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Chapter 1
Introduction

The field of fiber lasers was born in 1961—almost simultaneously with the
achievement of the first laser action in Ruby [1]—when Snitzer first published his
famous paper on laser oscillation in glass [2] and then on the possibility of fiber
laser operation [3]. A few years later, in 1964, Koester and Snitzer experimentally
demonstrated amplification and observed fiber laser oscillation in a gain fiber [4].
This important work was followed by other research groups who further studied
fiber lasers. However, great success in the development of other laser-active media
during the 1960s and 1970s, such as laser crystals and liquid-dye lasers, as well as
lack of availability of diode lasers (the first operation of a diode laser was pub-
lished in 1962) put serious fiber laser research on hold for several decades. In the
1980s and 1990s, fiber lasers had their second birth due to the appearance of
reasonably powerful and reliable diode lasers and diode-pumped laser technology.
This was accompanied by the application of fiber laser technology in optical
telecommunication, which used a fiber amplifier rather than a fiber laser concept.
The basic ideas and discoveries made during the early telecommunication age
played—and are still playing—a key role in the development of fiber laser and
fiber amplifier systems. The following milestones or achievements should be
mentioned in the field of fiber lasers and fiber amplifiers as a stand-alone field of
optics in general and laser physics in particular:

1. First operation of a fiber laser.

2. First operation of a fiber amplifier.

3. First operation of a diode laser.

4. Chemical vapor deposition (and its modifications) fiber fabrication technol-
ogy, which allowed optical fibers to be achieved with extremely low loss.
Sensitization of some acceptor ions (e.g., Er3+) with donors (e.g., Yb3+).

d

6. Double-clad (DC) fibers and clad pumping technology.
7. Development of highly efficient, room-temperature, and cost-effective diode
lasers.
8. Development of highly efficient and cost-effective single-frequency diode
lasers.
V. Ter-Mikirtychev, Fundamentals of Fiber Lasers and Fiber Amplifiers, 1
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9. Significant progress in fiber coupling technology, such as fiber-coupled diode

lasers.

10. Development of highly doped gain fibers.

11. Commercialization of cost-effective fiber-coupled and all-fiber optical
components.

12. Discovery and development of photonic crystal fibers.

13. Achievement and development of efficient Raman fiber lasers.

14. Development of polarization-maintaining fiber structures.

15. Fundamental spatial mode filtering in fibers and coiling technology.

From this list of milestones, one can observe that success in fiber lasers as a
technical field is a result of joint success in the field of solid-state lasers (especially
diode-pumped lasers) and fiber technology. Accordingly, fiber lasers adopted
technological solutions from both of these areas. Today, fiber lasers compete with
and threaten to replace most of high-power, bulk solid-state lasers and some gas
lasers. The most developed fiber laser systems are based on laser glasses with the
following rare earth ions: Yb*", Er’*, —Yb>*, Tm>*, and Nd**. Note, however, that
historically the first ion to be used in fiber laser was the Nd** ion; therefore, a lot of
work has been done using Nd®* as a laser active ion in fiber laser research,
including new operational schemes for unique spectral and temporal fiber laser
characteristics. Nevertheless, researchers and engineers soon shifted their attention
to Yb*>* and Er**. Compared with Nd**, Yb>* offers higher conversion efficiency,
much broader tunability in the 1 pm spectral range, and higher energy storage
time. Later, the advantages of Yb** were also magnified by the performance and
availability of the more technological and reliable 9XXnm indium gallium arse-
nide (InGaAs) laser diodes used as pumping sources of Yb>" fiber lasers.

With further advances in the development of diode pump laser technology and
optical telecommunication, other ions such as Er’* and later Tm>* received sig-
nificant attention from researchers and engineers. This eventually brought power
of the fiber lasers based on these rare earth ions to hundreds of Watts, with more
than 30 % conversion efficiency for Er’*~Yb>* systems and more than 50 % for
Er**-doped and Tm>*-doped fibers.

Meanwhile, scientists and engineers were investigating ways to significantly
reduce optical loss in fibers. In this direction, the most important technological
breakthrough was the discovery of a so-called modified chemical vapor deposition
(MCVD, or just CVD) fiber manufacturing technique, which eventually allowed
the achievement of optical fibers with extremely low loss (<~0.2 dB/km in the
1.5 pm wavelength range for undoped fibers and 0.01-0.1 dB/m for the rare-earth
doped fibers; i.e., gain fibers). Most fiber preparation processes use MCVD
technology (or its modifications) as a core process, including gain fiber
preparation.

The next fundamental step towards the development of highly efficient fiber
lasers was a proposal to use sensitization of Er** laser active ions in glass by Yb**
ions. Note that in early years of laser research mentioned previously, the Nd** ion
also was considered to be a sensitizing ion itself (in this case, for the Yb** ion).
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This interest, however, was replaced by direct excitation of Yb>* with the
appearance of 9XXnm InGaAs laser diodes. For the Er’*~Yb** co-doped system,
sensitization makes use of broad absorption of Yb** ions in glass at ~915 and
~976 nm wavelengths, which are accessible by well-developed InGaAs laser
diodes as well as achievable high Yb>* doping concentration of the laser glass. In
Er**-Yb** co-doped material, excited Yb>* ions in its absorption band have a
highly efficient energy transfer to the Er’* ions to its upper laser energy level; in
turn, this creates a condition for efficient creation of population inversion in Er’*
with subsequent laser action in the ~ 1.5 um spectral range. The Er’*—Yb>* sys-
tem also plays an important role in double-clad fibers, where achievement of
effective pump absorption requires longer gain fibers. High concentration of Yb**
(which in Er**~Yb?* laser glass is more than 10 times bigger than that of Er’*)
enables efficient high-power pump absorption of the 915 or 976 nm spectral range
in a clad pump geometry, resulting in the achievement of reasonably short DC gain
fiber lengths.

As one can imagine, the most technological and scientific efforts (as in the case
of other laser types) have been and are still being placed on the development of
single transverse mode fiber lasers and amplifiers operating with close to diffrac-
tion-limited beam quality. In the early years of fiber laser development, gain fibers
that support only the fundamental mode had a laser active ion-doped core that was
several microns in diameter and an undoped cladding surrounding the core, which
was usually about 100 pm in diameter. The pump and the signal radiation were
launched inside the same volume—that is, each into the core from the same or
opposite directions of the gain fiber with perfect beam overlap. Although it is a
good solution and has several advantages, such core pumping geometry has very
limited power scalability because of the strict requirement for brightness (i.e.,
optical power density per divergent solid angle [W/cm? x steradian]) of the pump
diode lasers in order for it to be efficiently launched into the fiber core. This
circumstance limited fiber laser power to about a 1 W level at their time, which
corresponded to the power of single-mode emitter pump diode lasers.

To increase pump power coupled into the gain fiber, in the mid-1980s, several
research groups almost simultaneously proposed to launch pump radiation into a
larger area of cladding that surrounds a doped core, thus significantly expanding
the capability of launched pump power scaling in fiber lasers. Special fibers have
been developed for such clad-pump propagation technology. With an external
polymer coating of a lower refractive index, such fibers allowed simultaneous
propagation of signal radiation inside the core and pump radiation to be guided
inside cladding. Because of this dual wave-guiding property, such fibers are called
double-clad fibers—that is, having extra cladding for pump radiation. Note that
because of the reduced overlap between the pump area in the clad and the
absorbing area of the core, DC fibers require a longer length for effective pump
absorption compared with that of core pump fibers with the same core absorption
coefficient at the pump wavelength. Nevertheless, for high peak power and low
average power applications, where nonlinear optical processes create real design
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and development issues, core pump fiber technology (which uses very short gain
fibers) is a powerful and often better approach.

Among the milestones listed previously, we should also emphasize coiled-fiber
mode filtering technology (proposed in 2000), which seems to be the simplest and
least expensive among several existing mode filtering techniques. Making use of
the high discrimination factor between bending loss of the fundamental transverse
mode and that of higher order modes in large mode area fibers (LMAs), which
have a reduced difference in refractive indices between core and cladding,
researchers achieved diffraction-limited high-power laser emission from a multi-
mode gain fiber by coiling the fiber to a certain radius of curvature. Note that
several other techniques have been suggested for single transverse mode filtering
in fibers. However, coiled technology is currently the most efficient and rugged,
allowing practical and commercial high-power fiber laser systems to be built with
diffraction-limited beam quality.

Currently, after rapid progress in DC fibers, high-power diode lasers and mode
filtering technology (based on the previously mentioned fiber coiling approach)
achieved continuous wave power levels greater than 10 kW for infrared fiber lasers
with close to diffraction-limited beam quality (greater than 50 kW for multimode
operation). These numbers continue to increase quickly. In the near future, it is
likely that fiber lasers will not only penetrate several traditional laser markets
deeper, but they will also replace several other laser types used in these markets.

The main goal of this book is to create a reasonably self-contained, single
standpoint introduction to the field of fiber lasers and fiber amplifiers. The book
consists of 12 chapters, including introduction and conclusion. The first several
chapters introduce the reader to the fields of lasers physics, optical spectroscopy of
rare earth ions in solids and glasses, and the basics of fiber optics and technology.
This is followed by a review of the general principles of light propagation in fibers
and a description of the main operational regimes of fiber lasers. The second half
of the book discusses the physics and technology of fiber lasers, including the state
of the art for components and systems. Chapter 10 is dedicated to high-power fiber
lasers, fundamental physical processes that have to be addressed during research
and development, technical challenges, and important available solutions.

Chapter 11 describes the industrial applications of fiber lasers. Most chapters on
the fundamental principles of laser operation, as well as processes which take place
in optical fibers in the field of high-power optical radiation, were written after
original journal publications. Because of the introductory nature of the book, I do
not describe systems such as photonic crystal fiber lasers, Raman lasers, Raman
amplifiers, upconversion lasers, supercontinuum oscillation, or nonlinear frequency
conversion. (Photonic crystal fibers will be briefly introduced in Chap. 11 in
relation to the optical power delivery systems.) Whenever possible throughout the
book (except for certain subsystems, such as tunable laser operation, some fiber
laser cavities, or examples of high-power fiber laser design), I tried to keep
descriptions general in nature and minimize presentation of the material, which
includes certain fiber laser structures or designs targeted on restricting their num-
bers. Therefore, the reader can use general fundamental principles, theory, available
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components, and approach modes to develop their own unique fiber lasers and fiber
amplifier systems from the technical material given in the book. At the same time,
available journal articles and conference presentations can be a priceless source for
more detailed study of particular fiber laser schematics.

I hope this book will be helpful to students, engineers, teachers, and researchers
in their daily work. The book is certainly not intended to cover all aspects of fiber
laser science and technology. Rather than the applications of fiber lasers, it will
cover the fundamentals of this interesting, important, and fast-growing field of
laser physics.
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Chapter 2
Optical Properties and Optical
Spectroscopy of Rare Earth Ions in Solids

2.1 Electron-Phonon Coupling in Solids

The Franck-Condon principle plays an important role in understanding the nature
of optical transitions in laser-active ions in solids. According to this principle,
absorption of a photon is an instantaneous process during which the nuclei are
enormously heavy as compared to the electrons. In other words, the electronic
transition occurs on a time scale that is short compared to nuclear motion, so the
transition probability can be calculated at a fixed nuclear position. An electronic
transition is therefore considered to be a vertical transition. Thus, during light
absorption, which occurs in femtoseconds to nanoseconds, electrons can move but
nuclei cannot. The much heavier atomic nuclei have no time to readjust them-
selves during the absorption act; instead, they readjust after the absorption process
is over, which in turn creates vibrations. This occurrence is best illustrated by
potential energy diagrams. Figure 2.1 is an expanded energy-level diagram with
the abscissa representing the distance between the nuclei, Q. The two potential
curves show the potential energy of the optical center as a function of this distance
for ground and excited states. Excitation is represented, according to the Franck-
Condon principle, by a vertical (i.e., instantaneous) arrow (arrow A in Fig. 2.1).
This arrow crosses the upper curve, higher than the lowest point. Appearance of
the optical center after the absorption process in the excited state means that the
center enters a nonequilibrium configuration and needs to relax into the lower
state. This relaxation process involves radiation of phonons, which is a charac-
teristic of the lattice vibration mode. Note that there is an exception: the case of
0-0 transition, in which the resultant absorption and emission lines are called zero-
phonon lines (ZPLs). ZPLs result from transitions between the lowest vibration
state of the ground electronic level and that of the excited state (not indicated in
the figure).

In a Franck-Condon diagram, the relaxation process is usually denoted by a
down arrow inside the individual potential curve of the electronic state (not shown
in Fig. 2.1). Such relaxation processes usually take place in femtoseconds to
nanoseconds. During the relaxation process, almost all of the vibration energy in

V. Ter-Mikirtychev, Fundamentals of Fiber Lasers and Fiber Amplifiers, 7
Springer Series in Optical Sciences 181, DOI: 10.1007/978-3-319-02338-0_2,
© Springer International Publishing Switzerland 2014
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Fig. 2.1 Franck-Condon diagram of the ground and excited states of the optical center in solids.
The vertical axis represents energy and the horizontal axis denotes the value proportional to the
distance (i.e., normal coordinate). E,(Q) and E,(Q) are the excited and ground state energies,
respectively. S is the Huang-Rhys factor (see text) and Aw is an effective phonon energy of the
host material (i.e., the medium in which the optical center is put). Arrow A denotes the absorption
and arrow B denotes emission transitions

the excited center is lost by the energy exchange with the phonon reservoir (i.e.,
lattice of the host material), producing heat in the system. After the relaxation, the
center needs to relax further through the electron transition between excited and
ground electron levels. This process is called luminescence, starting from near the
bottom of the upper potential curve and following a vertical arrow down (arrow B
in Fig. 2.1), until it crosses the lower potential curve. Similar to the absorption
process described previously, the luminescence transition (down arrow) does not
cross the deepest point of the ground state (again, except for the previously
mentioned 0-0 transition), and some excitation energy gets converted to the
vibration energy. As shown in the diagram, the absorption—emission process
contains two periods of energy dissipation; this phenomenon in turn creates a
Stokes shift—a process during which the emission spectrum has a luminescence
frequency lower than the related absorption frequency. (This phenomenon is also
called a “red shift” because wavelengths of the emission are longer than of the
absorption). Note that in the case of a nonlinear absorption process, such as up-
conversion (i.e., the process in which two or more pump photons are used to get an
ion to its high exciting level with subsequent emission of photons with higher than
the original energy), the wavelength of luminescence is shorter than that of
absorption. Such phenomena are widely used for the development of short-
wavelength lasers for the visible spectral range (up-conversion lasers), but they are
beyond the scope of this book.
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2.2 Phonon Sidebands of Optical Transition in Solids

During electronic transitions in solids, an optical center (usually an imperfection in
the lattice of the crystal or glass structure) may demonstrate a change in its center-
to-lattice bonding configuration in the vicinity of the optical center, which in turn
affects the vibration characteristics of the host material. These modified vibration
characteristics of the host solid material contribute to the nature of the pure
electronic transition and create a vibronic transition of the center. Therefore, most
optical defects in solids, especially those that do not have a screening electronic
shell (e.g., color centers, some ions of transition metals), demonstrate not only
purely electronic transitions but also a vibronic transition or what is known as a
“phonon sideband.” Note, however, that the strength of this center-to-lattice
bonding affects the visibility of the purely electronic transition, which sometimes
is visible only at cryogenic temperatures; for example, F-centers have a very
strong electron—phonon coupling (which will be discussed in detail later). In
contrast to this, in trivalent rare earth ions, the laser-active electronic transitions
are screened from the lattice environment by an electronic shell of the ion. In these
optical systems, a well-resolved and intense electronic transition is evident already
at room temperature with very weak electron—phonon couplings (i.e., phonon
sideband). Therefore, trivalent rare earth ions, such as Er’*, Yb>*, and Nd>*, are
examples of optical systems with weak electron—phonon couplings.

To quantitatively characterize an electron—phonon coupling and its strength, let
us again consider the Franck-Condon diagram shown in Fig. 2.1. In this figure, the
excited and ground states have energies E.(Q) and E,(Q), respectively, with
separation between the lowest vibration states of the upper and lower levels of
Ey = hvy. Absorption and emission spectra commonly comprise of a number of
peaks (which are usually resolved very well at cryogenic temperatures) corre-
sponding to the number of phonons involved in the transition and thus reflecting a
vibronic structure of the final electronic level (i.e., where the transition is termi-
nated). The probability of such a multiphonon transition can be expressed as follows:

Sl’l
P, = Eexp(—S) (2.1)
where n is number of phonons involved in the transition and S is the Huang-Rhys
factor, the physical meaning of which is in the strength of the electron—phonon
coupling. This expression in turn reflects the schematic shape of the phonon sideband
of the optical transition. In the spectrum of optical transition, the phonon sideband is
a spectral band adjacent to the line of the pure electronic transition.

The most probable transition (emission or absorption) takes place with emission

or absorption of the energy equal to the following:

Een = hvo F Shy (2.2)

where S (the same Huang-Rhys factor) indicates the number of phonons involved in
the corresponding transition process, h is the Planck constant and v is the frequency.
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It is also useful to mention two types of lattice vibration modes in solids that
have a direct relationship with some nonlinear scattering processes. In the case of a
one-dimensional chain of atoms with a unit cell of two atoms, a phonon dispersion
shows only one acoustic and one optical branch:

YL 1 4sin’(ga)
w(q)—%ik\/(m*)z— Y (2.3)

where g is a wave vector, k is the force constant (i.e., elastic constant, measured in

o [H _ kg
units [E = o

]), a is the interatomic distance, m and M are the atomic masses, and
1 f* = 1/m + 1/M, where m”" is the effective mass. The acoustic and optic branches
are specified by “4”, with minus (—) for acoustical and plus (+) for optical. The
two phonon branches can be seen in Fig. 2.2. The higher energy branch is optical
and the lower energy branch is acoustical.

Later in the book, nonlinear scattering processes that take place in fibers will be
discussed. These processes play an important role in the power scaling of fiber
lasers. Each of the phonon branches described previously participates in different
stimulated scattering processes, namely optical (stimulated Raman scattering) and
acoustical (stimulated Brillouin scattering).

2.3 Optical Center Transitions: Spontaneous
and Stimulated Emission

Consider an atomic system with discrete energy levels, which are annotated here
as 1 and 2. The corresponding energy states of the levels are E; and E,. E, is
assigned a higher level, as follows:
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E\<E, (24)

In the case of thermal equilibrium, the population density of each energy level
follows the Boltzmann statistics, according to which

E, —F
N, :Nlexp<— 2k T 1) (2.5)
B

where kp is the Boltzmann constant and 7 is the absolute temperature of the
system. It is evident from Eq. 2.5 that the density population of the higher energy
level E, is less than that of the lower energy level E; in thermal equilibrium. When
an atom absorbs light with photon energy equal to the energy separation between
two levels, the particle goes from lower level E; to higher level E,. The absorbed
photon energy is as follows:

hv, = E> — E, (2.6)

where h is the Planck constant and v, is the frequency of the absorbed light
quantum. Once the atom appears in excited state E, (which is the nonequilibrium
state of the atom), the atom has a few options to relax back into its original,
equilibrium state E;. In the absence of any existing external photons, the first way
is to emit the energy through a so-called spontaneous decay, which can be done by
either emitting a light quantum or nonradiatively by exchanging energy with the
host material (which is usually done by emitting phonons that are vibration modes
of the host material). The light-emitting part of the spontaneous decay into the
lower energy level (i.e., spontaneous light emission) is represented by the A,;
coefficient, which is called the Einstein coefficient after Albert Einstein, who
studied these processes in the early 20th century. The physical meaning of the
Einstein coefficient A, is the probability at which the atom decays spontaneously
from E, to E| and is obviously related to lifetime of the excited state of the atom.

However, if there is an external light photon with energy close to the separation
E, — E, while the atomic system is in the excited state E,, the excited atoms can
decay to the lower energy level E; through so-called stimulated emission. This
channel of this atomic decay was introduced by Einstein. The distinctive features
of the stimulated emission is that the emission produces photons that have the
same energy (or frequency) as the original external photon and also have the same
phase. In other words, the incident photon stimulates an emission by forcing (or
inducing) the atom to relax into its lower state by producing a stimulated emission
of photons at the original (i.e., incident to the atom) photon energy and its original
phase.

Because of the external inducing force, the stimulated processes can drive the
atom not only from the higher energy state to the lower but also from the lower
energy state to the higher (i.e., through stimulated emission and absorption). The
probability of each of these processes (i.e., Wp; or Wy,) is proportional to the
density of the incident electromagnetic radiation energy in the unit of spectral
interval p,(v) (spectral energy density). The coefficient of proportionality for such
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probabilities in this relationship is the so-called Einstein B coefficient (B, and
B1,, for emission and absorption, respectively). In the general case, By; = i—; - B2,
where g; and g, are degeneracy terms for the lower and upper energy levels. The
expression for the stimulated process probabilities, which hold for nondegenerated

levels, with g; = g> = 1, becomes the following:
Wij - Bijpv(v) (27)

Note that the function p,(v) is a radiation density per unit frequency interval
that describes the number of photons with frequencies between v and v + Av. The
total energy density p therefore can be obtained by integrating the spectral dis-
tribution over the whole spectral range.

