, the polarization state of the
evanescent field determines the vibration states of excited molecules, consequently the
polarization properties of lasing emission of the evanescent-wave pumped WGM fibre laser.
We find that when the pump beam is strictly along the axial direction of an optical fibre, the
lasing emission is transverse electric (TE) wave and the electrical vector of emitting point is
along the radial direction of the optical fibre, which forms a special radial polarized
radiation; while the pump beam deviates from the axial direction of the optical fibre, both
TE and transverse magnetic (TM) waves exist in the lasing emission, which forms a mixed
polarization radiation with radial and axial polarized states. The radial polarization laser is
useful in the application of photo-etching [22] and high resolution microscope [23], etc. We
report on our experimental results and give the explanation for observed phenomenon in
this part.

3.1 Experimental setup

The experiment setup is shown in Fig.Il-1. A pulsed Nd:YAG laser (A=532 nm, pulse
width=7 ns) is used as a pump source. The pump laser beams pass two polarizers Py and P».
P, is used to determine polarized state of the pump beams, while P; is used to change pump
energy by rotating its polarization direction. Lenses L; and L; are used to shrink the pump
beams size from original 8 mm to 1.5 mm. F; of diameter 196 um is a barely optical fibre
with the refractive index of 1.458. After being focused by lens L; (focal length =75 mm), the
pump beams are end-fired into F; with an incident angle 6; =1.2°. To make sure the pump
light is meridian beams [15] when propagating in F;, the axis of F; is adjusted strictly along
the z-axis. The pump light will be skew beams [15] in F; when the angle between the axis of
F; and the z-axis is about 10°.

The fibre F; is inserted into a glass tube D with the inner diameter of 2 mm. A mixed
solution of ethanol and ethylene glycol doped with Rhodamine 6G dye molecules is filled
into the glass tube, and the concentration and refractive index of the dye solution are 3x103
mol/L and 1.422, respectively. The pump beams will propagate within F; by TIR if the
incident angle 6; is smaller than 37.6°. Evanescent field E, of the pump beams excite the dye
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molecules in the dye solution, photons in evanescent field Ewcwm that belongs to a WGM of
circular cavity built in F; stimulate the excited molecules, the Ewcwm also couples dye gain
into the circular cavity [1, 2], and then forms lasing oscillation in the circular cavity with the
support of the WGM. Lasing energy Lwcwm radiates from the rim of F; in the plane of xy, an
optical fibre F, transmits part of the Lwgwm to the entrance slit of the spectrometer (Spectrapro
500i, ICCD : PI—MAX). The intensity of Lwcwm also can be detected by a photo detector PD
(DSi200) after the lasing emission passing the polarizer Ps, which is positioned on the yz
plane. The angle between P3 and the y-axis is defined as ® which is zero as when Pj is along
in the y-axis direction. ® can be adjusted by rotating Ps.

X
Spectrometer
z
y L1 Lz L3 PD
S0 =g P
YAG > :
Laser 4 AN

0;<0i. =37.6°

Fig. II-1. Experimental setup

3.2 Experimental results and discussion

3.2.1 Pump along the optical fibre’s axis

When pump beams are strictly in the axial direction of Fy, polarizer P; is set along the y-axis
direction at first. Polarization properties of lasing beams are checked and recorded by PD
together with another polarizer Ps;, the background subtracted and normalized signals are
shown in Fig.II-2. Fig.II-2 shows that the intensity of lasing emission (solid points with error
bar) reaches its maximum when Pj is set vertically to the Fi’s axis (®=0°,180° and 360°),
while it reaches its minimum when P; is set along the Fi’s axis (®=90° and 270°). The curve

in FigIl-2 is drawn by Malu’ s Law, I =cos*®, the consistency between the curve and
experimental data indicates that, when the pump beams are strictly along the Fi’s axis, the
electrical vector of lasing emission is vertical to the fibre’s axis, and the evanescent-wave
pumped WGM laser is of a typical TE wave lasing emission. To check the dependence of the
lasing emission on the polarization of pump beams, the polarizer P, is reset along the x-axis
and the middle between x and y-axis, respectively. The experimental results obtained are
the same as that when P, is set along the y-axis direction, which indicates that the



Evanescent-Wave Pumped and Gain Coupled Whispering-Gallery-Mode Fibre Laser 211

polarization of evanescent-wave pumped WGM fibre laser is independent on the polarized
state of the pump beams.