Another function that has to be introduced here is the spectral line profile shape
g(v), which is normalized over the whole spectral range of consideration as
follows:

/g(V)dv =1 (2.8)

Consider the rate of the atomic energy level population exchange in units of
number of atoms per unit volume per unit time. The number of atoms leaving the
level will be negative and the number of atoms entering the level will be positive.

Using notations for all three processes in the case of the nondegenerated levels
(g1 = g2 = 1) introduced previously, Eq. 2.9 gives a balance of emission and
absorption processes for level E,:

dn.

d_t2 = NiB12p,(vo) — NaBa1p,(vo) — NoA, (2.9)

In the case of thermal equilibrium when dn. 24t = 0, using an expression for

population densities in equilibrium within Boltzmann statistics results in the

following:
Biap, (o)

exp(—hvo/(kpT)) = —————— 2.10

p(—h/ (6T) = g (210

Therefore, resolving Eq. 2.10 for p,(vy) gives the following expression for the
energy spectral density for blackbody radiation:

() = 32 1
b (e (M) -

Again, it must be stressed that Eq. 2.11 for blackbody radiation spectral density
is for the case of thermal equilibrium.

Equation 2.12 was derived by Planck for blackbody radiation for the case of
absence of nonradiative processes:

(2.11)
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8hy’ 1
(&) exp (hVO/kBT) -1

where ¢ is the speed of light and # is the refractive index of the medium.
Using the Planck and Einstein relationships, the following expressions are
ready for Einstein coefficients:

py(vo) = (2.12)

B> = By (213)
and

8mhn®v?
A21 - TBZ] (214)
Equations 2.13 and 2.14 are very important for laser physics because they relate
fundamental parameters of the laser material, such as spontaneous and stimulated
emission probabilities, which in turn determine the laser gain.

2.4 Rare Earth Centers in Solids

This section reviews the basic properties of the most interesting rare earth ions for
fiber lasers. The physics of rare earth ions is very interesting. However, in solid-
state laser materials such as doped crystals and glasses, the most interesting rare
earth ions are those in the lanthanum group—that is, the lanthanides. These ions
usually appear in a trivalent state. The 4f electron shell determines the optical
properties of lanthanides; it is almost insensitive to the surrounding atom of the
host environment because of screening by 5s and 5p electron shells. This is the
reason for weak interaction between optical centers and the crystalline field (weak
electron—phonon coupling). Such weak interactions between the 4f electrons and
the crystalline field produce a very well-resolved Stark structure of the levels,
which varies slightly (compared with 3d ions, for example) from host to host. For
the same reason, electronic transitions in trivalent rare earth ions are very narrow
and demonstrate very weak phonon bands.

The spectral shape of the optical transitions of lanthanides in glasses is deter-
mined mostly by the following factors:

1. Stark splitting of the degenerated energy levels of the free ion, determining the
number of Stark levels.

2. Magnitude of the splitting, which is determined by the host material.

3. Different line broadening mechanisms, such as homogeneous and inhomoge-
neous broadening.

Optical transitions between individual Stark levels contribute to the total
absorption and emission line shape. Typical spectral line width of the lanthanide in
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glass is approximately a few hundred wave-numbers. As an example of host
material influence, oxide glasses demonstrate larger spectral line widths for lan-
thanides compared with that of fluoride glasses.

2.5 Homogeneous and Inhomogeneous Line Broadening

The nature of spectral line broadening plays a very important role in the perfor-
mance of the solid-state laser. In particular, pump conversion efficiencies of certain
laser regimes, such as single-frequency operation, heavily depend on the type of
broadening of the laser line. This section reviews the basic properties of optical
transition line broadening. The determination of whether the transition line shape
is homogeneously or inhomogeneously broadened is based on whether the lines
are from the same type of centers or from different types. In the case of rare earth
ions in glasses, homogeneous and inhomogeneous broadening are the two main
mechanisms of optical transition line broadening. These two mechanisms con-
tribute almost equally to the resultant spectral line width, with an individual
contribution of up to several hundred wave-numbers at 300 K. The spectral line
broadening at room temperature smooths the overall line shape, which becomes
resolved only at low temperatures. With a temperature decrease, Stark level
structure becomes more and more evident and determines the line shape charac-
teristic profile.

2.5.1 Homogeneous Broadening

Purely radiative decay (i.e., spontaneous decay) is described by an exponential
function; the corresponding spectral line has the shape of a delta function. A good
example of such radiative transition is a low-temperature zero-phonon line that
occurs between the lowest vibration level of the excited state and the lowest
vibration level of the lower electronic level. In the case of rare earth ions (espe-
cially in crystals), such zero-phonon transitions occur between electronic states of
the Stark systems of energy levels because the strength of an electron—phonon
interaction in this case is low.

Usually, a homogeneous broadening of optical centers in solids is defined by
the random perturbation of the optical centers, such as the interaction with lattice
phonons or an interaction with optical centers of a similar type. Such types of
interactions result in shortening of the excited state lifetime of the optical center.
The optical transition line shape in the case of homogeneous broadening is
described by a Lorentzian function g, (see Fig. 2.3), which is expressed as
follows:
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Fig. 2.3 Inhomogeneously
broadened emission line
spectral profile (Gaussian
shape) and homogeneously
broadened lines inside the
Gaussian envelope
(Lorentzian shape)
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where vy is the central frequency of the optical transition and Avy is the transition
spectral line full width at half maximum (FWHM). Equation 2.15 for the Lo-
rentzian function g; is normalized by f:f: gr(v)dv.

The optical center lifetime is determined by the probability of transition from
the upper level to the lower level of the optical center. This probability in turn is a
sum of several process probabilities related to radiative and nonradiative transi-
tions in the optical center. A general analytical expression for the optical center
lifetime 7 can be written as follows:

g(v) = (2.15)

1
; = Wi + War (216)

where Wk is the probability of radiative transition, which is equal to the Einstein A
coefficient Ay; =L

- Wnr is the probability of all nonradiative processes of the
optical center when it relaxes from the upper energy level to the lower energy
level; it includes the probability of the ion interaction with phonons of the lattice,
probability of ion—ion interaction, etc. In many cases, measurement of the lumi-
nescence decay time at low temperatures, such as liquid nitrogen temperatures
(=77 K) or close to helium temperatures (<10 K), produces longer measured
decay time by eliminating phonon interaction and therefore giving a value of
purely radiative lifetime tz. Knowing radiative lifetime and decay time at given
elevated temperature, one can determine a luminescence quantum yield—a
parameter that shows a fraction of overall probability of the center transition from
the higher to lower energy level, which is radiative. The luminescence quantum
yield is determined by the following expression:
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Wr

= 2.17
MLQE Wr + War ( )

Typical values of the room temperature luminescence decay in rare earth ions in
solids (which is a result of the radiative and nonradiative transitions occurring in
these optical centers) span from microseconds to milliseconds and are dependent
on the particular ion and the host material. For example, in glass at room tem-
perature, the lifetime of Yb** and Er’* ions in their most important laser transitions
are typically 1 and 10 ms, respectively.

Because of the higher phonon energy in silica glass than in phosphate glass, the
probability of a nonradiative transition for a given gap between higher and lower
energy levels is higher in silica glass because it requires a smaller number of
participating phonons to fill the gap during relaxation from the upper level; this
demonstrates the influence of the host material (energy gap law will be described
in detail later in the book). In turn, this fact explains why homogeneous broadening
in silica glass is usually greater than in phosphate glass. At low levels of doping,
the ion—ion interaction between rare earth ions is very low; nonradiative transition
probabilities originate mostly from electron exchange with lattice phonons.
However, with an increase of the doping level, ion—ion interaction becomes more
and more significant and may result in concentration quenching of luminescence,
which affects the optical center luminescence quantum yield. In turn, this sets a
limit for doping concentration levels in fibers and laser hosts in general. Other
factors may also affect the decision to limit concentration of the laser-active ions at
a certain concentration level.

2.5.2 Inhomogeneous Broadening

Inhomogeneous broadening of the optical center’s line shape during a transition
between energy levels originates from a local site-to-site variation in the optical
center’s surrounding field in the lattice environment. The strength and symmetry
of the field around the rare earth ion determine the spectral properties of the optical
transitions, as well as the transition strength. In the case of inhomogeneous
broadening, the overall shape of the spectral line is a superposition of all indi-
vidual, homogenously broadened lines corresponding to different types of the
optical center. The line shape of the inhomogeneously broadened optical transition
is described by the Gaussian line profile (see Fig. 2.3), which can be expressed as
the following function of frequency:

1 41n2 v—vo\ >
— V== —41n2 2.18
gc(v) Ao V| T S| 4n ( Avmﬁ> (2.18)
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Table 2.1 Homogenous and inhomogeneous line widths for several rare earth ions in different
glass hosts measured at 300 K

Rare earth ion  Glass matrix Avgy (em™)  Aving (em™)  Source
Nd** Silicate 110 50 (1]
Yb** Phosphate 80 66 (2]
Er** Germanium silicate 17 30 [3-5]
Tm** ZBLAN (ZrF4-BaF,-LaF5-AlF5-NaF) 32 450 [6]

where Aviyy is the FWHM of the inhomogeneously broadened line. Determined
by the optical center surrounding fields, the inhomogeneous line width is insen-
sitive to the temperature of the host material.

In a real situation at room temperature, the individual contribution to the optical
transition overall line shape by homogeneous and inhomogeneous broadening may
be different or even comparable, such as in the case of most rare earth ions in
glasses. In this general case, the resultant overall line shape is best described by the
so-called Voigt function, which is a convolution between Lorentzian and Gaussian
profiles:

gvoier(v) = /gG(ﬁ)gL(V —&)d¢

Table 2.1 demonstrates several examples of homogeneous and inhomogeneous
line widths for widely used rare earth ions in some glasses at room temperature.

Note that the homogeneous and inhomogeneous line width contribution varies
for the same rare earth center in different glasses. For example, it has been shown
that inhomogeneous broadening of the *I,5 = ‘s /2 in Er3+-d0ped silica glass
was greater in alumino-silicate glasses compared to germano-silicate glass [3-5].

In optical spectroscopic research, to get information regarding the inhomoge-
neous broadening nature of the spectral line, one needs to cool down the host
material to low temperatures (usually <77 K) in order to “freeze” phonons and
eliminate contributions from homogeneous broadening. In this way, one may
determine several important parameters of optical centers, such as the Stark
structure of the energy levels.

2.6 Spectroscopic Parameters of the Optical Transition:
A Brief Introduction to the Main Theories

Determining the spectral parameters of laser-active ions in solids is a very
important task in laser physics. Several theories have been developed to calculate
emission and absorption cross-sections using some of the measured spectral
parameters. Existing theories reflect practical situations that appear in real solids
doped with laser-active ions. This section briefly reviews each of the main
theories.
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2.6.1 Judd-Ofelt Theory

The Judd-Ofelt theory [7, 8] allows one to predict the stimulated emission cross-
section peaks and integrated values for transitions between any level of the ion. The
theory is based on the assumption that the average energy difference between the 4f
levels is much larger than the energy spread of the excited configuration. The
radiative transition rates and the radiative lifetimes can be obtained from the
oscillator strengths of the transition. The theory gives the following expression for
the oscillator strength of the electric dipole transition (f %) [7]:

8m2my (2 +2)°
B s S S el e
/=246

where i is the initial state of the transition, j is the final state of the transition, v is the
transition frequency, n is the refractive index of the host material, m is the electron
mass, and (fVJ||U,||[f¥J') are the reduced matrix elements, tabulated in [9].

Within this theory, the strength of any transition f can be determined by a set of
three parameters: Q; (i = 2, 4, 6; see Eq. 2.19 for the oscillator strength). This set
of parameters completely defines and parameterizes the effect of the host on the
absorption and fluorescence properties of the ion’s transitions between different
multiplets of the 4" configuration. These parameters are calculated by performing
a least-squares fit of the measured oscillator strengths to the theoretical ones. The
more transitions that are taken into account during the fitting procedure, the more
accurately determined and reliable the Judd-Ofelt coefficients appear to be
(although this is not the case for Yb>*, where the only transition between essen-
tially two levels is presented in the electronic structure of the ion; see below). The
complete set of Judd-Ofelt coefficients allows the calculation of the strength of any
integrated cross-section. Judd-Ofelt parameters are presently tabulated for prac-
tically all rare earth ions in different solid materials. Table 2.2 presents the Judd-
Ofelt parameters for Er** in different glass hosts (a detailed spectroscopic analysis
of this ion will be done in Chap. 5).

For glasses, the calculated Judd-Ofelt parameters are average values of the
parameters for each given site of the Er** ion because there is great variation of the
sites that can be occupied by the ion (compared with crystals).

The Judd-Ofelt theory gives the total oscillator strength for the transition
between two multiplets. The theory estimates only the integrated electric dipole
oscillator strength for the particular transition (not the individual transitions
between different states of the multiplet). Determination of the individual transi-
tions’ strength or cross-sections (spectral shapes) requires determination of the
spectral distribution measurements of the relative emission spectra. This theory is
particularly valuable for predicting strengths of transitions for which direct mea-
surements are difficult. Accuracy of the Judd-Ofelt analysis is about 10-15 % for
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Table 2.2 Judd-Ofelt parameters for Er** in different glass hosts

Glass matrix Q x 1072 Q, x 1072 Qs x 107%° Source
(sz) (sz) (sz)
Germanate 6.4 0.75 0.34 [10]
Phosphate 9.92 3.74 7.36 [10]
Fluoride 1.54 1.13 1.19 [11]
1.47 1.51 1.69 [23]
Borate 11.36 3.66 2.24 [10]
Tellurite 7.84 1.37 1.14 [10]
Gallium tellurite 6.46 1.64 1.47 [26]
ZBLAN (ZrF,-BaF,-LaF5-AlF;-NaF) 2.3 0.9 1.7 [12]
PKBAEr 8.05 1.46 2.28 [22]
NaTFP 5.92 1.07 1.44 [23]
Lead borate 3.31 1.63 1.29 [24]
ZTE 3.14 1.19 1.43 [25]
Oxyfluoride 2.75 1.25 0.76 [26]
Silica 8.15 1.43 1.22 [28]

most rare earth ions [13, 14]. Detailed treatments of the theory for the case of rare
earth ions, including its successes and limitations, are available elsewhere [12, 15].

On a practical note, for fiber laser development in which Yb>* glass plays a
central role, it is practically impossible to perform a calculation of the Judd-Ofelt
parameters and therefore calculate cross-section values using Judd-Ofelt theory
because there is only a 2F5/2 — 2F7/2 transition (i.e., essentially a two-level
transition) for Yb>*. Other theoretical methods (described later) are used in the
case of Yb** to determine cross-section values of optical transitions.

2.6.2 McCumber Theory

In a glass environment, rare earth ions demonstrate broad emission and absorption
spectra; therefore, the previously introduced Einstein relationships need to be
adjusted. For this important application, the McCumber theory can be used. The
McCumber theory shows that all three processes described by Einstein in his
theory—absorption, stimulated emission, and spontaneous decay—their cross-
sections, and the radiative lifetime of an optical center in thermal equilibrium are
related to each other at every single frequency using a set of theoretical formulas.
These formulas are also sometimes called a generalized Einstein relationship.
Following McCumber [16], the theory assumes that the time required to
establish a thermal distribution within each manifold is short compared with the
lifetime of the manifold. The main theoretical conclusion of the McCumber theory
is the following formula, which relates absorption and emission cross-sections at a
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given frequency (unlike the Fiichtbauer-Ladenburg theory, which gives the rela-
tionship between integrated cross-sections):

E;_hq (2.20)

oy (v) = alz(v)exp[ T

where E., is the excitation energy, which is temperature dependent and is the net
free energy required to excite an ion from its lower energy level to the upper level
at temperature 7. At room temperature, kT ~ 161 cm™'. According to the
McCumber analysis, the emission and absorption cross-sections are equal at a
certain frequency:

ECX
Veenter = 7 (221)

All one needs to know is E.,. To determine this important value following
McCumber, another definition of this energy parameter is introduced:

NO Eex
where N9, is the population of the upper and lower levels in unpumped material at
temperature 7.
However, if one knows the positions and number of all Stark components in the

lower and upper energy levels, the same concentration ratio can be determined as
follows:

0 exp(—Eo/kT) x <1 + f: exp(—E+i/kT)>
= - = (2.23)
- 1+ exp(—E_;/kT)

J=2

where g and p are the number of Stark components at the ground and excited
levels, respectively; Ej is the energy separation between the lowest energy levels
of the two manifolds (zero-phonon energy); and E,; and E_; are the energy dif-
ferences between ith and jth levels.

The system of Eqs. 2.22 and 2.23 gives a path to calculate excitation energy
E.x, which in turn gives an opportunity to calculate absolute values of the emission
and absorption cross-sections. As an example, for the case of Er’* ions, Fig. 2.4
shows a spectral profile of the calculated stimulated-emission cross-section in low-
fluorine fluorophosphate glass [17].

Figure 2.4 demonstrates a good fit with experimental data obtained for the same
glass sample. The McCumber theory provides not only absolute values of the
cross-section but its spectral distribution as well, thus giving the complete picture
of the cross-section. This theory allows one to determine emission cross-section
from the measured absorption cross-section and radiative lifetime. However, the
McCumber theory requires knowledge of the electronic structure of the ion.
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Fig. 2.4 Comparison of the 8y
shape of the measured |
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section with that calculated
from the absorption cross-
section using the McCumber
theory [17]. (Image courtesy
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Overall, the McCumber theory is a powerful instrument in hands of researchers for

calculating important spectroscopic parameters of laser-active optical centers and
is often used in laser physics.

2.6.3 Fiichtbauer-Ladenburg Theory and Einstein
Coefficients

The Fiichtbauer-Ladenburg theory [18, 19] provides a relationship between the
absorption coefficient and Einstein A and B coefficients for a system with two
degenerate levels, using degeneracy terms g, and g, for the lower and upper
energy levels. This theory assumes that in the spectral range of interest (i.e., where
the optical transitions under consideration are taking place), the host material
refractive index remains unchanged—an assumption that is reasonable for trivalent
rare earth ions, which are being used as laser-active optical centers. The most
important and probably most well-known conclusion of the Fiichtbauer-Ladenburg
theory is an obtained relationship between the upper-state lifetime of the laser-

active ion to its emission cross-section. The corresponding Fiichtbauer-Ladenburg
relationship is given by:

A 2
/V2621(v)dv: 2¢ (2.24)

8mn?
where n is the refractive index; A, is the Einstein coefficient, which is determined

by radiative lifetime, A} = I/Tra & c is the speed of light in a vacuum; v is



22 2 Optical Properties and Optical Spectroscopy of Rare Earth Ions in Solids

frequency; and o0,,(v) is the spectral component of the emission cross-section.
A similar equation can be written for the absorption cross-section:

A C2
2 21C7 &2
g dv = — 2.25
/ ! 12(‘)) ! 8mn? 81 ( )

The relationships in Egs. 2.24 and 2.25 give a well-known relationship between
absorption and emission cross-sections:

81/V2012(V)dv=g2/v2021(v)dv (2.26)

A comparison of the theories presented in this chapter for calculating emission
cross-sections are illustrated in Fig. 2.5 [17]. According to Fig. 2.5, the McCumber
theory shows very good agreement with measured cross-section values, whereas the
Einstein analysis overestimates these values.

Another example of using the Fiichtbauer-Ladenburg theory for stimulated-
emission cross-section calculations is illustrated in Fig. 2.6 [20]. Dong et al. [20]
determined stimulated-emission cross-sections for the 3 % Nd-doped phosphate
glass at both room and liquid-nitrogen temperatures using this theory.

Figure 2.6 shows variations with temperature in the stimulated-emission cross-
sections of Nd:phosphate glasses calculated using the Fiichtbauer-Ladenburg
theory. The results show that the stimulated-emission cross-section is nearly
independent of Nd** concentration. These results are important because depen-
dence of the emission cross-section on the temperature has a significant effect on
the performance of high-power Nd:glass-based lasers.

In addition to giving a path to calculate cross-sections, the Fiichtbauer-
Ladenburg theory shows that large emission cross-sections and therefore a
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Fig. 2.6 Stimulated- 4.9
emission cross-sections
versus temperature for
differently doped glasses. The
straight line represents the
model described in Ref. [20],
which predicts the variation
of the stimulated-emission
cross-section of
Nd:phosphate glasses with
temperature [20, 21]. (Image
courtesy of the optical
Society of America.)
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large-gain bandwidth of laser transitions are leading to a short radiative lifetime.
This helps researchers to determine the laser-active optical centers that are required
for broad-wavelength tunable laser operation and ultrashort pulse generation.

2.7 Sensitization of Laser-Active Centers

Trivalent rare earth ions used as laser-active centers in solids have several spec-
troscopic properties that restrict effective optical excitation for creating inversion
populations. The most important spectroscopic properties that have been taken into
account during rare-earth-doped gain fiber development for laser/amplifier appli-
cations are spectral line width, accessibility of the absorption band for exciting
with pump-diode laser wavelengths, and absorption coefficients at the pump
wavelength for reasonable gain of fiber length.

If only the most widely used laser-active rare earth centers in fiber lasers (i.e.,
Nd3+, Yb3+, Er3+, and Tm) and their absorption bands are considered, we can see
that all ions except for Er** require well-developed diode laser pump wavelengths
of 808, 915, 976 and 792 nm when using common high-intensity excitation bands
with high absorption coefficients (e.g., for Liekki Yb** [nLIGHT, Vancouver,
WA], >1,200 dB/m of core absorption). Unlike the other ions mentioned, Er’t
demonstrates intense absorption near 1,530 nm with ~70-110 dB/m absorption
coefficient and another absorption band near 980 nm with approximately one-third
of that at 1,530 nm absorption band intensity. On the other hand, for high-power
applications when pump-diode lasers are fiber coupled into 100-600 um core
fibers, a technology called clad pumping has been developed to make it possible to
couple high-power diode lasers into the gain fibers (reviewed in detail later in this
book). To use the clad pumping technique. The gain fiber consists of a doped core
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and undoped cladding where the pump is coupled. However, because of the low
ratio of core to clad diameter, the effective absorption of the pump light is reduced
from the core absorption coefficient to the value:

Oclad = core @ (227)
Sclad
where Score and S¢jaq are cross-section areas of the core and cladding, respectively.
For typical true single-mode fibers with a core diameter of 9 um and clad diameter
of 125 um, the cross-section area ratio is 0.005. Therefore, the clad pumping
absorption coefficient reduces from 110 to 0.55 dB/m, which in turn requires an
increase of the fiber length by a factor of 200.

One of the well-known techniques that is used to increase absorption of laser-
active ions and enhance efficiency of rare-earth ion excitation is co-doping the
laser active ion with another ion, using a more suitable pumping spectral location,
a high doping concentration, and an efficient pumping excitation transfer to the
lasing ion. Therefore, this technique is very important in clad pumping geometry
in which, as mentioned above, effective absorption of the active laser center in the
cladding is reduced significantly. As an example, in the case of Er'*, it was
suggested that Yb**, which has an intense and broad absorption band at 980 nm,
can be a very good sensitizer. Experimental and theoretical research of the energy
transfer between Yb>* and Er’* in different materials showed that direct excitation
of Yb** produces a very efficient energy transfer to Er’* in several laser glass hosts
(see Fig. 2.7). In the case of the Yb**—Er’* system, Yb>" ions absorb pumping
light in their broad absorption band at 980 nm, which follows an efficient energy
transfer from the 2Fs ), level of Yb>* to the *I;,  level of Er’". This is followed by
fast nonradiative relaxation from the *I;, /2 energy level to the metastable I3 /2

energy level. The *15 /2 energy level is an upper energy level of the 1,550 nm Er’*
fiber laser (see Fig. 2.7).

Concentration of Yb** is usually much higher than the concentration of Er** in
such co-doped systems, which make pump absorption higher and give reasonable
gain fiber lengths in case of clad-pumping geometry. In addition, 980 nm indium
gallium arsenide (InGaAs) laser diodes are available with higher power models
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and demonstrate much higher electrical to optical efficiency (>60 %) compared to
~25-30 % for 1,470-1,530 nm diode lasers used for direct Er’* excitation. Unlike
the case of Yb>" sensitization, however, where there is a big quantum defect
between pump and lasing photon energies, Er’* fiber lasers with direct (i.e., res-
onant) excitation in the 1,450-1,550 nm spectral range may demonstrate high
fiber-laser energy efficiency, high slope efficiency, and low quantum defects,
which in turn reduce the heat generated by the laser medium. For high-power Er**-
doped fiber laser systems, such resonant excitation plays a crucial role in solving
the problem of thermal management of the laser system. However, when this
approach is applied to clad pumping geometry, it requires achievement of high
laser-active Er’* concentration in laser glass with absent of luminescence
quenching, which in turn is a challenging task. Because of the quasi-three-energy
level (i.e., resonant nature) of the direct excitation of Er’* when pumped directly
into the 1,450-1,530 nm band, this approach requires higher pump power densities
to reach transparency of the resonant Er’* absorption in order to eliminate
reabsorption of signal power and achieve positive net gain.
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Chapter 3

Physical and Optical Properties of Laser
Glass

Glass is an amorphic material that is highly isotropic and demonstrates a high
degree of homogeneity. Unlike crystals, glass molecules are disordered but are
rigidly bound. The structure of the glass shows bounds of several molecules:
matrix molecules such as (SiO,)*” or (PO,)*~ for silicate or phosphate glasses,
respectively, and molecules of different metals or other chemical elements (usually
their oxides). Optical properties of optically clear glass, particularly laser glass, are
characterized by the spectrally dependent refractive index n = f(1). For most laser
glasses, the value of the refractive index in the vicinity of a 1 pm wavelength is
close to 1.5. This value depends on the particular laser glass structure and doping
of the material. Table 3.1 demonstrates several examples of the glass composition
for several of the most commonly used laser glasses.

An important characteristic of the host material for a gain medium is its
principal optical phonon energy. Large phonon energy is associated with short
carrier lifetimes arising from a large nonradiative relaxation rate. The phonons that
are participating in the nonradiative relaxation process are the highest energy
phonons in the phonon spectrum of the host material, which have a big value of
density of states. There active phonons that are responsible for nonradiative
relaxation are called effective phonons, with individual phonon energy equal to
hQ. If the number of effective phonons involved in the multiphonon relaxation
process is designated as p, then the corresponding energy gap AE can be expressed
by effective phonon energy as follows:

_AE (3.1)
P=ha '
The so-called energy gap law is:
Wy = Ayr X exp[—y X hQ X p] (3.2)

where A, and y are constant parameters of the host material and 7 is the reduced
Planck constant. Parameter A,, is inversely proportional to the characteristic
nonradiative decay time t,, while constant y is related to the details of the
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Table 3.1 Composition of several commonly used optical fiber glasses [1] (Courtesy of the
Optical Society of America)

Glass Composition (mol. %)

Phosphate 50(P,05)-16.66(Mg0)-33.34(Li,0)
Germanate 66(Ge0,)-17(Ba0)-17(K,0)
Tellurite 80(Te0,)-20(Li,0)

ZBLAN 57.35(ZrF4)-29.63(BaF,)-3.54(LaF3)

—1.78(NaF)=5.16(InF3)-2.54(AlIF5)

electron—phonon coupling and is a function of phonon energy and the electron—
phonon coupling constant:

~_In(e)

=70 (3.3)
where ¢ < 1 is the ratio of the multiphonon relaxation rate for a p-phonon process
to that for a (p — 1) phonon process [2]. In glasses, the value of parameter ¢ is in
the range between 0.012 and 0.007, which is less than the value of the same
parameter in crystals. This fact motivates some researchers to conclude that that
the strength of electron—phonon coupling in glasses is weaker than that in crystals.
In general, if one considers same value of the energy gap, the probability of
multiphonon nonradiative decay in glasses is higher compared with that in crys-
tals, which in turn can be explained by a bigger span of available phonons with
different energies in the phonon spectrum of glasses.

It is important to note that this simple form of the energy gap law (i.e., non-
radiative rate law) is only valid for rare earth (RE3 *) ions that demonstrate the case
of weak electron—phonon coupling with a Huang-Rhys parameter S close to zero.

As you can see from this analysis, the nonradiative relaxation rate is a very
strong function of the lasing transition energy (the gap) to phonon energy ratio:
The higher this ratio, the lower is the probability of nonradiative relaxation from
laser-active level because more phonons have to be involved into the relaxation
process between separated energy levels. Note that nonradiative relaxation from
the upper energy level of the laser transition reduces the luminescence quantum
yield of the optical center and therefore is critical for laser efficiency. Therefore,
host materials with low phonon energies are required, especially for infrared (IR)
laser materials with relatively small lasing photon energy.

3.1 Mechanical and Thermal Properties of Glass

This section briefly reviews the main thermomechanical properties of fiber glass
and compares them to that of crystalline materials used for laser applications. As in
the case of volume glass, the following advantageous properties of the glass can be
defined, which make a difference in optical fibers:
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. High degree of optical uniformity over a long length.

2. Susceptibility of the glass matrix to change its nonlinear, mechanical, thermal,
and spectral parameters by appropriate doping of the glass matrix in wide range
of doping levels.

3. Possibility of achieving required photosensitivity to the ultraviolet (UV) light in
the laser-active fiber for fiber grating recording.

4. Manufacturing optical fibers of long length with cost-effective production lines.

5. Relatively easy ways of connecting different pieces of fibers with low con-

nection loss (using commercially available splicing machines).

When one cools down the glass that is in liquid phase (after melting), the
temperature point that corresponds to the transition from a liquid to a brittle glass
condition is called the glass transition temperature, T,. The same temperature is
responsible for the transition from solid to soft phase during the heating process.
More accurately, the glass transition temperature is responsible for the so-called
phase transition in glass, in which a super-cooled melt during cooling becomes a
glassy structure. Below T, an amorphous glass is in a solid glass state and internal
glass structure is mostly restored. During cooling from the liquid phase, the glass
transition is a result of increased viscosity, which in turn depends on the cooling
rate. During slow cooling, there is enough time for the glass liquid to restore its
local atomic structure, whereas during rapid cooling, this process results in an
increase in viscosity. Local atomic structure is not restored, which in turn results in
an increase of the transition temperature 7,. Rapid and slow cooling result in
different glass structures. These circumstances are taken into account in the glass
manufacturing process. T, plays an important role in high-power fiber laser design
because it determines the upper limit of the allowed local temperatures of the fiber
components, as well as that of gain fibers.

Table 3.2 highlights some of the most important thermomechanical properties
of glass in comparison with yttrium aluminium garnet (YAG) crystal, which is
widely used in laser physics (host of Nd:YAG laser material).

It is also useful here to present data on material density for several of the most
popular glasses used in fiber laser technology (see Table 3.3).

Table 3.2 Thermomechanical properties of yttrium aluminium garnet (YAG) crystal and glass
(fused silica)

Parameter YAG crystal Glass (fused silica)
Refractive index at 1,000 nm 1.83 1.47

Thermal conductivity, W/(m K) 14 0.3-1.3

dn/dT (10~%K™") 9.8 —20 to +10
Hardness (Moh) 8.5 7

Linear coefficient of thermal expansion (1075/K) 0.8—0.9 0.5

Melting point, °C (for glass: transition temperature 7,) 1,970 500?

Density (g/cm’) 457 25

# Transition point temperature is listed. Melting point is ~1,600 °C
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Table 3.3 Material density  Gjacses Density (g/cm’)
of several glasses [3] —
Silicate 2.5-2.7
Borate 2.4-2.5
Phosphate ~2.6
Fluoride ~6-7

Crystalline solid-state laser materials such as YAG are superior to glasses in
thermal conductivity and mechanical strength. Glasses, because of the extremely
large lengths of material used when making use of distributed heat along their
surface, create great opportunities for solving many thermal management issues
existing in crystalline lasers. In addition, some spectroscopic parameters of the
laser glass, such as broad absorption lines, make them superior for many diode
pump applications (reviewed in later chapters).

3.2 Optical Properties of Fibers (Attenuation)

Because attenuation plays a very important role in the light propagation charac-
teristics of fiber, this section provides a brief review of factors affecting this
physical parameter of the glass. The physical reasons that are responsible for
attenuation in optical fibers can be divided into three main categories: intrinsic
glass material properties, waveguide properties, and optical connection loss.

3.2.1 Intrinsic Glass Material Properties

Intrinsic glass attenuation arises from absorption and scattering. Like in crystals,
optical transmission properties of the glass reflect the degree of material purity and
the method of its manufacture.

Fiber attenuation is caused by bonds between hydrogen atoms and oxygen in
the glass material. The hydrogen atoms attach to oxygen sites and form hydroxyl
ions. These oxygen and fundamental vibration bands are the most important and
common impurities in undoped (laser-inactive) glasses, which in turn determine
the UV cutoff and the presence or absence of bands in the vicinity of 250, 1,400,
and 2,700 nm. The IR edge is between 4.5 and 5.0 pm, corresponding to funda-
mental inter zone optical transitions. Because of the great variety of glass com-
position used for different fibers, no single glass composition provides continuous
transparency from the visible spectral region through the mid-infrared spectral
region. Note that intentionally introduced dopants, such as GeO, and P,0Os, which
modify the fiber refractive index profile and change the manufacturing process,
also affect material attenuation.
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Another important physical process that determines the quality of the fiber glass
is Rayleigh scattering, which is due to microscopic inhomogeneities of the glass
matrix. This process demonstrates 1 ~* wavelength dependence. The corresponding
curve of the loss versus wavelength (i.e., combined losses due to impurities and
Rayleigh scattering) has two major minimums in near-IR at wavelengths of
approximately 1,300 and 1,580 nm wavelengths (see Fig. 3.1).

3.2.2 Waveguide Properties

Waveguide attenuation results from power leakage due to propagation with
wavelengths much longer than the cutoff due to bending losses. Bending losses in
turn include macrobends and microbends. A macrobend is usually a large-scale
bend that is visible, like a fiber coiled around a pencil or any cylinder. Macro-
bending loss is usually reversible once the bend is released. Microbending is a
small-scale fiber structure distortion that produces pressure over the fiber. Tem-
perature or direct crushing force is a typical example of microbending. Micro-
bending is usually hardly visible upon fiber inspection but still causes scattering
and loss of propagating optical power. Depending on the nature and the used force,
microbending may or may not be reversible. Microbending usually occurs due to
distortion of the core cladding interface and is a result of poor fiber design or
defective manufacturing.

With regards to power leakage in the cladding, increasing the cladding thick-
ness usually decreases the LPy; (waveguide fundamental transverse mode) leakage
loss. However, the overall sensitivity of the leakage losses depends on the par-
ticular fiber design and may be determined experimentally. As a guideline, how-
ever, the inner cladding diameter should be at least 10 times larger than the core
diameter. This ratio is considered to be a threshold of leakage loss sensitivity.
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A detailed description of waveguide properties (i.e., fiber mode structure) is
covered in Chap. 6.

3.2.3 Optical Connection Loss

Two pieces of fiber spliced together demonstrate so-called joint losses. Currently,
the commercially available splicing machines demonstrate down to 0.01-0.02 dB
splicing loss for identical fibers. If there is mode field diameter mismatch for
single-mode fibers, the optical connection (splicing) loss can be calculated using
following formula:

2wiw
L, = —20log <W2_'1_vi2> (3.4)
1 2

where w; and w, are mode field radii of the two spliced fibers. The mode field
radius is defined as half of the spatial extend of the fundamental mode through a
larger volume, including the inner fiber cladding, where the mode intensity drops
to the level of 1/¢>.

3.3 Different Glass Types Used in Fiber Lasers
and Amplifiers

Glasses differ by their principal phonon energy, which in turn affects the proba-
bility of nonradiative relaxation in these glasses. Nonradiative relaxation plays an
important role in laser efficiency and therefore is a crucial parameter of the solid-
state gain material.

Different chemical compounds added to the glass matrix—such as germanium,
phosphorus, borate, and tellurite—can be used to create germinate, phosphate,
borate, and tellurite glasses, respectively. Currently, the most widely used mate-
rials for fiber laser applications are silicate, germano-silicate, tellurite, and phos-
phate glasses doped with rare earth laser-active ions. Table 3.4 shows the principal

Table 3.4 Principal phonon

- o . Glass system Phonon energy (A€, 1/cm)
energies in the most widely
used laser glasses [4-0] Borate 1,400
Phosphate 1,200
Silicate 1,100
Germanate 900
Tellurite 700
Fluorozirconate 500

Chalcogenide 350
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phonon energies for the most widely used glasses [4—6]. Borate glass demonstrates
the highest phonon energy, whereas chalcogenide glass shows the lowest phonon
energy. The following sections briefly review several examples of important
glasses used in fiber laser development.

3.3.1 Silicate Glass

Silica-based optical fibers are composed primarily of silicon dioxide (SiO,) and
certain amounts of other chemicals that are added for different applications.
Currently, liquid silicon tetrachloride (SiCly) in a gaseous stream of pure oxygen is
the principal source of silicon for the vapor deposition method (which will be
reviewed later). Glass medium modifiers, such as N a>* and AI**, are often added to
facilitate the incorporation of rare earth ions because their size is greater than the
basic network positions. The main purpose of the modifying impurities is to break
the bridging oxygen to form non-bridging oxygen, which can later be used to
coordinate the rare earth ions. The most effective glass modifier studied in silica
glass is aluminum because it shows the most favorable characteristics. The
incorporation of 2.87 mol % of Al,O3 in Nd3+-d0ped silica glass has been shown
to lead to elimination of Nd** clustering [7]. In the case of Er**, aluminum co-
doping improves the efficiency of Er**-doped fiber amplifiers by eliminating the
quenching effects [8].

Silica-based fibers have several advantages over other glass types used in fiber
manufacturing. One of the main properties of the silicate glass is its manufactu-
rability, which allows one to obtain high-quality fibers of long length. The next
property that distinguishes this fiber type is the wide range of optical transparency,
thus permitting the lowest loss for optical communication. Silicate fibers are
mechanically robust, demonstrating impressive tolerance to bending. Silicate glass
is not hydroscopic (i.e., highly resistive to water absorption) and demonstrates a
high degree of chemical resistance, which makes it an irreplaceable candidate for
many applications where a chemically aggressive environment is present. These
fibers have very high damage thresholds and relatively low optical nonlinearity.
Probably the most serious disadvantage of the silicate glass is its high phonon
energy of ~1,100 cm™', which has to be taken into consideration when nonradi-
ative multiphonon relaxation challenges development of gain fibers.

From all glass matrixes used for fiber laser applications, silicate glasses are
probably the most widely used. They are used in several high-power fiber laser
applications and currently are commercially available from a number of
companies.
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3.3.2 Phosphate Glass

Phosphate glasses have advantages over silicate glasses in the entire set of
parameters important for laser applications. The most important advantage, par-
ticularly for fiber laser applications, is that phosphate glasses allow a significant
amount of doping of laser-active ions to be introduced into the glass matrix with
no substantial reduction of the luminescence quantum yield. Also, phosphate
glasses are stable against the action of UV radiation but have poor chemical
durability. Only mechanical strength and thermal stability make phosphate glass
inferior to silicate glass. The principal phonon energy in most phosphate glasses is
~1,100-1,300 cm ™. However, the ability to be doped with a significantly higher
concentration of laser-active ions promotes the usage of phosphate glass in high
peak power, pulse lasers, and short-cavity distributed feedback fiber lasers.

3.3.3 Tellurite Glass

Tellurite glasses are the focus of a growing number of studies due to their reduced
phonon energy (principal phonon energy is ~700 cm™') and high linear and
nonlinear refractive index. Tellurite glasses demonstrate good mechanical stability
and quite wide optical transmission, ranging from 400 to 6,000 nm. Table 3.5
provides the typical intrinsic loss parameters of tellurite glass.

3.3.4 Fluoride Glass and ZBLAN

ZBLAN is an abbreviation of fluorozirconate glass system composition (ZrFMy-
BaF,-LaF;-AlF;-NaF) and is the basis of most fluoride fibers. It is one of many
fluoride glass compositions used to make fluoride glass and fiber. The principal
phonon energy in typical fluoride glass is ~500-600 cm™'. The properties of

Table 3.5 Intrinsic loss parameters in tellurite glass [9]

UV absorption Auy = 10 x 10° dB/km
Auv = 13.0 & 0.3 pum
Rayleigh scattering R = 0.29 dB/km (Ref. [12])
IR absorption Ar = 1,000 dB/km
AR = 4.1 pm
Minimum loss (5.0 £0.2) x 1073 dB/km
Minimum loss wavelength 2.8+ 0.1 pm
Loss at 1.5 pm 0.06 dB/km

Ayy and Ajg are the ultraviolet (UV) and infrared (IR) absorption coefficients at corresponding
wavelengths of Ay and 4z, respectively. Courtesy of the Optical Society of America
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fluoride glass enable fibers to transmit light from the UV (as short as 250 nm) to
the mid-IR, where application of other glass types is transmission limited, espe-
cially at wavelengths longer than 2 pm.