Removing out the polarizer Ps, the lasing spectrum is recorded with the spectrometer of
grating density 2400 g/mm and is shown in Fig.II-3, which shows that the spectrum is
consisted of a series of peaks with equal wavelength interval. The mode-assignment results
(see text 2.2) also indicate that the spectral lines are the TE wave with the same radial mode
order /=1 but different angular mode number n[24].

Normalized intensity

Polarized angels(Degree)

Fig. II-2. The law of WGM laser’s intensity varied with polarized angels of polarizer P,

3.2.2 The form of radial polarization laser

When pump beams are in the fibre Fy’s axial direction, as shown in Fig.Il-4-A, the beams are
meridian beams that propagate within the fibre by TIR. Hereinafter, the pump beam in xy
plane is taken as an example for discussing the polarization properties of the pump beams.
When the pump beam travels to the interface of Fy, if the entrance angle 8 is larger than the
critical angle @, the beam will experience a Goos-Hénchen shift d; [25] that is a length about
a wavelength of the pump light 4,, and then is totally reflected into the fibre by the interface.
In the distance of d,;, the pump beam tunnels the fibre out a distance of d, that is also a
length of 4, and then an evanescent field of the pump beam E, is formed outside Fi. E, is a
traveling wave along the z-axis, but it can not travel along the x-axis [25], therefore, there is
no electric field of E, existing in the z-axis and this characteristic is independent on the
polarization of the pump beam. For the evanescent-wave pumped laser, since no electric
field of E, exists in the z-axis, it is impossible to produce stimulated photons polarizing in
the direction of z-axis. After dye gain is coupled into F;, the WGM lasing oscillation and
emission, of course, will lack the polarization element of z-axis, so the lasing radiation
belongs to TE wave, of which electric field is strictly vertical to the axis of F;.

WGM within a circular cavity is a kind of “Quasi-normal Mode” [26], meaning that part of
energy in a WGM leaks tangentially out of the surface of the cavity in the way of
evanescent-wave, which forms lasing emission in our situation as shown in the solid arrows
of Fig.II-4-C. As both lasing emission and its electric vector are vertical to the axis of Fy,
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based on a simple geometrical consideration, all electric vectors of lasing radiation that emit
from the same big circle of F; , as shown in the dashed arrows of Fig.II-4-C, cross at the
centre of the big circle. Therefore, when pump beam travels strictly along the axis of Fy, the
lasing emission from evanescent-wave pumped WGM fibre laser is a special axial polarized
emission of which emitting direction is vertical to the axis of F;.
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Fig. II-3. WGM lasing spectrum of TE wave acquired by pump beam being along a fibre’s
axis.

Fig. II-4. Diagram for the formation of radial polarization laser.
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3.2.3 Pump deviating from the optical fibre’s axis

When pump beams deviate from the axial direction of Fy, the lasing spectrum acquired by
removing out the polarizer P3 is shown in Fig.II-5-A. The spectrum is consisted of a group of
weaker spectral lines and a group of stronger spectral lines, and each group is of the same
wavelength interval. The lasing spectrum got by adding P; in the direction of y-axis is
shown in Fig.II-5-B. The group of weaker lines vanishes completely in the spectrum, and the
TE-wave spectrum remains. The lasing spectrum obtained by adding P in the direction of z-
axis is shown in Fig.II-5-C. The group of stronger lines almost vanishes in the spectrum, and
the TM-wave spectrum remains. Fig.II-5 indicates that, when pump beam deviates from the
fibre F1’s axis, both TE and TM waves exist in the lasing emission.
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Fig. II-5. WGM lasing spectrum of TE& TM mixed wave acquired by pump beam deviating
from the optical fibre’s axis laser by paraxial pumped.
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Fig. II-6. Diagram for the formation of mixed polarization laser.