There are numerous families of fluoride glass with unique physical properties,
including fluorozirconate, fluoraluminate, fluorindate, and fluorogallate. Fluoride
glass has a refractive index ranging from 1.46 to 1.57, which provides low Fresnel
losses of less than 4 % per end face for normal incidence on the glass surface.
Fluoride glass also has the very unusual property of exhibiting a negative dn/dT of
approximately —1 x 107> K~', which minimizes the thermal lens when the glass
is heated.

Unlike silica-based fibers, fluoride glass preforms cannot be prepared by
modified chemical-vapor deposition (MCVD; described in detail later). Fluoride
glass preforms, therefore, are typically prepared by melting and casting. The
resulting preforms are smaller than silica ones, but they can still be drawn into
fiber samples with core diameters from 20 to 900 um and be of a significant
length. Fiber lasers have been made from fluoride glass fiber using different rare
earth ions, such as Er’*, Tm>*, Nd**, and Pr**. Fiber lasers based on ER**-doped
glass with power levels of more than 10 W at 2,740 nm have been demonstrated
using a ZBLAN fiber.

Up-conversion lasers based on rare-earth-doped ZBLAN fibers have been in
development since the early 1990s, when several CW and room-temperature
visible-fiber lasers of this type were demonstrated. Up-conversion lasers usually
use low-phonon glass fiber materials with effective phonon energy less than
600 cm™'. Due to the fact that up-conversion lasers produce visible light (i.e.,
operate on high-energy gap transitions of rare earth ions, with visible light cor-
responding to ~20,000 cm™"), they require two- or three-photon excitation of the
laser transition using IR laser diodes. In turn, this dictates the limitations for
allowed nonradiative relaxation on laser transition for efficient laser operation,
which narrows selection of fiber host glasses to those with low phonon energies.

Today, up-conversion lasers based on ZBLAN fibers are efficient sources of
tunable, room-temperature radiation. They are superior in many ways to other laser
types with similar characteristics due to their simplicity and compactness.
Up-conversion lasers presently demonstrate up to 50 % of slope efficiency. These
lasers continue to be developed by many research groups and eventually may
occupy a stable position in the laser market.

Despite several mechanical and optical properties that make fluoride glasses
unique for fiber laser applications, these glasses demonstrate several serious dis-
advantages, such as reduced chemical stability, reduced humidity tolerance, and
fragility.
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Chapter 4
Fiber Fabrication and High-Quality
Glasses for Gain Fibers

4.1 Materials

Glass optical fibers are almost always made from silica; however, some other
materials, such as fluorozirconate, fluoroaluminate, and chalcogenide glasses, are
used for longer-wavelength infrared applications. Most glasses demonstrate a
refractive index of about 1.5. Typically, the difference between core and cladding
is less than 1 %.

The core of a fiber is usually doped with laser-active ions. The most widely
used laser active ions for fiber laser applications are rare earth ions such as erbium,
neodymium, ytterbium, and thulium. Each of the ions has its own absorption
bands, from which one can obtain optical gain; in turn, this creates the condition
for optical amplification and oscillation. More detailed information on spectro-
scopic characteristics of the main laser active ions in fibers are given in a later
chapter.

4.2 Fabrication of Fiber Preforms

A fiber preform is a piece of glass from which a fiber waveguide may be manu-
factured by pulling it into a long length using various techniques. Most fiber
preforms are fabricated by modified chemical vapor deposition (MCVD) or out-
side vapor deposition (OVD), which is a modification of MCVD. These tech-
niques, which allow the achievement of optical fibers with essentially reduced
losses, revolutionized long-distance optical communications.

In the MCVD process (see Fig. 4.1), a mixture of oxygen, silicon chloride
(SiCly), and other substances [e.g., germanium chloride (GeCly), aluminum oxide
(AL,O3), rare earth dopants] are passed through a rotating silica glass tube, which
is heated from the outside to about 1,600 °C with a traversing flame.

Under high temperatures, chemical reactions in the gas take place, eventually
creating a clear glass layer through deposition. Ingredients such as SiCl, and
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GeCly are easily purified by distillation because they are in liquid state at room
temperature. Near the end of the process, the gas mixture is modified to form a
layer with a higher refractive index, the precursor of the fiber core. Finally, the
tube is collapsed when heated to ~2,000 °C. The MCVD technique allows for the
achievement of extremely low losses (<0.2 dB/km) because high-purity materials
are used during deposition and all contaminations are eliminated. Because of the
absence of hydrogen, the water content of such preforms is very small, and
therefore a strong loss peak at 1.4 pm decreases. Such a small absorption in this
spectral range is critical for optical communication applications.

An alternative to MCVD is its modification, the OVD process. Using this
technique, a doped rod of a glass with higher refractive index is inserted into a
glass tube with a lower index. Deposition occurs on the outside surface of the rod
(or mandrel). When deposition is completed, the rod is removed, leaving a void
that is collapsed after heating, eventually creating a preform. The resultant preform
is a glass rod of a few centimeters diameter and roughly a meter in length.

The preforms for multimode fibers, particularly large-core fibers, are often
fabricated with plasma outside deposition (POD), in which an outer fluorine-doped
layer with depressed refractive index (later forming the fiber cladding) is made
with a plasma torch. The core can then be made of pure silica without any dopant.
The fabrication of rare-earth-doped fibers involves various special aspects,
including co-doping with other ions such as Al in special concentration ratios with
laser-active ions, as well as modification of the fiber geometry (e.g., in the cases of
triple-clad fibers).

Note that preforms for photonic crystal fibers, in which a core is surrounded by
small holes in the cladding, are fabricated basically by stacking capillary tubes or
rods that are mostly made of pure silica. However, this fiber type is outside the
scope of this book.
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4.3 Fiber Fabrication from the Preform

Most optical fibers are currently fabricated by pulling from a preform. Along its
axis, the preform contains a region with increased refractive index, which forms
the fiber core. When heated close to the melting point in an oven at the top of the
drawing tower (Fig. 4.2), the preform allows a thin fiber to be pulled out of the
bottom side of the furnace.

The fiber from a single preform can be many kilometers long. During the
pulling process, the fiber diameter is held constant by automatically adjusting the
pulling speed and the furnace temperature. Before the fiber is wound up, it usually
gets a polymer coating for mechanical and chemical protection. Such coatings
often consist of two or more different layers for optimum suppression of micro-
bends. The resultant fiber structure is schematically shown in Fig. 4.3.

4.4 Laser-Active Fiber Fabrication

In laser-active fibers (i.e., gain fibers), the core is doped with laser-active ions.
Typical rare-earth doping ions commonly used in fiber lasers are Yb>*, Er**, Nd**,
and Tm>*. Co-doping laser-active fiber core with other dopants can affect the core
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Fig. 4.3 Schematic diagram
of the simplest fiber structure
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refractive index as well as the solubility of the laser-active ions themselves.
Therefore, although major fiber fabrication techniques described in the previous
section are widely used for the fabrication of undoped fibers, doped (i.e., gain)
fibers require modified techniques to incorporate laser-active rare earth ions into
the fiber core at certain levels of doping and distribution [1]. Currently, two major
techniques are used in laser active (gain) fiber manufacturing: MCVD (and in
some cases, OVD) with solution doping of solution-phase rare earth ions and direct
nanoparticle deposition (DND). This section reviews each of the techniques.

4.5 MCVD Technology for Rare-Earth Doped Fiber
Production

For rare-earth doped fiber manufacturing techniques based on MCVD technology,
one of the main problems is that the rare earth dopants in a gas reactant should be
delivered to an oxidation reaction region together with other refractive index
controlling dopants. However, the rare earth reactants have a reduced vapor
pressure and therefore complicate such delivery via convective transport. To
overcome this issue, one may heat the source of rare earth ions to intensify the
convection.

In MCVD, one of the most commonly used techniques for heating rare earth
reactants is solution doping. In solution doping, an undoped (with rare earth ions)
porous silica frit (i.e., a porous layer of silica soot) is deposited on the inner side of
a silica tube (see Fig. 4.4).

The tube is then dipped into a solution containing the rare earth ion salt. Then,
the solution diffuses into the porous layer. The tube is removed from the solution,
dried, and sintered into a solid glass rod, which later leads to a preform.

Figure 4.5 demonstrates the importance of Al co-doping during gain fiber
manufacturing [2]. Co-doping Yb**-doped gain fiber with Al reduces background
loss up to 50 times and maintains this low background loss up to a Yb>*
concentration of 10%° ¢cm™> [2]. Adding Al,O; achieved a minimum loss of
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Fig. 4.4 Schematic view of the solution doping technique used in the modified chemical vapor
deposition process for rare-earth doped fiber manufacturing. RE Rare earth

Fig. 4.5 Background loss ) ™
versus Yb>* concentration in 1000

alumosilicate glass [2].
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cm ™. (Image courtesy of
SPIE)
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5-20 dB/km in alumosilicate Yb>*-doped glass [2]. Increasing Al,O5 doping level
to more than 4 x 10*° cm™ led to an increased level of background loss, reaching
1,400 dB/km.

Note that MCVD-based doping of rare earth ions to silica-based glasses is slow.
Therefore, the rare earth ions are prone to clustering, which in turn negatively
affects optical and gain performance of the active fibers used in fiber lasers and
fiber amplifiers. Nevertheless, the MCVD technique (or its modifications) is used
for most gain fibers available on the market.
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Fig. 4.6 Schematic view of the direct nanoparticle deposition technique

4.6 DND Technology

For Liekki, nLight (Vancouver, WA) developed the DND technique [3]. Unlike
MCVD, DND technology directly and simultaneously (i.e., using a single step)
deposits all the elements in nanoparticle size to create preforms (Fig. 4.6).

As a result, one obtains a highly doped fiber core composed of hundreds of
deposited layers of particles with accurately controlled spatial composition. This is
important for large mode area fibers (described in Chap. 10), which are used
widely in high-power fiber lasers. The doping and refractive-index profile are
independently controlled, which makes it possible to achieve gain fibers with
optimized parameters.
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Chapter 5

Spectroscopic Properties of Nd**, Yb**,
Er’*, and Tm>* Doped Fibers

5.1 Spectroscopic Notations

Rare earth (RE)** ion transitions show up in the optical spectrum as sharp lines
that vary little in energy position from host to host (either in glass or crystals). The
corresponding energy level positions are designated by the following spectro-
scopic notations:

ZS+1LJ (51)

where (2S5 + 1) is the multiplicity and L is the term. The quantum number S is a
total spin and is always an integer. J is the total angular momentum, which is either
an integer or a half-integer. L is the total orbital angular momentum, which is
assigned a letter (S, P, D, F, G, H, I, K, L, M, N, etc.) that corresponds to an integer
©,1,2,3,4,5,6,7,8,9, 10, etc.).

Because L, S, and J are all quantized vectors, they can have more than one
orientation in space. In addition, the z-components of these vectors are also
quantized. This has several implications. First, a single L term consists of (2L + 1)
states. Due to spin—orbit interactions, these states do not necessarily have the same
energy. Second, for any value of S, there are (25 + 1) states. For instance, two
electrons with the same spin can be in three different states (with three different
orientations), whereas two electrons with opposite spins have only one possible state.

Finally, each value of J represents (2J + 1) separate states. Normally, because
there is no preferred direction for atoms, the energies of each of the (2J + 1) states
are equivalent. However, this degeneracy can be split by giving the atom a
preferred direction, such as with an electric field (Stark effect) or magnetic field
(Zeeman effect). For manifolds that demonstrate half-integer values of J, the
corresponding state is at least doubly degenerated; that is, there are at most J + 1/2
energetically distinct levels. The total number of degeneracy with regard to total
angular momentum is determined by the following expression:

L-S<J<L+S (5.2)
Any further degeneracy is dictated by particular symmetry of the host material.
V. Ter-Mikirtychev, Fundamentals of Fiber Lasers and Fiber Amplifiers, 43
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Note that when a shell is filled, the electrons occupy all possible orientations;
therefore, the net L and S of the shell is zero. Thus, only unfilled shells contribute
to the L and S of an atom. Similarly, from symmetry, a shell with all the orbitals
filled except one looks and acts the same as a shell with only one electron, and
shells that are missing two electrons are equivalent to shells that contain two
electrons. For example, the upper laser level of the Nd** ion, 4FJ S =3/2,L=23;
J = 3/2 or 5/2), consists of four states and two energetically distinct levels. The
lower laser levels of Nd3+, 411 S =3/2;L=26;J=29/2,11/2, 13/2, or 15/2), has
four levels.

5.2 Energy Levels of Trivalent Rare Earth Ions

Rare-earth-doped glasses are currently the most promising and widely used active
media of fiber lasers. Figure 5.1 shows the energy level positions of the individual
rare earth ions. With a reasonable degree of accuracy, the level positions in
Fig. 5.1 reflect observed absorption and emission spectra of rare earth ions in
different laser glasses.

This section presents the main spectroscopic characteristics of the most widely
used RE ions in gain fibers.

In glasses, which are the gain media of fiber lasers, RE** ions possess spec-
troscopic parameters that are very similar to crystals. However, they demonstrate
some principal differences associated with the glass nature of the environment
where the ion is located. Also, like in most crystals, positions of the RE>* ions
energy levels do not vary drastically from glass to glass, which is due to screening
of the ion by 5s and 5Sp electron shells. That said, the similarity in energy level
positions does not necessarily mean there is similarity in most spectroscopic
parameters of the same rare earth ion in different glasses.

Unlike crystals, glass is a disordered material that demonstrates an inhomog-
enously broadened structure of the spectral lines; therefore, it shows broad
absorption and emission spectra of individual absorption and emission transitions.
The following sections review the major spectroscopic parameters of the most
used RE ions in the design and development of modern fiber lasers. Different glass
hosts are intentionally reviewed when describing different rare earth ions for two
reasons. First, it would be impossible within the introductory scope of this book to
review all reported laser glass materials where fiber laser action has been observed.
In addition, not only does the description cover a particular type of laser glass, but
it gives examples of the different host materials that have been used for fiber laser
gain media. This is intended to give the reader an impression of existing diversity,
as well as the similarity of the reviewed spectroscopic parameters in different laser
glasses.
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Fig. 5.1 Energy level diagrams of rare earth (RE)** level diagrams of trivalent rare earth ions of
RE®* in LaCl; [1] (Image courtesy of Springer)

5.3 Neodymium

Since the invention of lasers and the first demonstration of fiber laser action, Nd**
attracted the very close attention of researchers and engineers. Both in crystals and
glasses, the Nd®* ion has been the focus of many scientific publications, mostly
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because of Nd:YAG lasers, which became the main solid-state laser used for many
industrial and scientific applications. Being a major active medium during the era
of nuclear fusion, the scientific study of Nd>* in glasses is enormous. Taking into
account the similarity in energy-level positions of Nd** in different glass matrices,
this section presents the spectroscopic information for Nd** in one of the most
developed, most studied, and most widely used glass active media: phosphate
glass. An energy-level diagram of the most important laser transitions for this ion
is shown in Fig. 5.2.

In Fig. 5.3, the absorption spectra of the Nd** ion in phosphate glass are shown.
Strong absorption bands are shown at 583, 750, 802 and 873 nm, which corre-
spond to the following transitions between Nd** energy levels:
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emission cross-section of 3 % 5.0x10% 203K
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respectively (see Fig. 5.3) [2]. Absorption transitions at ~ 802 nm (as in crystals)
are the most widely used for pumping of the Nd>*-doped fiber laser because of the
matured and widely available AlGaAs laser diodes in the 805 and 810 nm spectral
range.

Figure 5.4 shows the stimulated emission spectrum of the Nd** ion in phos-
phate glass. The strongest emission peaks are located at 900, 1,053, and 1,330 nm,
which correspond to the following transitions between Nd>* energy levels:
4F3/2 — 419/2; 4F3/2 — 4111/2 and 4F3/2 — 4113/2, respectively (See F]g 51) At
300 K, the measured and radiative lifetimes of the Nd** ion in phosphate glass
doped with less than 3 wt % are 300 and 330 ps, respectively. The stimulated
emission cross-section was calculated using the Fuchtbauer-Ladenburg formula
(see Chap. 2), giving the following values for 900, 1,053, and 1,330 nm emission
lines at 300 K: 1.5 x 10_20, 5 x 10_20, and 0.75 x 107%° cmz, respectively.
Luminescence of Nd** ions starts quenching seriously in this glass at an Nd>*
doping level exceeding 5 wt % (5.36 x 10°° ions/cm”). The stimulated emission
cross section is almost independent of Nd** concentration and has the following
temperature dependence [2]:

032(T) = 032(To) x explb x (To — T)] (5.3)

where T is the temperature at which the stimulated emission cross-section is
known. a35(7Ty), the stimulated cross-section (between laser upper level 3 and
lower level 2), is measured or known, b = 4.3 x 1074 K.

For completeness of representation and for comparison, it is useful to provide
here absorption and emission spectra of Nd**-doped silicate glass, which is widely
used in gain fibers. Figures 5.5 and 5.6 show the room temperature absorption and
emission spectra of the Nd-doped silicate glass [3].

As shown in Figs. 5.5 and 5.6, Nd-doped silica glass (similarly to other Nd-
doped glasses) demonstrates absorption bands at 590, 750, 805, and 890 nm. The
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Fig. 5.5 Room temperature absorption spectrum of Nd-doped silicate glass [3]
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Fig. 5.6 Room temperature fluorescence spectrum of the Nd-doped silicate glass on the *F; 2=
*111), transition [3]

absorption bands most used for diode pumped laser applications are 805 and
890 nm. Fluorescence spectra demonstrate the strongest lines at 950, 1,065, and
1,320 nm. Figure 5.6 shows the most widely used emission line near 1,065 nm,
which corresponds to the 4F3/2 — 41, /2 optical transition of Nd**. Table 5.1
shows the Judd-Ofelt parameters of the Nd** ion in different glasses.
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Table 5.1 Judd-Ofelt parameters for Nd** in different glass hosts

Glass matrix Q, x 10720 cm? Q4 x 10720 cm? Qg x 1072 cm? Source

Silicate (Li,O — 2Si0,) 34 4.5 4.6 [4]

Phosphate 3.5 3.6 5.0 [5]
(Na,0O — MgO — 2P,0s)

Borate (Na,O — MgO — 2Ba,05) 5.9 6.1 7.5 [5]

Tellurite (composition is not 4.2 3.1 3.5 [5]

available from the source)

5.3.1 Nd’* Fiber Laser Challenges

Similar to the situation in Nd**-doped laser crystals, one of the most important and
challenging tasks in Nd-doped glasses (and therefore, in fiber lasers and amplifiers)
is to achieve high-power laser or amplifier oscillation of the *F3/, — *Iy/> tran-
sition (900-950 nm). Such importance is dictated by the possibility to achieve blue
laser operation if the fundamental frequency of such oscillator can be doubled as a
result of nonlinear frequency conversion. The main challenge comes from the
three-energy level nature of the 4F, 52— Iy /2 transition (Fig. 5.7) and its com-
petition with the four-energy level *F; 2= 15 /2 (1,050-1,150 nm) and 4Fs 2=
4113/2 (1,330 nm) transitions. Another challenge is related to the desired best
branching ratio into the *Fs/, — %Iy, transition—usually the ones with low sol-
ubility of Nd** (e.g., pure fused silica). Therefore, a low concentration of Nd>* is
an expense for desired spectroscopic parameters. However, this is partly com-
pensated for by the naturally long length of the gain fibers in fiber lasers and
amplifiers, which may require hundreds of meters in the case of cladding pumped
Nd** lasers.
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5.4 Ytterbium

As a laser-active ion in solids, such as crystals and glasses, Yb** can offer several
advantages compared with traditional Nd>* ions. These advantages include a
longer upper-state lifetime, a small quantum defect (which results in lower thermal
load per unit of pump power), and absence of the excited state absorption and
upconversion losses because of a simple energy-level diagram (see Fig. 5.4).
Yb**-doped laser-active glasses have strong and wide absorption bands near 915
and 976 nm and are suitable for diode pumping by the robust InGaAs laser diodes.
In addition, Yb**-doped laser glasses have broad and sufficiently intense emission
bands in the spectral range between 950 and 1,200 nm, with a zero-phonon line at
976 nm. Room-temperature excited state lifetime is ~1 ms. Due to broad emis-
sion lines, Yb>*-doped laser glasses (in particular, fiber lasers) demonstrate tunable
laser action in a wide spectral range, from 980 to >1,150 nm.

The energy-level diagram of the Yb** ion has two manifolds: the ground *F5,,
state and the excited “Fs, state. An energy-level diagram of the most important
laser transitions of this ion is shown in Fig. 5.7. Absorption and emission spectra
of the Yb>*-doped silica glass are shown in Fig. 5.8.

There are two main absorption peaks of Yb** in glass at 915 and 976 nm, which
correspond to the transition from the lowest Stark sublevel of the ground 2F7/2 state
to the second and the first (the lowest) Stark sublevels of the 2F5,2 manifold,
respectively (see Fig. 5.8) [6-8]. It can be seen that Yb**-doped glass laser is a
quasi-three-level laser at room temperature.

Table 5.2 summarizes experimentally measured oscillator strengths of Yb>* in
three of the most commonly used glass matrices, increasing in the order of silicate
to germanate to phosphate. Robinson and Fournier [9] determined the oscillator
strengths of Yb®* ions in several glasses from room-temperature absorption
spectra. They found that Yb®* spectra (except for the line width) are almost
identical, including relative intensities of the bands. The authors therefore
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Table 5.2 Experimentally determined values of oscillator strength of Yb** in glass

Glass matrix f(Yb3+ ) x 106 Source
Silicate 1.82 9]
Germanate 2.83 [9]
Phosphate 3.66 [9]

concluded that Yb** ions reside in similar sites in these three glass types (i.e.,
silicate, germinate, and phosphate).

5.4.1 Yb’* Fiber Laser Challenges

All challenges existing in the field of Yb**-doped fiber lasers and amplifiers can be
divided into two main categories: (1) challenges associated with obtaining efficient
lasing at a certain wavelengths at the associated spectroscopic transitions of the
lasing optical center and (2) challenges related to operation of Yb**-doped fibers at
high power levels as well as high-power density pumping conditions.

With regard to obtaining a certain wavelength of operation at challenging
wavelengths, a good example is lasing in the 980 nm spectral range (i.e., where the
pumping scheme is quasi-three level) or extension of the laser operation range to
more than 1,100 nm, where the gain is much lower than in the maximum of the
gain band. Scaling power in both the 980 and >1,100 nm spectral ranges requires
pump wavelength and gain fiber length optimization. Both directions have been
studied by researchers, and there has been progress in scaling power as well as
achieving unique spectral range of the laser.

Challenges related to the operation of Yb>*-doped fibers at high power levels
and high-power density pumping conditions are mostly associated with so-called
photodarkening of Yb**-doped silica fibers, which has been attributed to the for-
mation of color centers in the rare-earth-doped glass [10].

Photodarkening appears as a temporal increase in broadband absorption with a
maximum in the visible range of the fiber absorption spectrum. The manifestation
of the photodarkening process varies depending on the fiber manufacturing pro-
cess. The absorption band of the centers created as a result of photodarkening tails
to ~ 1,000 nm spectral region and often affects the gain fiber efficiency. Mecha-
nisms of these photodarkening processes are yet to be fully understood and is
complicated by the huge variety of laser operation regimes and conditions.
However, good progress has been achieved in characterizing photodarkening in
different types of fibers and pumping conditions, which in turn may eventually give
more light to the understanding of the RE-doped fibers photodarkening process.

Koponen et al. [11] found that formation of color centers in the fibers under-
going photodarkening fit into to either a simple biexponential kinetic function or a
stretched exponential fit. Figure 5.9 shows a normalized photodarkening rate as a
function of the level of inversion population. The authors observed that the
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photodarkening rate follows a seventh-order power dependency on the level of
inversion, as shown in Fig. 5.9. From studying two fibers with different levels of
Yb** doping, the authors made preliminary conclusions on the photodarkening
process that takes place in the gain fiber. In particularly, it was suggested that the
discovered inversion dependence of the photodarkening process may be an indi-
cation of a single mechanism (color-center formation) [11]. Seventh-order
dependence on population inversion may have significant influence on the fiber
laser operation. A pulse fiber amplifier may photodarken up to 105-107 times
faster than even high-power CW fiber laser, where the level of inversion may be
significantly lower compared with a pulse regime [11]. Figures 5.9 and 5.10
demonstrate the relative photodarkening rate versus level of inversion for different
operational regimes of gain fiber operation.

Companies such as nLight (Liekki) and Nufern (East Granby, CT) achieved
certain success in developing highly photostable and highly Yb**-doped fibers,
which are commercially available.
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5.5 Erbium

Er-doped fiber amplifiers and lasers are probably the most extensively studied
because of their importance in optical communication. Demand for 1.5 um in-fiber
laser sources and amplifiers for optical signal transmission triggered an enormous
number of research papers and successful commercial development. Several laser
glasses have been developed as host materials for the Er** fiber lasers. Like other
trivalent rare earth ions, the spectroscopic properties of Er** in glass vary slightly
from one glass host to another. An energy-level diagram of the most important
laser transitions of this ion is shown in Fig. 5.11.

Because RE®* ions have similar spectroscopic properties within different glass
hosts, consider the main spectroscopic properties of Er’* in a metaphosphate
glass host as an example [12]. Metaphosphate glass is a variation of phosphate glass.
Er’*-doped metaphosphate glass was prepared with the following composition:
mol. % of (59 — x/2)P,05-17K,0—(15 — x/2)BaO-9A1,03—xEr,03, where
x = 0.01,0.1,1.0,2.0, and 3.0 [12] (abbreviated glass notation is PKBAEr). We note
here that phosphate glasses are regarded as better hosts for Er’* ions compared to
silicate glasses due to their higher phonon energy, more solubility of RE ions (which
allows the creation of highly concentrated fibers with short gain length), and smaller
upconversion coefficient of the 4113/2 level [13]. In particular, this is very important
for Er**-only doped gain fibers [14], in which high Er** concentration along with a
low upconversion rate are desired.

Figure 5.12 shows the absorption spectrum of Er**-doped metaphosphate glass,
which is typical for all Er**-doped glasses [12]. The spectrum demonstrates
number of absorption lines spanning from 350 to 1,600 nm, which correspond to
the transition from ground energy level 4115/2 to the upper levels of the Er’*
energy-level diagram. For fiber laser and fiber amplifiers applications, the most
important absorption bands are those located in the vicinity of 980 and 1,530 nm
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spectral positions. Optical pumping into these absorption bands has been studied
widely, especially using a core pumping approach, which is often used for tele-
communication applications.

Figure 5.13 shows the absorption and luminescence spectra and cross-sections
measured at room temperature in the 1.5 pm spectral range. Although the figure is
given for Er** in metaphosphate glass, it is typical for Er** in a glass host. The
strong line in the vicinity of 1530 nm is a zero-phonon line of the *I;3 12— ;s 2
transition. Luminescence is broad spanning, from 1,450 to 1,650 nm. Room-
temperature decay of Er’™ in fiber in the 1.55 pm spectral range (i.e., on the
4113/2 — s /2 transition) is approximately 10 ms and varies little with glass
matrix for the level of Er** doping that corresponds to the absence of luminescence
concentration quenching. For comparison, Fig. 5.14 demonstrates absorption and
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emission spectra of the Er*" ion in silicate glass [15], which is one of the most
widely used gain fiber materials.

In the field of Er’* fiber laser research, the first stage lasted until the late 1980s,
when so-called double-clad fibers were introduced. These fibers made it possible to
use low-brightness, low-cost, and high-power laser diodes as a pumping source for
Er’* fiber lasers and amplifiers. Clad pumping technology allows significant
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scaling of the power of Er’* fiber lasers, with currently demonstrated hundreds of
Watts of coherent emission in the 1.5-1.6 um spectral range.

The introduction of clad pumping technology, especially for Er** fibers, was
inspired mainly for two reasons. The first reason is related to a limited power of
high-brightness diode lasers (including single-mode fiber-coupled diodes), which
are used for optical pumping of laser-active ions doped into the single-mode core
of the fiber. Efficient pump coupling due to the very small cross-section of the
single-mode fibers requires single transverse-mode pump diode lasers. The output
power of the single-emitter, single-mode diode lasers, which are used for optical
pumping of Er’* in fibers, are about several hundred milliWatts. Therefore, core
pumping technology basically is limited to Watt-level fiber lasers (when multiple
single-mode diode lasers are spectrally or polarization combined into one pumping
beam or fiber pump port).

The desire to use low-brightness and low-cost multimode diode lasers for fiber
laser pumping into the undoped cladding surrounding the doped core requires a
high laser-active ion concentration because of the low effective absorption cross-
section in clad pumping geometry. In most Er’*-doped fibers that are suitable
efficient lasing hosts, the concentration of Er’* is low and the absorption of clad-
propagating pump power requires hundreds of meters of fiber for effective pump
absorption along the fiber length. Co-doping of Er** with a higher concentration of
Yb** (usually more than 10 times higher than that of Er) is an effective solution to
the problem. Overlapping of the Yb>* and Er’" absorption bands and efficient
energy transfer of the absorbed in Yb>* pumping radiation to the excited states of
the Er’* energy levels produces efficient cladding pump absorption as well as
optical excitation of Er’* laser-active centers. Also, because of the possibility to
use shorter fibers with clad pump geometry, narrow line-width Er** fiber lasers and
amplifiers became possible with scaled powers due to the reduced threshold of
stimulated nonlinear scattering processes appearing in long gain fibers.

In Yb**=Er’* fiber laser systems, optical pumping is taking place into the
980 nm absorption band of Yb’*, with subsequent energy transfer from Yb* to
Er’* and stimulated emission of Er’* in the 1,520-1,650 nm spectral range.
Therefore, using robust and high-power free space or fiber-coupled 915 or 980 nm
laser diodes gives a path to significant power scaling of Er’* fiber lasers and
amplifiers. Typical values of optical efficiencies achieved in Yb>*—Er’* fiber laser
systems are 30-35 %, which is as much as two times lower as that of Yb** fiber
laser systems.

5.5.1 Er’* Fiber Laser Challenges

There are several technical challenges in Er’* fiber laser development. This section
discusses what is probably the most important challenge—the low laser efficiency
of the optical pumping process. Approximately 60-70 % of the coupled pump
radiation has to dissipate in the form of heat. Therefore, high-power Yb>*—Er**
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fiber laser systems require special attention to heat management. Such a low
pump-to-lasing conversion efficiency has challenged researchers to use long
wavelength pumping schemes, especially those that fall into the resonant
absorption band of the Er** energy level system near 1530 nm. This approach
employs usage of 1,460—1,500 nm laser diodes. However, quasi-three energy level
laser operation requires fulfillment of certain reabsorption bleaching conditions
(i.e., a significant reduction of optical absorption); therefore, it is not trivial,
especially when low-brightness diode lasers are used in clad pumping geometry.
On the other hand, much higher laser efficiencies have been demonstrated, espe-
cially in core-pumping geometry due to the absence of the upconversion losses and
small quantum defect for resonantly pumped Er’* fiber lasers in the
1,460-1,530 nm spectral range.

Current laser diodes operating in the 1.5 pm spectral range are at least two
times less efficient than 980 nm InGaAs laser diodes when calculating electrical-
to-optical efficiency; therefore, overall electrical-to-optical fiber laser efficiency
still requires improvements. However, less relaxed requirements for the heat
management expected from resonantly pumped Er’* fiber lasers is a definite
advantage for power scaling to multihundred Watt to kilowatt laser power levels.

5.6 Thulium

Thulium-doped fiber lasers and amplifiers are among the most interesting fiber
laser-based systems. They provide laser operation in the 1.47 and 1.8 pm spectral
ranges and fall into the so-called eye-safe range of optical wavelengths.

As a side note, laser manufacturers have referred to lasers with operating
wavelengths longer than 1,400 nm (mid to far infrared) as eye-safe. This eye-safe
spectral range is of great importance due to numerous military and industrial
applications. Wavelengths in this region are absorbed in anterior portions of the
human eye (mainly the cornea) and therefore never reach the retina, which is
located at the inward backside of the eye and acts as a photosensitive screen. This
is in contrast to the eye-hazardous portion of the optical spectrum of
400-1,400 nm (visible and near infrared), where the anterior portions of the eye
have high transmittance and refractive power. Irradiance levels are typically five
orders of magnitude greater at the retina than at the cornea for visible and near
infrared wavelengths. Although wavelengths longer than 1,400 nm do not interact
with the retina, they can interact with the skin or cornea and cause a thermal injury.
However, the eye-safe operation depends on the laser power level as well as the
wavelength. High-power lasers, especially those working with high pulse energy
(i-e., Q-switched or high average power lasers) may still damage the eye. There-
fore, working with the laser in an eye-safe wavelength range requires often similar
precautions as those outside eye-safe spectral range.

Like in other RE-doped fiber laser systems, the main problems during devel-
opment of efficient Tm>* fiber lasers and amplifiers are connected with selecting a
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proper glass host material and Tm>* ion concentration. The most efficient laser
transitions in Tm>" are those between the 3H4 excited state and the 3F4 lower level
(or *F, and *Hg; see Fig. 5.15). An energy-level diagram of the most important
laser transitions of this ion is shown in Fig. 5.15.

Closeness of the *Hs energy level position to the *H, excited state level requires
selection of those glass host materials that demonstrate low phonon energy to
minimize nonradiative multiphonon relaxation after the excitation process. Among
all glass hosts for Tm®* fiber lasers, tellurite glass matrices are of great interest
because they demonstrate low phonon energy (energy of the highest phonon is
780 cm™') and a high refractive index of 2.19. Without losing the general nature
of the Tm>" glass system review and following Ref. [16], the spectroscopic
parameters of Tm>* ion in tellurite glass that are important for its main laser active
transitions at 1,470 and 1,800 nm wavelengths are presented here.
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Fig. 5.16 Room-temperature absorption spectrum (a) and energy-level diagram (b) of Tm>** in
tellurite glass [16] (Image courtesy of the Optical Society of America)
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Figure 5.16 shows an absorption spectrum and fragment of the energy-level
diagram for the Tm>* ion in tellurite glass. The six absorption bands (480, 675,
700, 800, 1,200, and 1,700 nm) correspond to the optical transitions from the
ground 3H6 level to the 1G4, 3F2, 3F3, 3H4, 3H5, and 3F4, upper levels, respectively.

Figure 5.17 shows a long wavelength fragment of the luminescence spectrum
of Tm> in tellurite glass when excited with a 793 nm laser line at room
temperature.

These spectra shows optical transitions from H, to °F, (1,487 nm) and from
3F4 to *He (1,800 nm) levels, respectively. As indicated in Ref. [16], peak posi-
tions and bandwidths of the 1,487 and 1,800 nm bands remain unchanged with
Tm>* concentration. Relative intensity variation of these two emission bands with
changing Tm®" concentration is attributed to cross-relaxation processes between
these two optical transitions. Stimulated emission cross-section has been calcu-
lated and its maximum value at a 1,800 nm wavelength is 0.65 x 107%° cm?.

The room-temperature lifetime of Tm>" ions in tellurite glass (low doping; i.e.,
concentration quenching free limit) measured in Ref. [16] for H, and °F, energy
levels are 295.5 ps and 2.16 ms, respectively.

For comparison, Fig. 5.18 shows Tm®* absorption and emission spectra in other
widely used glasses. Table 5.3 summarizes the Judd-Ofelt parameters as well as
lifetimes of *F, energy levels for different Tm>* glasses.

5.6.1 Tm’>* Fiber Laser Challenges

Several challenges may determine the research and development directions of
Tm**-doped fiber lasers and amplifiers. One challenge is connected with obtaining
an efficient gain and laser action in the 1,487 nm spectral range, which is
important in resonant pumping of Er’* fiber lasers and amplifiers and also can be a
good replacement of costly and more complicated Raman lasers. Another
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Fig. 5.18 Absorption (left) and fluorescence (right) spectra of a Tm3+:germanate, b Tm™*:silica,
and ¢ Tm>*:phosphate (Reprinted with permission from [17] )

Table 5.3 Results of Judd-Ofelt analysis for Tm>* in four different glasses [17]

Material Tm concentration Q, n Q¢ 3F4 Trad
(10* ions/cm’) (107> ecm? (107*° ecm®) (107°° cm®) (ms)
Tm:germanate 6.24 4.4 1.2 0.9 53
4.0 1.6 0.8 .
2.50 4.97
Tm:silica 2.37 3.7 2.3 0.6 7.0
6.23 1.91 1.36 4.56
3.52 6.3
Tm:borophosphate ~ 3.99 3.6 0.7 1 8.3
9.8 1.9 34
Tm:fluorophosphate - 4.12 1.47 0.72
Tm:phosphate 5.7 3.0 0.8 .
2.35 5.0

Reprinted with permission from [17]

challenge is attributed to the gain and laser action in Tm>" fibers under a pump
wavelength of ~ 1,150 nm due to low quantum defect and promising values of
laser efficiencies; this is an alternative to AlGaAs laser diodes operating in the
790-805 nm range, which are traditional pumping sources for Tm>*-fiber lasers. A
so-called two-to-one process with cross-relaxation (Fig. 5.19) has been used for
power scaling of Tm>*-fiber laser using clad pumping technology and 790 nm
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high-power diode lasers; this process lead to more than 60 % of pump-to-laser
efficiency, which is higher than pumping quantum efficiency for this pump
wavelength [18].

Tm-fiber manufacturing technology for two-to-one process optimization has been
developed by Nufern for high-power applications. However, photodarkening in the
Tm>* gain fiber may occur at high levels of pump power when pumping with short
wavelength (790-805 nm) laser diodes. In addition, existing but less intense infrared
emission near 2.3 pm in Tm>* glass has been observed and laser action has been
obtained [19].

Table 5.4 Spectroscopic parameters of the most widely used laser active centers in silica fibers
and calculated gain saturation parameters for each ion

Laser ion  Signal Pump Excited Emission Gain
and (emission)  wavelengthip x 1077 (cm) state Cross- saturation
pumping wavelength lifetime t  section g,  parameter
scheme Q -/, x 1077 ® emd) =t
(cm) (kW/cm?)
Nd** four- 1,060 810 300 x 1076 5% 10720 83
energy
level
@=10
Yb** quasi- 1,040 976 900 x 107 0.6 x 10720 30 [6-8]
four-
energy
level
@@=
Er*" three- 1,540 1,480 0.01 0.4 x 10720  1.075
energy
level
Q=2
Tm?* four- 1,900 795 250 x 107 0.7 x 1072 39.85
energy
level
@=10

Planck constant & = 6.626 x 1073*J x s; speed of light in silica glass is cg; & ¢/1.5 = 2 x
10" cm/s
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Table 5.4 summarizes important spectroscopic parameters for fiber laser

development of the most widely used rare earth ions, as well as calculated gain
saturation parameters for laser transitions. Note that the gain saturation parameter
plays a central role in the fiber amplifier and fiber laser design.
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Chapter 6
Propagation of Light and Modes
in Optical Fibers

Distance transfer of electromagnetic energy (i.e., energy transfer between remote
points in space) in the spectral range of optical frequencies (light) can be done by
propagation of an electromagnetic field in a dielectric waveguide. The main
properties of this light propagation in an optical waveguide are determined by total
internal reflection (TIR). TIR takes place when light that propagates in a medium
with a refractive index of n; can be reflected from the boundary between this
medium and another medium with a refractive index of n,, which is less than n;.
The condition of TIR takes place under a certain angle (critical angle) of incidence
of light. The angle of TIR is given by the following expression:

sin(@TlR) = nz/}’ll (61)

Therefore,

@rr = arcsin (nz/nl) (6.2)

On the other hand, the allowed distribution of electromagnetic fields across the
fiber is referred to as the modes of the fiber. Fiber mode derivation can be
determined by solving the Maxwell equation for a cylindrical waveguide. In
typical silica-core, silica-clad fibers, the core refractive index is very close to that
of the cladding. This condition is called a “weakly guiding approximation”:

(ncore - nclad)

Ncore

A= <1 (6.3)
where An = ngore — Nelag 15 the refractive index difference and A is the relative (or
fractional) refractive index difference of the mode.

Under this condition, the modes propagating in the fiber are linearly polarized
(LP) modes characterized by two subscripts, m and n. Therefore, the full notation
becomes LP,,, (the longitudinal components of the fields are small when A < 1).
The LP modes are combinations of the modes found from the exact theory of the
wave guide. The first subscript, m, gives the number of azimuthal, or angular,
nodes (i.e., periodicity in the angular field distribution) in the electric field

V. Ter-Mikirtychev, Fundamentals of Fiber Lasers and Fiber Amplifiers, 65
Springer Series in Optical Sciences 181, DOI: 10.1007/978-3-319-02338-0_6,
© Springer International Publishing Switzerland 2014
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Py

Fig. 6.1 Intensity pattern of several low-index LP modes in optical fiber [1] (Image courtesy of
Springer)

distribution. The second subscript, n, gives the number of radial nodes (i.e.,
periodicity in the radial field distribution). Output field patterns are symmetric
from the center of the beam and show bright regions separated by dark regions, or
the nodes (the zero field point) that determine the order of numbers m and n. For
example, in the case of the general waveguide, the HE;; mode becomes the LP;
mode in the weakly guiding approximation. This is the lowest order—that is, the
fundamental mode of the fiber.