3.2.4 The form of radial and axial mixing polarization laser

When pump beams are deviated from the optical fibre’s axis, as shown in Fig.II- 6-A, the
beams propagate as skew beams in the fibre F; along the z-axis. To analyse the property of
the beams in the fibre, one of the beams with wave vectork is taken as an analytic sample.
The vector k can be decomposed into k /) and k | , as shown in Fig.II-6-B in dashed arrow,
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IE /, is a component that expresses a light beam propagating in the xy plane by TIR; while
k, is a component that expresses a light beam propagating along the z-axis. For the beam
expressed by k //» both electric vectors, the vector being parallel to z-axis and the vector
being vertical to z-axis, exist simultaneously in the fibre F;, when the beam experiences TIR
on the fibre’s interface, as shown in Fig.Il-6-B, both electric vectors also exist in the
evanescent field of pump beam. Because the dye molecules in the evanescent field of pump
beam are excited by two different electric vectors, two kinds of stimulated photons,
polarizing in the z-axis and in the xy plane, therefore, exist simultaneously in the evanescent
field of WGMs of the circular cavity built in the optical fibre F;. After the dye gain is coupled
into the circular cavity, the WGM lasing oscillation and emission, of course, contain TE
wave that is polarizing in the xy plane and TM wave that is polarizing along the z-axis.
Combining with the analysis at the end part of this text 2.2, as shown in Fig.II-6-C, it can be
conluded that the electric field of TE wave crosses at the centre of the circular cavity, while
the electric field of TM wave is parallel to the z-axis; when pump beams are deviated from
the axis of the optical fibre, the lasing emission from evanescent-wave pumped WGM fibre
laser is a mixed polarization emission.

4. Part lll - Linearly polarized three-color lasing emission from an evanescent
wave pumped and gain coupled fibre laser

In Part III, an evanescent-wave pumped and gain coupled WGM fiber laser is introduced by
inserting a bare quartz fiber (no cladding layer) into a glass capillary filled with dye
molecules in a lower refractive index solution. Once the bare fiber is inserted into three glass
capillaries filled with Rhodamine 6G, Rhodamine 610 and Rhodamine 640 dye solutions,
respectively, WGM laser oscillations at the wavelengths of 567-575, 605-614 and 656-666 nm
occur simultaneously, and a linearly polarized three-color lasing emission is achieved in a
single optical fiber.

4.1 Experimental setup

The experimental setup is shown in Fig.I-4 schematically. An bare fiber (F;, 1961 pm in
diameter, refractive index 1.458) was inserted into a long glass capillary (C, 1 mm in inner
diameter), the residual space between F; and C was filled with ethanol and ethylene-glycol
mixed solution doped by Rhodamine 6G dye with a concentration of 3x10% M/L. The
refractive index of the mixed solution, acting as the cladding solution of F;, was 1.395
measured by an Abbe refractometer. The pump beam was longitudinally coupled into F;
along the fiber’s axis by a lens (L) (focal length =75 mm) with a conical angle of & =9.2°. The
beam would propagate within F; by TIR if the conical angle & was smaller than the critical
entrance angle &, which was 35.6° in our experiments.

The evanescent field of the pump light (E,) excites dye molecules in the mixed solution, thus
the photons in evanescent field of WGM (Ewagwm) of a circular cavity stimulate the excited dye
molecules, and the Ewcwm also couples dye gain into the circular cavity at the same time.
Supported by the WGMs, lasing oscillations occur in the circular cavity. The WGM lasing
emission (Lwgm) from the rim of F; can be recorded by a spectrometer (Spectrapro 500i)
equipped with an ICCD detector (PI-Max 1024RB) via an optical fiber F», it gives 0.05 nm
spectral resolution when a grating of density 2400g/mm is used. The intensity of Lwcwm is
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detected by a photo detector (PD, DSi200) after the lasing emission passing through an
analyzer P; positioned on the yz plane.

4.2 Experimental results and discussion

4.2.1 Three-color WGM lasing emission

It is found that the generating length of lasing emission along the F; increases with pumping
energy by arranging pump configuration as described in the part I, in which the fiber F; was
replaced by a thick fiber (288 um in diameter) and the direction of the incident beam was
still strictly along the axial direction of F;. When the pumping energy equaled 20, 50 and 100
uJ/pulse, the lengths of the lasing emission were 40, 90 mm and over 120 mm, respectively.
Based on this, a longer gain length in evanescent-wave pumped WGM fiber laser, of course,
can be utilized to build a multicolor WGM fiber laser [27]. That is to say, the fiber F; was
inserted into three short glass capillaries (15 mm long) in series and their intervals between
the capillaries were 5 mm. Rhodamine 6G, Rhodamine 610 and Rhodamine 640 dye
molecules were dissolved in ethanol and ethylene-glycol mixed solution to obtain
concentrations 5x104, 2x103 and 1x10-2M/L, respectively. The prepared dye solutions with
an index of 1.422 were filled in the residual space between the F; and the capillaries.
Evanescently pumped by 532 nm line of the pulsed YAG laser along the fiber’s axis, only a
weak fluorescent light emitted out from the fiber when the pumping energy was 20
pJ/pulse. The fluorescent spectrum was recorded by a spectrometer with a grating of
density 150g/mm, which is the grey curve shown in Fig. III-1A. When pumping energy was
80 pJ/pulse, we observed three-color (yellow, orange and red) WGM lasing emissions
simultaneously in experiments, the emitting wavelengths from the fiber laser were in the
ranges of 567-575 nm (Rhodamine 6G), 605-614 nm (Rhodamine 610) and 656-666 nm
(Rhodamine 640) as shown in Fig. III-1A with the black curve. Since three-color WGM lasing
emission from a single optical fiber was realized, a novel evanescent-wave pumped and
gain coupled WGM fiber multicolor laser was demonstrated eventually.

To show the fine spectral structure of the three-color WGM lasing emission, the spectra were
recorded with a grating of density 2400g/mm, and shown in Figs. III-1B, 1C, and 1D in the
wavelengths 567-575 nm, 605-614 nm and 656-666 nm, respectively. The measured spectral
intervals between two adjacent peaks are 0.246 nm (Fig.III-1B), 0.282 nm (Fig.llI-1C) and
0.335 nm (Fig.IlI-1D), which can be compared with the calculated free spectral widths of
WGMs in the used circular cavity. For a larger diameter fiber (288 pm in our case), the
wavelength intervals (free spectral width) can be approximately calculated by [27] AL =
A2/2mni, where a and n; are the radius and the refractive index of the used fiber,
respectively. The calculated wavelength intervals are 0.247, 0.281 and 0.332 nm in the
wavelength ranges of 567-575 nm, 605-614 nm and 656-666 nm, which accord well with the
measured values.

4.2.2 Spacial overlap between evanescent wave of WGM and lasing gain

To explain the characteristic of the longer gain in an evanescent-wave pumped WGM fiber
laser, the radial intensities of the WGMs in the used circular cavity and the evanescent field
of pump light are calculated. For a TE wave in a cylindrical coordinate system shown in the
top left of Fig.I-4, the electric field of a WGM in a cylindrical cavity can be written as (I-6c,
6d). For TM wave with radial mode number [ and angular mode number #, the WGM is
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assigned by TM!, (I, n), while it is assigned by TE! (I, n) for TE wave in this part. Two lasing
lines at the wavelengths of 591.59 and 589.43 nm have been mode assigned [20,28]
as TE|syy and TE} g, , which are chosen to calculate the distribution of radial intensity. Let a =
98 um, n; =1.458, and ny =1.395, the radial intensities Iwcm (r) for the two WGMs are
calculated and shown in Fig.III-2.
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Fig. II-1. Lasing spectra recorded by gratings with densities: 150g/mm (A) and 2400g/mm
(B), (C) and (D). Panel (A) shows fluorescent (grey curve) and lasing (black curve) spectra
emitting from a three-colour evanescent-wave fiber laser, and the laser structure with the
capillaries C;, C; and Cs being filled with different dye solutions. Panels (B), (C) and (D)
indicate lasing spectra emitted from Cj, C; and C; filled with Rhodamine 6G, 610 and 640
dye solutions, respectively.
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Fig. I1I-2. Radial intensity distributions calculated for two WGMs assigned by TEj, (1,
1500) and TEZ, (2, 1490), where the bumps at r = a are caused by the discontinuity of TE
wave, and the insert shows the intensities of evanescent waves for the pump light (solid
triangles) and WGMs (black and grey curves)