The fundamental LPy; mode intensity pattern is illustrated in Fig. 6.1. Note that
the fiber fundamental mode LPy; creates the best beam quality condition of the
light emerging from the fiber, which supports only this mode. The corresponding
beam quality parameter, often called the M value, is close to 1.

6.1 V Number of the Fiber

The V number (the normalized waveguide parameter or normalized frequency) is a
very important and useful value in optical fiber theory. It defines several important
fiber parameters, such as number of supported modes, mode field diameter, mode
cutoff condition, and propagation constant. Theoretical definition of the V number
is determined by the following expressions:

2ma 2
= T Neore — Meladding
or
2
V= #NA (6.4)

Therefore, the definition of V may be restated as:
V = kaNA (6.3)

where a is the radius of the fiber core, k is the wave vector, and 1 is the wavelength
of the core propagating light. NA is the core numerical aperture, which is deter-
mined by the following (see Fig. 6.2):
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Fig. 6.2 Ray tracing in

optical fiber (schematic view)

for definition of the fiber

numerical aperture (0 is the n
acceptance angle; 0. is the

critical angle of the TIR) T "9}7

NA =/ (n2,. — n%,q) = nsin(0) (6.6)

where n stands for the refractive index of the medium from which the light is
coupled into the fiber (or coupled out of the fiber) and 6 is the maximum angle of
incidence to couple light into the fiber (i.e., acceptance angle).

Another main fiber parameter is the normalized propagation constant b, which
is defined as follows [2]:

o (B) ~ i o)

2 2
Meore Melad

where k =2n/4 and fi/k = A is the effective refractive index, f is the mode
propagation constant, and 0 < b < 1. The value of & is the magnitude of the wave
vector and defines number of waves per unit length. Therefore, the magnitude & is
often called the wave number. The number of the modes the step-index fiber can
support may be determined using the following expression:

4v?
M= =y (6.8)

Figure 6.3 illustrates the so-called b—V diagram. If V < 2.4048, a fiber supports
only the fundamental LPy; mode. Thus, one can define a cutoff wavelength, 4.,
above which only a single mode is propagating in the waveguide with certain
dimensions and refractive indices. The value b = 0 corresponds to the cutoff
condition, whereas b = 1 corresponds to the 1 = 0 condition.

Figure 6.3 shows the number of crossings of vertical line for a given value of
the V number, with each curve corresponding to an individual LP mode, which in
turn gives the number of modes propagating in the fiber. When the V number is
less than 2.405, only the LPy; mode propagates. When the V number is greater
than 2.405, the next LP mode can be supported by the fiber. For example, when
V = 3, both the LPy; and LP;; modes will propagate along the fiber (Fig. 6.3).
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frequency for the case of weak guiding approximation (i.e., when A < 1) [3] (Image courtesy of
the Optical Society of America)

Fig. 6.3 Normalized propagation parameter b z% as a function of the normalized

6.2 Fiber Dispersion

Dispersion in an optical fiber is the “spreading” or broadening of a light pulse
during its propagation along the fiber. There are two main types of light dispersion
in optical fibers: chromatic, which deals with the light spectral properties, and
modal, which deals with the path (i.e., mode) of each light ray inside the fiber. The
effect of the modal dispersion can be eliminated by using a single-mode fiber.

Chromatic dispersion results from a limited spectral bandwidth of the injected
pulse into the fiber because different spectral components of the pulse spectrum
propagate along the fiber with different speed: v = ¢/n(w), which is the frequency
dependence of the refractive index n(w). Because of the light speed difference for
different spectral components, the propagating pulse eventually spreads in time
and the pulse become broader.

Before considering the effect of the dispersion on the propagating optical pulse,
note that, in the theory of electromagnetism, the complex exponential form of the
wave’s electrical field can be written as follows:

E(z,t) = Epexp(iwt) - exp(—i - k - 2) (6.9)

where the propagation constant (or wave vector) k is the sum of the real part and
imaginary part:
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k= By, +in (6.10)

where u represents the attenuation constant and f3,;, represents the phase constant.
Bpn determines the change in phase per unit length along the propagation path and
is equal to real part of the wave number. The phase constant is measured in units of
radians per meter. Therefore:

2n

k== fy (6.11)

To demonstrate the effect of dispersion on the propagating pulse, consider an
optical pulse with pulse width 7. Also assume that the pulse propagates in a single-
mode fiber. The minimum spectral width of the pulse Aw.;, is inversely pro-
portional to the pulse width (i.e., 1/7). Then assume that the spectral width of the
propagating pulse is much broader than the minimum spectral width:

Aw > Awnin (6.12)

It can be imagined that the overall spectrum of the pulse is a superposition of
several individual pulses with minimum spectral width of Awp;,. Each of the
individual pulses moves with group velocity:

_do
dﬁ ph

where again f3,, is the phase constant and group velocity V, is a speed at which the
fiber mode power propagates along the fiber. In other words, group velocity
determines the speed of energy propagation.

For completeness of the discussion, consider another important parameter
called phase velocity or Vyp, which is determined by:

V, (6.13)

w c
Voh =—=—— 6.14
ph k n ( CO) ( )
Phase velocity determines a speed at which phase (or wave front) of the wave of
certain frequency (wavelength) propagates along the fiber.
The so-called group delay [4] demonstrates the effect of the dispersion on the
pulse spreading in fiber:

T, = — (6.15)

where T, is the group delay time of a propagating pulse per unit length of
waveguide. Due to chromatic dispersion, the group velocity depends on the fre-

quency. Therefore:
1 d?
d(v) = (df)gh>dw (6.16)
g
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On a scale of finite frequencies, this expression becomes:

A(Vi) = (d:f) g“) Aw (6.17)

At the fiber entrance just after injection, a pulse with spectral width Aw can be
considered as a pulse consisting of individual pulses with minimum duration 7. All
pulses at the starting point coincide with each other and the overall pulse width has
the same value of 7. When the pulse starts propagating along the fiber, individual
pulses travel at different speeds and require different times ¢ to travel distance L in
the fiber. The individual pulse corresponding to given spectral component has a
traveling time that can be calculated as follows:

t=T, - L=— (6.18)

Therefore, individual pulses with different frequencies will be spread along the
fiber in the following time interval:

At =L x A(ég) (6.19)

In turn, Eq. 6.19 gives the value of change of the original pulse At width over a
traveling distance L:

dzﬁph L 2 dzﬂph dﬂph
At—Ar—(dwz)AwL——zxnxc[i 72 + 24 di}Aw (6.20)

Value (d2 Bon/ d/lz) is the chromatic dispersion (more accurately,
Dhrom = dzﬁph /dw?), determined by the fiber material [5], whereas dBon /dJ is
determined by the waveguide dispersion. Waveguide dispersion is only important
in single-mode fibers, where an evanescent wave of the fundamental mode
propagates in the cladding. Because the refractive index in the cladding is lower
than in the core, the cladding part of the mode travels faster than the part of the
mode that propagates in the core. In turn, this leads to the dispersion. Waveguide
dispersion depends on the waveguide structure and is a part of chromatic
dispersion:

Dchrom = Dmat + Dwg (621)

Material and chromatic dispersion may have different signs depending on the
propagation wavelength (i.e., wavelength at which they are measured). In silica
step-index fiber, material and waveguide dispersions cancel each other out and
therefore lead to the minimization of chromatic dispersion near the 1,300-nm
wavelength (Fig. 6.4). This fact attracts the attention of researchers in optical fiber
communications to the 1,300-nm spectral range. At this range, the pulse spread
caused by chromatic dispersion results in limitations on the performance of the
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Fig. 6.4 General diagram of chromatic dispersion in a single-mode optical fiber

optical transmission line. The chromatic dispersion curve can be approximated by
a straight line near the wavelength of the zero dispersion. This line is called the
chromatic dispersion slope (dashed line in Fig. 6.4). However, the propagation of
light with a wavelength close to 1,300 nm in silica fiber has measurable power
attenuation, especially at long distances; therefore, it is called “loss limited”. This
attenuation in silica fiber decreases at the 1,550 nm wavelength, where chromatic
dispersion rises. Nevertheless, most optical communication systems operate in the
vicinity of 1,550 nm because of a developed Er’*-doped fiber amplifier (its gain
band covers the 1.55 pm range) and low attenuation. Therefore, operation in this
spectral range is chromatic dispersion limited.

Another dispersion type that needs to be mentioned is called the polarization
mode dispersion. This parameter is related to the fact that even an ideal single-
mode fiber (i.e., the fiber that allows the propagation of only one fundamental
transverse mode) actually supports two orthogonally polarized components of the
same fundamental mode. Note that an ideal single-mode fiber has the ideal
cylindrical symmetry and is stress free. However, such polarization degeneracy
breaks in real life due to slight deviations from the fiber’s ideal cylindrical shape as
well as from stress introduced into the fiber in some cases, such as polarization-
maintaining (PM) fibers. This deviation from the cylindrical symmetry and stress-
induced anisotropy causes modal birefringence in the fiber, which in turn leads to
slightly different propagation constants for two orthogonally polarized modes. This
effect also results in pulse broadening in optical fibers.
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6.3 Polarization-Maintaining Fibers

In PM optical fiber, the plane of propagation light polarization is maintained
unchanged. This PM property of PM fiber is conditional, however. The condition
requires the light polarization plane to be aligned at certain angle to the fiber stress
gradient direction during coupling into the fiber. PM fibers are very important—
not only in fiber laser applications, but also in optical telecommunications and
instrumentation. Usually, the PM property of the fiber is achieved by inducing a
certain amount of stress in the core. This can be done through either elliptical core
geometry, a noncircular cladding profile, or so-called stress rods introduced into
the cladding surrounding the core. Accordingly, there are four main types of PM
fiber geometries commonly used in current fiber laser technology: elliptical core,
elliptical cladding, Panda profile, and Bow-tie profile (see Fig. 6.5). These PM
fiber structures differ in the way that stress is introduced inside the waveguide to
suppress the cross-coupling of propagating power along two perpendicularly
polarized fiber modes.

Among all existing PM fiber types, the most widely used are Panda geometry-
based fibers [6]. This geometry provides low loss, high optical quality, and
superior uniformity along the whole length of the fiber. Commercial Panda fibers
have been developed in different configurations, including large core
(>30-35 pum). Preservation of the circular core geometry gives the Panda-type
structure an additional advantage in the case of gain fibers. Technology of intro-
ducing Panda stress rods into the cladding involves careful design, including
cladding space requirements. For gain fibers, technologists usually grow non-PM
core-doped fiber with a cladding diameter sufficient for introduced Panda stress
rods. Later, after the laser/gain test is successful, stress rods are added during the
next run into the cladding surrounding the core, creating a PM fiber structure of
Panda type. The direction along the line where Panda rods and the core are located
is called the slow axis; the perpendicular direction is called the fast axis.

PM fiber does not work as a polarizer (as it may seem to) but rather as a PM
waveguide transmitter of optical waves. Only light coupled into the fiber along
slow or fast axes will maintain its polarization plane. Launching the light into the
fiber along planes other than those of slow or fast axes will not lead to the PM

Polarization Maintaining Fiber Varieties
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Fig. 6.5 Different types of polarization-maintaining fibers (Image courtesy of Nufern)
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property of the waveguide. This is why careful angle alignment during PM fiber
splicing is critical. In current PM splicing machines, the angle between the stress
rods of two fibers needs to be aligned by less than 1-2°. With the recent devel-
opment of photonics crystal fibers, in which cladding consists of a periodic
air/solid structure, Panda-like configurations have been successfully implemented.

6.4 Laser Beam Quality (M? Parameter)

The beam quality is an important parameter of the laser, although it has been
defined in different ways. For most laser industrial applications, it is a measure of
the focusing capability of the beam. Comparing two different laser beams with the
same focusing optics, the beams with better quality will allow tighter focusing.
However, different kinds of aberrations or diffraction effects, existing either in
focusing optics or in the laser oscillator active media, may affect the focus ability
of the system as they alter the laser beam wavefront.

All laser beam quality definitions can be divided into two major categories.
Historically, the first method was based on the comparison of the product of laser
beam radius at the beam waist and the far-field beam divergence angle of the beam
[called beam parameter products (BPP)] with that of the fundamental mode
Gaussian beam. The BPP is expressed in units of mm-mrad. Another method is
based on the second moment of the laser beam intensity profile. This method
defines beam quality using the so-called M? parameter.

By definition, a Gaussian beam with diffraction limited divergence (i.e., TEM
mode in open laser resonators or LPy; mode in circular optical fiber) has the
highest beam quality. Correspondingly, high-order Gaussian modes demonstrate
poor beam quality. Other beams, such as those originating from unstable reso-
nators, may not be Gaussian in nature but may also demonstrate high beam-quality
parameters. This topic, however, is beyond the scope of this book.

Introduced by Siegman [7, 8], the M* parameter has become a major beam-
quality standard. It has been widely used since the early 1990s, both by laser
researchers as well as in laser applications in industry. Following Siegman [9]
(with these relationships holding in the main axes system of the beam), consider
the second moment of the beam intensity profile I/(x, y) in the rectangular coor-
dinates x and y, which can be expressed as follows:

2 g S G —x0)’T(x,y)dxdy
! JI 1Cx,y)dxdy

where x is the center of gravity of the beam. For symmetrical beams, the gravity
center usually is along the beam propagation line.

Following the expression for the variation of the Gaussian beam spot size
w(z) along the distance of propagation:

(6.22)
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2
WA(2) = Wl + (i) (o= 2)’ (6.23)

Wy

where zq is the Gaussian beam waist location and wq is the beam waist. It can be
shown that the analogous expression (i.e., the quadratic free-space propagation
rule) can be written for the second moment of the intensity, which is then:

01(2) = o3 + o - (2= 20)’ (6.24)

and

o g SO = 0:0) Ire(0y, 0,)d0,d0,
" T 16 (0., 0,) 0,0,

(6.25)

where o,¢ and gy are the variance at the beam waist and the variance of the angular
spread of the beam departing from the waist, respectively; z, is the location of the
beam waist along the z axis (i.e., along the axis of propagation); Irr(0y, 0y) is the
far field intensity distribution and 0,, 0, are angular coordinates of its center of
gravity. The quadratic propagation dependence is valid for any real laser beam
(Gaussian or not, coherent or partially incoherent, single mode or multiple
transverse mode). It is also important to note that the quadratic dependence of
beam width given above is valid only for the second-moment beam width
definition.
As it is known, the Gaussian beam intensity profile can be expressed as:

I1(x) = exp[—2x*/w?] (6.26)
By defining w, = 20, the expression for intensity becomes:
I1(x) = exp[—x*/207] (6.27)

From the above intensity profile, Siegman defined the spot size or beam width
of an arbitrary, non-Gaussian beam (i.e., beam from real life) as the following:

Wy =20, and W, =20, (6.28)

where W stands for a general beam width for arbitrary real beams. Note that for the
ideal Gaussian TEMo beam, the corresponding Gaussian beam parameter is w.

With above definition, the beam width W will propagate in free space following
the same rule as the Gaussian spot size w(z) does if one multiplies the far-field
spreading of the beam by the factor M>. Therefore, one can write for any arbitrary
beam the following width propagation rule, taking into account introduced defi-
nition of the second moment width:

)\1
TEW()X’Q),

2
) (s — 20y’ (6.29)

W2, (6) = Wi, + (M2,
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where M, and M, are parameters of the arbitrary beam under consideration and

,
X,y
T WOx, Oy

Oy = (6.30)
is the divergence of the arbitrary beam. One can see that Miy shows how many
times the arbitrary beam divergence is bigger than that of the fundamental mode
Gaussian beam:
0p = 2 (6.31)
™o
Consequently, the near-field far-field product for an arbitrary beam can be
written as follows:

WOx.OV X WX,V(Z) ~ Mf‘, X g, 7 — OO (632)
. ’ Yo on

As can be seen from Eq. 6.32, parameters Miy may be interpreted as a value or
a measure of the propagating beam quality. It is natural to conclude from the above
expression that M? = 1 characterizes a single, fundamental-mode Gaussian beam
(i.e., TEMqo mode or, in the case of optical fiber, LPy; mode). It is also natural to
conclude that the M? parameter defined above shows how many times the real
beam divergence is larger than that of a diffraction-limited beam.

Despite that the M* approach is not ideal and does have limitations, it works
quite well and is presently considered as a standard in the laser industry.

6.4.1 Practical Recommendations on Beam Quality
Measurements Using the M? Approach

Beam quality, defined by the M? parameter, ranges from 1 (the case of a dif-
fraction-limited TEM laser beam) and >1 (for the arbitrary beam with high-order
or distorted modes). The National Institute for Standards and Technology and the
International Standards Organization established standards [10] for laser beam
quality measurements based on the M? parameter, which can be implemented by a
set of beam diameter measurements. An interesting and detailed discussion of
different aspects of the laser beam quality can be found in Ref. [11].

The previously mentioned formalism can be reduced to practical formulas to
calculate the M? parameter through measurements. If the M? parameter is
expressed as a ratio of the diameter-divergence product of the laser beam under
consideration (arbitrary beam) to the ideal diffraction-limited (TEMy,) beam
diameter-divergence product. It can also be given by the square of the ratio of the
multimode beam diameter to the diffraction-limited beam diameter:
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ME— (WOmeaSOmeas) _ (W()meas)z (633)

wobo wo

where Womeas 1S the measured beam waist diameter, 0,,.,s is the measured full-
angle divergence, wq is the calculated (i.e., theoretical) diffraction-limited
Gaussian beam waist, and 6 is the diffraction-limited Gaussian beam divergence.
Recall also the Rayleigh range of the Gaussian beam, which is defined as the
distance a beam propagates from its waist to grow its diameter by a factor of v/2,
denoted as zg. For the diffraction-limited Gaussian beams, the Rayleigh range is
related to the beam waist as follows:

[z
wo = 4/ (6.34)

Therefore, by measuring the arbitrary beam’s Rayleigh range, one can calculate
the beam waist for so-called imbedded fundamental mode Gaussian beams. Using
an expression for the M? parameter, where this value is defined as a square of the
ratio of the multimode (i.e., unknown) beam diameter to the diffraction-limited
beam diameter, one can calculate the unknown beam M?> parameter. Figure 6.6
demonstrates an experimental setup for M> measurement using the Rayleigh range
approach.

The following procedure can be used for M> parameter measurement:

1. Insert a focusing lens in the beam under consideration. Locate and measure the
beam focus by moving an available charge-coupled device (CCD) camera
along the beam propagating axis and estimate the smallest spot size (initially
along one axis; i.e., x diameter).

2. Locate the positions of the spot size where it is twice the estimated waist (i.e.,
minimum) size on either side of the focus.

3. The actual focus position lies exactly halfway between these two points. Locate
the position of the waist.

4. Move the CCD camera to the actual focus position and measure the focus
diameter, which becomes the Wy, value.

Fig. 6.6 Experimental setup Beam quality measurement set-up
for beam quality
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Measure the Rayleigh range, Zg, by finding the place along the beam propa-
gation axis where the spot size grows to v/2 = 1.414 times the focused (i.e.,
minimum) spot size. Do this by moving the CCD camera toward the lens until
such spot size is found. The distance between the beam waist location (mini-
mum size) and the location of the beam where the beam size is V2 larger is the
Rayleigh range Zj.

. Using the beam waist and Rayleigh range relationship for the diffraction-lim-
ited Gaussian beam, calculate the imbedded Gaussian beam diameter, which
has the same Rayleigh range as that of the beam under consideration:

ZR)L,
Wy =
Y

. Calculate M? parameter using the following above given formula, inserting the
calculated imbedded beam waist diameter and measured diameter of the beam
under consideration (focal spot size):

Womeas |~
M2 = (—0 ) (6.35)
wo

This value defines the M* parameter along the x axis (i.e., M?).

. Repeat this procedure for the y axis and determine the M* parameter along the
perpendicular direction (i.e., Mi).

For better measurement accuracy, one may consider measuring two Rayleigh

ranges instead of one Rayleigh range (as is demonstrated here) and calculate the
M? parameter from there. The typical value of M> for diffraction-limited or close to
diffraction-limited laser beams is between 1 and 1.5. M? values of more than 1.5
typically point to a multimode beam.
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Chapter 7
Fiber Laser Physics Fundamentals

After reviewing the basics of solid-state physics and spectroscopy as related to
fiber laser gain media, this chapter shifts the focus to the general aspects of laser
physics—especially the branches that are very important for understanding the
principles of fiber laser operation.

7.1 Population Inversion: Three- and Four-Energy
Level Systems

Population inversion plays a central role in the field of laser physics because it
provides a means for electromagnetic wave amplification and oscillation. To
understand the phenomenon of population inversion, it is important to briefly
review the basic statistics of the particles’ distribution at thermal equilibrium.