The evanescence-wave intensity of the pump light is also calculated from [16]
L,(r)=Iyexp[-2kp(r /a—1)a], (r=a), (I11-1)

where 8 =[n? sin” 0/n3 —1]"/?, and k = 27 12/ A . Letting =1, 6 =86.8°, A, = 532 nm, the
calculated result is shown in the insert of Fig. 6 by solid triangles, for a convenient
comparison, the normalized evanescent-wave intensities of the modes TEjs;; and TE#,

are also presented. The curves in the insert show clearly that in the radial direction of the
cylindrical cavity (r > a), the intensity distributions of the two WGMs overlap well with the
distribution of evanescence-wave of the pump light. Because the lasing gain in the
evanescent-wave pumped WGM fiber laser is excited by the evanescent field of the pump
light, the spatial distribution of the lasing gain is the same as that of the pump light.
Therefore, it is reasonable to attribute the longer gain distance and the higher pumping
efficiency in evanescent-wave pumped WGM fiber laser to the good spatial overlap between
the lasing gain and the evanescent field of WGMs in a circular cavity.

5. Part IV - Broadening free spectral range of an evanescent-wave pumped
Whispering-Gallery-Mode fibre laser by Vernier effect

In Part IV, evanescent-wave pumping scheme is used in a WGM fibre laser, which is formed
by inserting a piece of bare quartz fibre (without cladding) into a glass capillary filled with a
dye solution of low refractive index, as shown in Fig.IV-la. When the pumping light
propagates along the fibre’s axis by total internal reflection, its evanescent-field excites a
lasing gain around the fibre, and WGM lasing emission occurs as the pumping energy
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exceeds the threshold. To increase the FSR of WGM fibre laser, two optical fibres of different
radii are bound together with their axes parallel to make a coupled cylinder-cavity structure
(CCCS). Due to the Vernier effect [29-31], lasing occurs only when both cavities are in
resonance at the same frequency, and the FSR of the CCCS is thus greatly enlarged.

(ll) EWGM

0;< 0, =31.7°

: Master fib
D) Master fibre

Slave fibre

Fig. IV-1. Schematic of evanescent-wave pumped WGM fiber laser is shown in (a), where E,
and Ewcwm indicate the evanescent-fields of the pump light and WGMs, Lwgm indicates the
WGM lasing emission. The coupled cylinder-circular cavity is shown in (b), the master fiber
provides the gain and make up a CCCS with the slave fibre. Note that the vertical and
horizontal directions are drawn with different scales

5.1 Experiment and results

The experimental setup is shown in Fig.IV-la. A laser beam (355 nm), generated by a
frequency tripled and Q-switched Nd:YAG laser, was used as the pump light. A bare fibre
(refractive index 1.46) was inserted into a long glass capillary (1 mm inner diameter), and the
open space between the fibre and the capillary was filled with ethanol solution doped by
Coumarin 500 (LC 5010, Lambda Physik) dye with a concentration of 4x103 Mol/L. The
refractive index of the dye solution, acting as the cladding layer of the bare fibre, is 1.36
measured by an Abbe refractometer. The pump beam was coupled into the bare fibre along its
axis with a conical angle & =7.6°. The beam would propagate within the bare fibre by total
internal reflection if the conical angle & was smaller than the critical entrance angle &, that
was 31.7° in our experiments. The evanescent field of the pump light (E,) excites dye
molecules in the dye solution, thus the photons in evanescent field of WGM (Ewcwm) of a
circular cavity (formed by any cross section of the fibre) stimulate the excited dye molecules,
supported by the WGMs, lasing oscillations occur in the circular cavity. It is worth noting that
the evanescent-wave pumping scheme used in this work is different from those of references
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[30] and [31]. The ring cavity in reference [30] is composed by gain material and the gain is
obtained by directly pumping the cavity, while the side-pumping scheme is used in reference
[31]. The WGM lasing emission (Lwcm) from the rim of the fibre can be recorded via a
detecting fibre by a spectrometer (Spectrapro 500i) equipped with a CCD detector (PI-Max
1024RB), which gives 0.05 nm spectral resolution when a grating of density 2400g/mm is used.
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Fig. IV-2. WGM fiber lasing spectrum from a bare optical fibre of diameter D1 =91 um is
shown in (a), the measured FSR is 0.63