As was described in Chap. 2, the number of particles at two neighboring non-
degenerated energy levels in thermal equilibrium follows the Boltzmann
distribution:

E, — E h-
N, = N, exp(— zk T 1) =N exp(— . ;0) (7.1)
B B

where E, > E;| (and E, — E| = hvy) and v is the resonant frequency of the
transition between these two energy levels. Particles are able to occupy either level
1 with population N, or level 2 with population N,. The total number of particles
therefore is:

N =N+ N, (7.2)

As already shown in Chap. 2, in thermal equilibrium the lower energy level is
more populated than the higher energy level; therefore, the atomic system does not
emit light and is naturally relaxed. Even at elevated temperatures, the number of
atoms occupying high-energy level 2 increases, but it never exceeds population
of the lower level. As can be seen from the Boltzmann distribution formula in
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Eq. (7.1), levels 2 and 1 may become equally populated only at infinite temper-
atures. However, to achieve an optical gain through stimulated emission, one
needs to achieve a non-equilibrium situation when the number of particles at the
upper level is higher than that at the lower energy level. This non-equilibrium
condition (or inverted population condition) has been suggested to achieve
amplification of electromagnetic waves. During the early years of laser physics,
atomic states with inverted populations were called states with absolute negative
temperatures because, from the classic viewpoint of Boltzmann distribution, such a
situation corresponds to absolute negative temperatures (which, in thermodynamic
theory, is known as an unachievable condition). This consideration shows that,
thermodynamically, the laser is an example of a system where optical emission
occurs with a very small value of entropy [1].

Several ways have been suggested to achieve such non-equilibrium conditions
(i.e., population inversion). There are two basic pumping schemes of laser oper-
ation within the concept of creation of population inversion, which in turn divide
all active media into corresponding two classes (or types): the so-called four-level
and three-level laser systems. Historically speaking, the three-energy-level system
was the first to demonstrate laser action (Ruby laser). However, for most practical
applications, the four-energy-level scheme found much wider applications in laser
development and commercialization. This chapter reviews each of these laser
pumping schemes in detail because they are very important for all types of lasers,
especially fiber lasers and amplifiers. In these applications, energy-level diagrams
and the nature of line broadening of optical transitions can often be described by
intermediate situations (i.e., so-called quasi-three-level or quasi-four-level
schemes, rather than purely three- or four-energy level schemes).

7.1.1 Four-Level Laser Operational Scheme

Figure 7.1 demonstrates the four-energy-level scheme of laser operation, which is
ideal for most laser applications requiring the highest efficiency along with the
lowest laser threshold. As one can see from Fig. 7.1, during the pumping process,
atoms are excited from the ground level 1 to the excited level 2. Then, after fast
nonradiative relaxation to energy level 3 (usually within sub-nanosecond to pico-
second timescale), atoms decay spontaneously to level 4 and then again through
nonradiative relaxation from level 4, returning to the original ground level 1. This is
the full excitation circle of the four-energy-level scheme. Note that spontaneous
decay from level 3 to level 4 (which is a slow process, with durations spanning from
nano-seconds to milliseconds) is exactly the transition where laser action is
expected. After fast non-radiative relaxation from level 2, particles start accumu-
lating at level 3, while level 4 remains unpopulated because of fast relaxation from
it to ground level 1. Therefore, to create inversion population between levels 3 and
4, only one particle needs to appear at level 3. Thus, the basic requirement for
creation of the population inversion is that relaxation from level 4 to level 1 has to
be faster than spontaneous decay from level 3 to level 4.
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Fig. 7.1 Four-energy-level 2
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7.1.2 Three-Level Laser Operational Scheme

Figure 7.2 shows the three-energy-level scheme of laser excitation. The principal
difference between the three-energy-level scheme and the four-energy-level
scheme is that the lower laser level (i.e., level 4 in Fig. 7.1) and the lowest level
(i.e., ground state; level 1 in Fig. 7.1) becomes a single level (Level 1 in Fig. 7.2).
Therefore, after spontaneous decay, particles do not return to the unpopulated
terminal level, as was the case in the four-energy-level scheme, but they appear to
return to the original, populated ground state instead. In other words, within the
three-energy level scheme, the laser-terminating level is always populated.
Therefore, the requirements for creating inversion population between the two
laser levels are very strict.

More than half of the total particles have to be excited to the laser’s upper level
in the three-energy-level laser operation scheme in order to create population
inversion. This condition requires much higher excitation intensities as well as
special care to eliminate re-absorption of the amplified light while it travels along
the laser medium. All of these factors contribute to an increased laser threshold
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diagram of laser operation : Fast, non-radiative relaxation
3

Induced

Spontaneous
PUMP emission

decay

<IIIIIIIII




82 7 Fiber Laser Physics Fundamentals

and complicate the achievement of high laser efficiencies. Nevertheless, the three-
energy-level laser operation scheme is very important and has many applications
in fiber lasers and amplifiers.

In commonly used laser excitation conditions, when the laser medium is excited
by another laser or flash lamp, it is fundamentally impossible to create population
inversion in a two-energy-level scheme. However, while exciting an isolated two-
energy-level scheme using a resonant pump light with a very strong electromag-
netic field, one can create a condition in which the probability of the particle to
appear in the upper or lower energy level becomes a time-dependent parameter.
Oscillation of the population at each of the two levels begins at the so-called Rabi
frequency [2, 3]. Broadening of the spectral lines and deviation of the real energy-
level systems from two-level systems (due to Stark splitting) prevents easy
observation of this phenomenon in solid-state laser media.

7.2 Optical Fiber Amplifiers
7.2.1 Fiber Amplifier (General Consideration)

A fiber amplifier basically works on same physical principles as its bulk solid-state
analogs. The purpose of the fiber amplifier is to amplify a less powerful optical
beam, which is propagating either inside another fiber or in free space. In this way,
the amplifier is “seeded” with a low-power laser beam; such an optical beam is
called a seed. There are two fundamental types of fiber laser amplifiers: those
based on doped cores and those based on doped cladding. Doped-cladding fiber
amplifiers use the evanescent field amplification principle; although they exist,
they are not commonly used. Therefore, this review concentrates on core-doped
fiber amplifiers.

In core-doped fiber amplifiers, the amplifying light propagates in the same
volume where laser-active centers are located. The next subclassification is usually
done based on the way the pump is coupled and propagates inside the gain fiber.
This pump propagation classification divides all amplifiers into core-pumped and
cladding-pumped fiber amplifiers. Note that the same classification is valid for
fiber laser oscillators. As it is known from main principles of laser physics, the
laser oscillator is a device that contains a laser amplifier put inside an optical
resonator. The laser resonator fundamental function provides positive feedback.

This chapter considers a laser amplifier (i.e., optical amplifier) based on the
stimulated emission amplification principle only. Information on other fiber optical
amplifiers, such as those based on optical nonlinearities (e.g., optical parametric
amplifiers and Raman or Brillouin amplifiers) is available elsewhere. In this
introduction, the main physical processes that take place in optical amplifiers are
briefly reviewed. A theoretical consideration of the CW and pulse amplifiers are
then presented, followed by the derived main formulas that are important for
practical design.
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7.2.1.1 Gain Saturation

As will be shown by analytical expression later in this section, high-input optical
fluence does not increase indefinitely in an amplifier but rather saturates, leading to
amplifier gain reduction. Obviously, even from the general consideration of energy
conservation, the gain of the amplifier has to saturate because one cannot extract
more power from the amplifier than it was excited (pumped) with. Gain saturation
plays an important role in theory and practice of optical amplification and oscil-
lation. The gain saturation parameter (/;), which will be introduced later in this
section, is a very important and unique parameter of the gain medium; it is often
used to analyze and compare different gain media for certain applications. This
parameter also plays an important role in the calculation and design of laser
systems, including amplifiers.

The advantages of operating an optical fiber amplifier in the gain saturation
regime are mainly the following:

1. Small power fluctuations in the input signal do not reflect to the same extent in
the output amplified signal

2. The fiber amplifier, which has multiple spectrally close input signals with
varied intensity, may work as a gain equalizer because smaller input signal
powers have higher gain (because of less saturation) and higher input powers
have lower gain (because of a higher degree of saturation)

3. A saturated optical amplifier demonstrates a high energy extraction efficiency;
therefore, the overall efficiency of the system is high.

7.2.1.2 Gain Narrowing

Gain narrowing is an effect that takes place in fiber amplifiers and lasers; it is
responsible for light bandwidth reduction during amplification process. The pro-
cess is a result of the fact that, due to limited gain bandwidth (usually with a bell-
like gain spectral profile) of the amplifier material, the central region of the signal
optical spectrum is a subject of higher gain than the spectral wings.

For the single-pass laser amplifier, the seed line width decreases with increasing
gain. For the Lorentzian atomic line shape (see Chap. 2), the optical amplifier full-
width, half-maximum (FWHM) gain spectral bandwidth can be written as [2, 3]:

3

A — =Aw, X | ———
W3dB=FWHM [ Gan (0)0) 3

(7.3)

where g is the central frequency of the atomic transition, G(w,) = % =
exp [2 cglw)L—2-pu- L] is the amplifier gain factor expressed in units of dB,
Ay is the natural line width of the atomic transition, g(w) is the gain coefficient,

and u is the loss coefficient.
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Amplifier losses and laser intracavity losses have to be taken into consideration
when analyzing the gain narrowing effect. In the field of fiber lasers, the gain
narrowing effect may play a positive role (when a smaller spectral line width is
required) or a negative role (when designing so-called Amplified spontaneous
emission (ASE) sources with a flattened spectral distribution of output power
across the emission spectrum).

7.2.1.3 Amplified Spontaneous Emission

Being an incoherent process, ASE extracts stored energy from the fiber amplifier
by depleting the inversion population by spontaneous emission amplification. The
physical reason for the ASE is as follows. Once excited during the pumping
process, electrons in the upper energy level are decaying not only through stim-
ulated emission but also through spontaneous emission, which in turn is a random
process that depends on the level of inversion created in gain fiber. Only a fraction
of the photons emitted spontaneously in all directions falls within the Numerical
aperture (NA) of the fiber and therefore will be guided inside the core where the
seed propagates. While propagating along the core, the amplified portion of cap-
tured ASE photons interact with other laser active centers and, as other photons,
these spontaneous photons are amplified by the stimulated emission process.
Because ASE is mostly confined in the core, it is one of the major phenomena that
saturates the fiber amplifier power scaling in the case of telecom type fibers
(NA = 0.12, Deore = 5 pm).

The power spectral density of the spontaneous emission induced noise Sq,(v) is
a function of the frequency and amplifier gain [2, 3]:

Sep(v) = (G —1) X ngy x hy (7.4)
Total integrated ASE noise power is:
PASE = Ssp(v) x Av (75)

The optical power of the ASE light at the output of the fiber amplifier is
therefore determined by the following expression [2, 3]:

Pase = ngp X (G —1) x hv x Ay (7.6)

where Av stands for FWHM of the output spectrum and G is the absolute amplifier
gain (see details later in this chapter). ny, is the spontaneous emission factor, which
is determined by:

N>

Negp = W (7.7)

where N; is the average population of level i over the whole fiber length. It is
evident from the expression for ng, that output ASE power in the fiber amplifier is
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large when population inversion is low. When the population inversion is high,
seed can only be amplified. When the population inversion is low, the seed photons
cannot only be amplified but also can be absorbed on the same transition.
Therefore, the seed photons that get absorbed in the low inversion amplifier can
produce not only stimulated emission but spontaneous emission as well.

Using large mode area fibers with core diameters of 30 pm in conjunction with
low NA of ~0.06, one can significantly suppress the ASE process in high-power
fiber amplifiers.

7.2.1.4 Laser Amplifier Noise

The main source of noise in fiber optical amplifiers is ASE, which has a spectrum
close to that of the amplifier gain spectrum. The noise arising from forward-
propagating ASE is only a direct concern to the amplifier system because it strikes
the detector along with useful signals. The backward-propagating ASE can still
deplete the amplifier inversion and reduce the gain.

The existence of ASE in the amplifier (or laser) system is often a major factor
restricting output power scaling with increase of the pump. Although in solid-state
and other laser systems there are several approaches to suppress ASE, such as
laser-active medium geometry and surface profile optimization, fighting ASE in
gain fiber is still a big challenge because of the long lengths and small core sizes.
To achieve minimum noise, optical fiber amplifiers are usually operated in a gain
saturation regime with gain between 8 and 10 dB, leaving little room for ASE and
increasing depleted stored energy.

The noise figure in a optical amplifier is defined as:

SNRinput _ N2

= ~ o =2
SNRoutput " Ny — Ny

(7.8)

where SNR;pput/outpur Stands for the signal-to-noise ratio at the input/output of the
amplifier, n; is the population inversion factor (which is equal to 1 for an ideal
amplifier; i.e., four-level amplifier, where the population of the lower laser level is
zero). Therefore, from Eq. (7.8), one can see that the noise figure of the ideal
amplifier is:

F,~?2or3dB (7.9)

In practical fiber amplifiers, the noise figure usually falls into the range of
6-8 dB.

7.2.1.5 Laser Amplifier Phase Shift

Qualitatively speaking, the phase shift in a single-pass laser amplifier has two main
contributors: (1) the so-called free-space phase shift, which is linearly proportional
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to the optical frequency; and (2) the phase shift due to atomic transition. Following
Siegman [2, 3], the total phase shift in a single-pass laser amplifier can be
expressed as follows:

expl—  (B(Y) + ABu(1)L] = expl—i x gy (1) (7.10)
and
Pualy) = BOIL+ ()L = 22 4 By (1.11)

where y(v) is the real part of the material susceptibility (sometimes called a dis-
persive part of the atomic response) of the gain medium. The first term in the
expression for the total phase shift is the basic free-space phase shift
P(v)L = (2mnvL)/c = 2nL/ ., which appears while the wave propagates through the
laser medium. As mentioned, the free-space phase shift is linearly proportional to
the frequency. The second term in the expression for the total phase shift is the
phase shift due to atomic transition, Af,,(v)L. The magnitude of the added phase
shift due to atomic transition is proportional to the net gain (or absorption) of the
optical wave propagating through the gain medium. It can be shown that for a
Lorentzian shape of the atomic transition, the added phase shift is related to the
optical gain by the following expression [2, 3]:

V= (v —vg)

2
Avo gL = ZTVOL -g(vo) (&v/2)

(v —vo) 2+ (Av/2)?

where g(v) is the gain coefficient at the center of the emission line. Note that at the
resonance frequency, when v = v, the gain is maximum but the phase shift is
equal to zero. The phase shift is negative for frequencies below the resonance
frequency and positive for frequencies above the resonance frequency. The free-
space phase shift usually is a major contributing factor to the amplifier phase shift.

AB, (VL =2 (7.12)

7.2.1.6 Other Processes in Optical Amplifiers

In addition to the previously mentioned phenomena, a few other processes have to
be considered during the design and development of practical fiber amplifiers,
especially at elevated optical powers. The first and probably most challenging
process is the parasitic reflections from end surfaces of the amplifier material (poor
splicing; i.e., poor optical contacts) or other surfaces of free space optics in an
amplifier system, which can cause parasitic lasing or self-pulsing (i.e., amplifier
pulsing without a seed). Started oscillation obviously depletes inversion and
reduces achievable gain. Self-pulsing plays an important role in stability and
creating a damage-free condition of CW fiber lasers and amplifiers. The output
instabilities of a CW pumped three-level fiber laser, with sustained self-pulsing or
self-mode-locking [4, 5], have been investigated extensively. Instability may
follow from the nonlinear dynamics of the laser signal and from population
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inversion. It was demonstrated that higher output coupler reflectivity and sup-
pressed nonlinear scattering processes, such as SBS and SRS yield to substantially
suppressed self-pulsing, which in turn creates a condition for damage-free CW
operation.

Other processes that take place during short pulse amplification and happen
under high pulse intensity are spectral broadening (due to some nonlinear effects)
and amplifying pulse distortion.

7.2.1.7 Fiber Amplifier Gains and Losses

When dealing with three-energy-level systems or quasi-three-energy-level systems
(as in the case of most widely used fiber lasers, such as Yb>* and Er3+), one needs
to take into account reabsorption losses of laser radiation at the oscillation
wavelength. Following Pask et al. [6], this section provides a detailed description
of the gains and losses in fiber amplifiers. First, consider the critical pump power
Py, required to achieve a gain coefficient of zero at a particular point in the fiber
(i.e., to reach transparency for the signal/laser wavelength), which is given by [6]:
Tal

1
Pper = Ahv, —

—_— 7.13
T (Uel Uap - O’epo—al) ( )

where A is the core area cross section, & is the Planck’s constant, v, is the pump
laser frequency, 7 is the upper-level lifetime, ¢ is the cross-section of the quantum
transition, and e, a, p, and [/ denote to the emission, absorption, pump, and laser
wavelengths, respectively (i.e., o,, stands for the absorption cross-section at the
pumping wavelength).

It is assumed in this analysis that the only loss mechanism in the fiber doped
with laser-active ions is related to the absorption transition of the laser-active
center and any other sources of loss-like scattering are absent. However, modern
optical fibers demonstrate measurable scattering loss (although this loss is small
due to advanced modified chemical vapor deposition [MCVD] technology).
Typical loss in modern fibers, especially those used for telecommunication
applications (i.e., undoped), is on the order of ~0.2 dB/km; for doped fibers, the
loss varies from 0.01-0.1 dB/m, depending on the wavelength of laser operation
and the gain fiber under consideration. Because typical fiber amplifier gain is in the
order of 10-30 dB/m, today’s state-of-the art MCVD or DND technology provide
very efficient gain fibers, offering more than 75 % power conversion efficiencies
(in the case of Yb>* amplifiers and lasers).

The pump saturation power of the absorption transition of the optical center can
be expressed as:

po—_ A (7.14)
(Gep + Tap) T,
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where ¢, is the pumping quantum efficiency (for the Yb** ion, it is ~0.92 when
the seed wavelength is 1,064 nm and pump wavelength is 976 nm—a typical
example of this type of amplifier).

The small-signal (unsaturated) gain for the whole length of the fiber amplifier is
given by:

d)p (Uel + O-al)‘l:Pa

G = L:
0= &0 Ahy,

— NogL (7.15)
In an approximation of the constant inversion along the fiber length, the
absolute gain factor of the fiber amplifier of the length L is therefore:
P(L)
G=—2= G 7.16
P(0) = PG (7.16)
where P, is the absorbed pump power, N is the laser-active center concentration,
and L is the gain medium length. Note that expression NoyL indicates total
absorption loss in the whole length of the gain fiber at laser oscillation wavelength.
In the general case of the varied inversion along the gain fiber, the absolute gain
factor should be integrated along the whole fiber length:

G= exp[/0 go(z)dz]. (7.17)

For a high pumping level when gain coefficient g, cannot be considered, a small
value saturated gain coefficient, g, can be expressed as follows:

80
g =

=T517L (7.18)

where [ is the amplified light intensity and I; is a so-called gain saturation
parameter, defined as an intensity of the amplifying beam in active medium at
which the small-signal (unsaturated) gain coefficient g, is reduced by 50 % (i.e.,
half). In turn, the gain saturation parameter with good approximation can be
defined as the following general formula:

hVL hVL

(ael + O'ea)f B 519

(7.19)

where Q = 1 + Uea/ael, and with good degree of accuracy Q = 1 for four-energy-
level systems (i.e., when g > g.,) and Q = 2 for three-energy-level systems
(i.e., when 0¢ = 0e¢y).

The stored energy in the four-level solid-state laser amplifier can be defined by
the following expression [2, 3]:

Ey = hv,NV = gol,V (7.20)
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where V is the amplifier gain volume and N is the concentration of laser-active
centers created during the pumping process.

Note that the expressions for gain saturation parameters have been originally
derived for homogenously broadened lines, such as those appearing in crystals
(e.g., YAG, ruby). However, in glass host materials, such as Yb** or Nd**-doped
glasses, cross-relaxation processes are very fast (i.e., those processes responsible
for excitation energy transfer between individual homogeneously broadened
spectral components within inhomogeneously broadened envelopes). For fast
cross-relaxation in-homogeneously broadened host materials, it was shown that the
previous formulas are valid with good degree of accuracy. It is also evident from
these expressions that, in three-energy-level transitions, gain saturates faster than
that of four-energy level scheme.

The single-pass gain in fiber amplifiers, expressed in units of dB, can be cal-
culated using following formula:

I !
g(7) = 101og <1> — 101og eJo £
0

(Tel + 0a1) TP,
- IOIOg{exp [u - Noall} }
Ahv,

(7.21)

7.2.1.8 Pulse Amplification

Frantz and Nodvik [7] reviewed two important practical application cases of pulse
amplification in laser amplifiers: (a) the square pulse shape and (b) the Lorentzian
pulse shape. The details of the analytical expressions for each of these cases can be
found in Ref. [7].

(a) Square pulse shape

Figure 7.3 illustrates how the ratio of the output photon density (fluence) to input
photon density changes versus time in units of pulse width t when the square pulse
has been injected into the amplifier.

Figure 7.3 is typical for pulse fiber amplifiers with “chopped” seeds, boosted in
the high-power amplification stages of the system. One can see clear temporal
narrowing of the output pulse, which is evident from Frantz—Nodvik analyses. Due
to difficulties associated with Q-switched fiber laser master oscillators, the seed
chopping approach is widely used. The Frantz—Nodvik theory provides a direct
path for pulse profile analysis in such fiber amplifier systems.

(b) Lorentzian pulse
The fiber amplifier seeded with a Q-switched pulse from a master oscillator, as

illustrated in Fig. 7.4, does not have a square shape. One can use the above
expression to calculate the gain. Unlike the square-pulse seeded optical amplifier,
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Fig. 7.3 Ratio of the output
photon density to input
photon density versus time in
units of pulse width for an
initially square-shaped pulse
[7]. Curve (a) shows that the
total number of photons per
unit area in the traveling
pulse is 4 x 10" em™2
Curve (b) shows that the total
number of photons per unit
area in the traveling pulse is
4 x 10" cm™2. (Reprinted
with permission from Frantz
and Nodvik [7],
COPYRIGHT AIP
PUBLISHING LLC.)
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in which the square shape changes and the front of the pulse narrows significantly,
the Lorentzian pulse preserves its bell-shaped profile (Fig. 7.4). Absence of a steep
front can be useful for some considerations of the pulse propagation in fiber
amplifiers with respect to damage mechanisms of the fiber amplifier material.

7.3 Fiber Laser Thresholds and Efficiency

The laser threshold is one of the most important parameters of the laser oscillator.
It reflects not only the gain properties of the active medium but also all active and
passive losses in the laser cavity. Calculated laser threshold and laser slope effi-
ciency give the researcher a full set of parameters to calculate laser output power at
any level of pump power.

In this section, for simplicity, the basic formulas for fiber laser threshold and
laser efficiency are presented [8, 9]. In most cases, fiber laser is a longitudinally
pumped system; therefore, the theoretical expressions for this type of excitation
are used.
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Fig. 7.4 Ratio of the output
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photon density versus time in 1.5}
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Following Risk [8], consider the general energy-level scheme shown in
Fig. 7.5, in which the population density of the lower laser level N, is not zero (as
in a classic four-energy-level system) but has a small thermally induced popula-
tion. If the total population density residing in the relaxed excited state component
of the upper lasing level is Ny and the population density residing in the lower
laser level is N, then the relationship between the actual population density in the
corresponding levels 1 and 2 can be expressed as follows (see Fig. 7.5):

Ny =fiNp and N, = /HNy

where f; and f, are fractional parameters of total inversion. Accordingly, AN® =
N9 — NV is the unpumped population inversion.

Then, the absorbed pump power (or threshold power) in a quasi-three-level
laser system is given by:

B nhv, (W% + w%) X (Ln + T+ 20a1N?L)
" doatn,(fi +12)

(7.22)
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Fig. 7.5 General energy- N,
level diagram [8]. (Image
courtesy of the Optical N,

Society of America)
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where w; and wp are the laser and pump beam waists, respectively; t is the
fluorescence lifetime; T is the output mirror transmittance; and L, is the round-trip
loss, except for output coupling.

In the case of core-pumped fiber lasers, in which pump and laser beam waists
are similar, the following expression can be used to determine the laser slope
efficiency in the absence of excited state absorption:

o dPout _ T AP dS
More = "4p " = (Lo + 1) 4y * dF

(7.23)

where 7, is the efficiency with which the pump photons are absorbed, dS/dF is the
efficiency with which absorbed pump photons are converted to laser photons, and
T/(L, + T) is the fraction of the laser photons that have been lost during round-trip
due to emission through output coupler from total loss. If we simplify the above
formula for slope efficiency for the case when all absorbed pump photons are
converted to lasing photons and all pump photons have been absorbed, we can obtain
a commonly used simplified expression for the laser slope efficiency, namely:

T Jp

= - ’F 7.24
nslope (Lrl + T) )LL ( )

Summarizing all analyses presented in this section, we can give an analytical
expression for the laser output power in quasi-three-level case, which is the most
common case of fiber laser and fiber amplifiers energy-level configurations:

Pout = Ngope (Pp — Pin) (7.25)

Note that in the case of Yb* fiber laser, where pumping can be accomplished
using 976 nm excitation wavelength and laser can be observed at 1,030 nm
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wavelength, the quantum defect ratio is Ap/A, = 0.95, which in turn determines
the maximum value of the laser slope efficiency. Typical Yb>" fiber laser optical
efficiency is 70-80 %; slope efficiencies as high as 90 % have been achieved.

7.4 Gain and Loss in Laser Resonators

Knowing the amount of loss in the laser resonator is very important for under-
standing the laser operation. There are several ways of measuring such losses. One
of the most widely used techniques for four-energy-level lasers is based on the
measured laser threshold power as a function of varying output couplers. This
technique was first suggested by Findlay and Clay [10].

By measuring threshold pump power, Py, and output coupler reflectivity, R,
one can use the Findlay and Clay technique [10] to obtain the round-trip
intracavity loss and small storage efficiency, 5 (pump efficiency), which in turn
gives the value of small signal gain. By measuring the plot of In(R) versus Py,, one
can readily derive these two important laser parameters using the following
function:

2.1,
“In(R) = (AT”I‘) Py — Lioss (7.26)

where the intercept of the y-axis yields —Lss (10ss), and the slope is proportional to
. Note that —L,,ss = 2uL, where L is the length of the gain medium and p is the
total internal loss coefficient due to absorption, scattering, and optical inhomoge-
neity. The Findlay and Clay technique is valid for all systems and gives loss mea-
surements independent of pump geometry, pulse shape, and pulse duration [10].

7.5 Fiber Laser Resonators

The physics of optical resonators used in fiber lasers is similar to the physics of
traditional laser resonators. The main differences are in intracavity components
and geometry of the active medium. Intracavity optical components of fiber laser
resonators have certain features, mostly related to the tolerance for optical dam-
ages and fiber coupling. The active medium of fiber lasers is an optical waveguide
usually with significantly longer length than in traditional lasers and very small
diameter of the optical wave propagating medium. Long length and small fiber
diameters are the reasons for optical nonlinearities, which require special attention
in fiber laser development. The long length of the gain fiber in most fiber laser
resonators is also the cause of challenges related to achieving short Q-switch pulse
durations. This section briefly reviews two fundamental types of laser resonators,
which (as in other laser types) play an important role in practical fiber lasers.
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7.5.1 Linear Laser Resonators

A linear fiber laser resonator consists of two reflectors (usually mirror or fiber
Bragg gratings) set at the opposite ends of the optical cavity, gain medium in the
form of laser-active ion-doped fiber, and other intracavity laser components to
control temporal and spectral properties of the fiber laser. In linear laser resonators,
the resonator modes are usually considered as a superposition of two electro-
magnetic waves traveling in opposite directions between cavity reflectors. Reso-
nant frequencies of the linear resonator are given by the following expression:
€0

v_Mx(ZanL) (7.27)
where M is the integer. Therefore, the frequency difference between two con-
secutive (i.e., longitudinal) modes is given by:
€0

Ay=—-—"—
v 2xnxL

(7.28)
where n is the refractive index of the medium where light propagates inside the
laser cavity.

Because light waves inside a linear laser resonator propagate in directions
opposite to each other, standing waves are created, which in turn have minimum
and maximum interfering intensities. The minimum intensities of the standing-
wave pattern of the intracavity laser field in the laser resonator are responsible for
the so-called spatial hole-burning effect; this affects the laser spatial gain distri-
bution, which in turn favors the multispectral mode oscillation of the laser. On the
other hand, because of the roundtrip nature of the light path inside the laser
resonator and because the light propagates twice through the active medium during
the cavity roundtrip, the laser gain (and loss) is accounted twice. This is a fun-
damental feature of the linear laser resonator, differentiating it from the unidi-
rectional ring laser resonator, which demonstrates no spatial hole burning effect.
Ring laser resonators are described next.

Barnard et al. [11] developed an analytical model for rare-earth-doped fiber
lasers. What makes this model appealing is that it provides formulas for the main
laser parameters expressed in relatively easy measurable optical parameters of the
system. According to Barnard et al. [11], in the case of a linear fiber laser cavity,
the total fiber gain can be expressed as:

Py, P
G = exp S N p | XL (7.29)
PSS (P +py)
Here, the small signal gain coefficient is:
P PIS
Ll (7.30)

ey o L
P (PP +P,,)



7.5 Fiber Laser Resonators 95

Fig. 7.6 Three-(a) and four-
(b) energy-level laser
operation schemes

(b)

Fig. 7.7 Linear (a) and ring (a)
(b) fiber laser cavities
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For the high pump level, the maximum gain is:

Ginax = exp| (M5 — 1) L] (7.31)

The laser threshold is determined by the following expression (see Figs. 7.6
and 7.7):

pL — hvp PO (L — In(eR)]

Linear laser cavity 7.32
1 (GuneR) ™ 732

where T = (7, or 15) is the laser metastable level lifetime, v, is the pumping
photon frequency, ¢ = ¢; ¢, is the effective cavity transmission (with ¢; and ¢, as
the intracavity component single-pass transmissions), R = /R R5 is the effective
laser cavity mirror reflectivity, § = PsCS /PII,S is the ratio of the signal cross-satu-
ration power parameter and the pump intrinsic saturation power parameter, p is
the small signal absorption coefficient at the signal wavelength and p, is the small
signal pump absorption coefficient.

The signal cross saturation power PSS is the parameter characterizing the
transfer of energy from the absorbed pump power to the signal. Parameters PSC;JS
are defined as follows:
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A e
PSS = @ﬁ (three-energy-level scheme) (7.33)
’ 77pT Oal 2¢0el
or
Ae
PSS = Pe il (four-energy-level scheme) (7.34)

@ (BreOel + B120al)

where T = (1, or 1,;) is the upper laser level lifetime in the gain fiber, parameter
B, for the three-energy-level scheme is Ny /N, = f3,, = (1 4 132/7,) " and for the
four-energy-level scheme Ny /N, = B, =
(1+ 132/t + 11 /721 + (11132)/(1131))71 (both at the absence of seed power
Py, = 0); Ni /N, = By, = t/12 + 13271 /12731 is the Ny and N, energy-level popu-
lation ratio at the absence of signal propagating power (i.e., Py = 0); and
Bi2Bae = B1. = Nl/Ne’ also when P, = 0.

P;S is the parameter that characterizes how pump absorption is saturated by the
pump light. PII,S is the pump internal saturation parameter defined as:

is _ Do Act

———— (three-energy-level scheme) (7.35)
P T (0w + Bacep)

or

is _ Do Aetr

——— (four-energy-level scheme) (7.36)
P 1yt (Opa + BaeOep)

where ﬂ3e = (T32/T2) ' ﬁZe'
Fiber laser slope efficiency in linear cavity can be expressed as follows:

—_ nge2(l —Ry)  P8S
tinear Teff,linear PJCS

{1 — (GaxeR) " (7.37)

where  Tefjinear = (1 — R2&3) + (1 — ¢]R1)&3Ry/(¢R) is the effective output
transmission and R*> = R; X R,. One can calculate fiber laser output power in
linear cavity using the following formula:

Pout = Minear (Pp - Pth,linear) (738)
Optimum gain fiber length obtained in Ref. [11] for the case of linear cavity is:

1
My — 0 X i

Pp ('up —0 X '“s)
PSSy (cR)’

L()pt - (739)
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7.5.2 Ring Laser Resonators

The ring resonator is another important type of laser cavity. It is defined as a
resonator where the intracavity light travels along the ring type configuration. The
ring cavity may be realized differently (i.e., using a folded type). To achieve a
condition for phase shift of the traveling light wave during roundtrip of the cavity
to be equal to 2n (the same condition as in the case of linear resonators), the
expression for resonant frequency can be given as follows:

€o

v=M X (7.40)

n X Lring

where Ly, is the length of the closed loop path, M is an integer, and n is the
refractive index of the fiber material. Ring laser resonators can support waves
propagating in opposite directions (i.e., clockwise and counterclockwise). How-
ever, unlike linear laser resonators, ring laser resonators use a unidirectional device
(e.g., an optical isolator), which allows the unidirectional propagation of the light
wave inside the laser cavity; the resonator becomes traveling wave because the
concept of the cavity mode and cavity resonance frequency are no longer defined
as the same wave (as in the case of a standing wave resonator).

Following similar consideration of the cavity gain and loss, in traveling wave
(unidirectional) ring resonators, the gain and loss have to be counted once. Less
cavity roundtrip gain obviously reduces laser gain; however, the absence of a hole-
burning effect helps to achieve the single longitudinal mode of laser operation.
Therefore, ring laser cavities are widely used for very narrow, single-longitudinal
mode operation of the lasers.

However, the spatial hole-burning effect is essential for lasers in which the
active medium demonstrates a homogeneously broadening case of spectral line
broadening, where inversion of population is shared between different spectral
components of the laser modes. In the case of inhomogeneously broadened
spectral lines (e.g., glasses) spatial hole burning effect does not play a significant
role. In this case, a so-called spectral hole burning effect, which is a selective
bleaching of the spectral holes in the inhomogeneously broadened gain band of the
optical center [12, 13], plays a more important role in the multispectral mode
nature of the laser operation.

Following the results of Barnard et al. [11] and parameters introduced previ-
ously, the ring fiber laser power threshold can be expressed as follows:

o _ by PS[LL — In(er)]

—— Ring laser cavity 7.41
= (Guaen) 74

where « is defined as the portion of the power that returns to the ring cavity by the
output coupler. That is, if a filter coupler is used with 30:70 coupling ratio and
30 % is recouped back into the cavity, then k = 0.3 and 1 — k = 0.7 is coupled
out of the ring laser cavity. Ring fiber laser slope efficiency is defined as [11]:
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apln
ing Tetrring PSS

[1 - (Gmaxs;c)*‘s] (7.42)

where 1, = /4,/Z is the quantum efficiency (i.e., ratio of pumping to signal
wavelengths or corresponding photon energies); and Tefrring = 1 — K& is the
effective output transmission.

Using the formulas, one may obtain the ring laser output power using the
following general expression:

Pout = nring (Pp - Pth,ring) (743)

It is also important here to give an expression for optimum gain fiber length
obtained in Ref. [11] for the case of ring cavity:

1 In Pp(,up—éx,us)
Hp = 0%t | PSS (ek)”

Loyt = (7.44)
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Chapter 8
Main Operating Regimes of Fiber Lasers

8.1 Temporal Regimes

There are three main temporal regimes in laser operation:

1. Continuous-wave (CW) and free-running
2. Q-switching
3. Mode-locking.

As solid-state lasers, fiber lasers demonstrate the same types of operating
regimes. However, the physical processes that take place in gain media (the fiber
core) create challenges that are unique to fiber lasers, mainly because of their small
cross-section dimensions compared with other active media (typical core diameter
of diffraction-limited fiber lasers: 6-30 pm) and the very long length of gain
material (typically in the multimeter scale). In comparison, semiconductor lasers
also have gain material with very small cross-sectional dimensions, but the gain
material length is on the submillimeter scale. In addition, because of the rare-earth
nature of fiber lasers’ active ions, energy storage in fiber laser systems is high. In
addition to possibility of high energy/peak power pulse production by fiber lasers,
these characteristics create challenges in nonlinear processes and damage pro-
cesses, which have to be addressed during fiber laser design and development.

Like many other laser types, fiber lasers also can operate in the following
operational modes:

1. Quasi-CW operation (QCW): When the pump source is opened only for short
period of time to prevent excessive heating of the gain medium or pump source.

2. Gain-switched operation: When the pump source (i.e., master laser; usually
another laser with high peak power and short laser pulse) is pumping another
laser (i.e., slave laser) only during short time periods within the time frame of
the excited state lifetime of the slave laser source. Such excitation results in
direct slave laser gain modulation. This technique is widely used for pumping
of high-gain solid-state lasers, such as Ti**:sapphire, Cr**:forsterite, Cr*":YAG,
as well as color center lasers.

V. Ter-Mikirtychev, Fundamentals of Fiber Lasers and Fiber Amplifiers, 99
Springer Series in Optical Sciences 181, DOI: 10.1007/978-3-319-02338-0_8,
© Springer International Publishing Switzerland 2014
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3. Q-switched mode-locked operation: A combined regime when simultaneous
mode locking and Q-switching of the laser takes place, such as when the Q-
switched laser pulse envelope contains mode lock laser pulses, or under con-
tinuous pumping conditions the laser generates a train of such complexly
modulated pulses.

This section provides a more detailed description of the three main laser
regimes. It qualitatively describes the essential differences and challenges of CW
and quasi-CW operational regimes and gives a detailed theoretical and qualitative
analysis of the Q-switch and mode-lock operation. The motivation behind such
different treatments of CW and high peak power regimes is in the different degree
of challenges and issues that researchers face during laser development. For CW
fiber lasers, the main challenge is usually twofold: thermal management and
nonlinearities. Because of the relatively low power level (on a watt to kilowatt
scale), nonlinearities that appear in CW lasers mostly affect power scaling at a very
narrow laser spectral line width in the kilohertz to megahertz range. In high peak
power lasers, such as Q-switched or mode-lock lasers, high peak powers of hun-
dreds of kilowatts to megawatts not only restrict power scaling but also affect
almost all fiber laser parameters, such as spectral line width, damage threshold,
and power stability.

8.1.1 CW and Free-Running Operation of Fiber Lasers

8.1.1.1 Qualitative Descriptions of the Essential Differences
and Challenges

Free-Running Operation

Free-running (or QCW) operation occurs when the laser-active medium is excited
by the pump pulses with energies enough to sustain laser operation; no other
intracavity laser components are used to control/modulate the laser pulse temporal
profile. Usually, the pump pulse duration is on the order of the active medium’s
lifetime. Such pumping results in a chaotic number of individual pulses. Pulsed
operation with significantly shorter pumping pulses and high enough peak power
to modulate the pumped laser gain is called gain switching (reviewed later in this
section).

The QCW regime of laser operation is usually applied when one needs to limit
thermal effects in the laser-active medium. The pump is switched on only for a
certain period of time, which is enough to reduce thermal effects, while the laser
pumping process is close to its steady-state condition. For temperature-related
issues, one may consider the so-called duty cycle (DC)—the parameter that shows
how much time the laser is exposed to the pumping within one pumping circle:
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pDC =2 (8.1)
Ty
where 1, is the laser pulse duration and 7, is the distance between pulses
(i.e., period of the pulse train). For instance, if a diode laser with a pulse duration
of 0.001 ms fires one periodical pulse at a frequency of 10 pulses per second
(10 Hz), the diode laser DC is 0.00001 (0.001 %). The DC of CW operation is
therefore equal to 100 % because there are no pulses.

Low-DC laser operation (a few percent or less) strongly reduces the thermal
effects in glass material, which in turn can reduce heat-related damage. At the
same time, applying techniques such as Q-switching still allows one to achieve
very high peak power in a pulse-repetitive mode. When average power is not an
issue and high peak power is required, the QCW operating regime is a very good
solution because QCW laser diodes and laser diode arrays are able to deliver a
large amount of energy into the active medium within a short pumping pulse. In
the case of fiber lasers, for which thermal management requirements are relaxed
compared with diode-pumped solid-state lasers, QCW operating regime is not very
commonly used unless high peak power is required, and it is not limited by bulk
and surface damage of the fiber laser intracavity components. Note that thermal
management issues still exist in fiber lasers due to finite heat dissipation in gain
fiber and thus need to be addressed. These issues usually occur in the case of high
laser average power and need to be taken into consideration during design and
development. Therefore, the development of new fiber lasers with small quantum
defects is an important task for several applications.

CW Operation

In CW laser operation, the laser is continuously pumped and continuously oscil-
lates in single or multiple longitudinal or transverse modes. The CW mode is
applied when one requires high average power and high power stability of the laser
emission. The CW (or CW-pumped) fiber laser class is one of the most important
and demanded class of lasers for different industrial, military, and scientific
applications.

Like in all other types of lasers, especially solid-state lasers, the CW regime of
fiber lasers follows similar physics and theory. The main difference during the
design and development of CW fiber lasers compared with solid-state lasers is
associated mostly with nonlinear scattering processes and other nonlinear pro-
cesses (some of which should be taken into consideration when designing solid-
state lasers as well). The other nonlinear processes mentioned previously are
associated with refractive index influence by high-power propagating inside the
fiber core. These nonlinear processes include the optical Kerr effect, self-focusing,
cross-phase modulation, and four-wave mixing. In addition, heat management and
damage of the bulk fiber glass and end surfaces are also essential during fiber laser
design. Modeling of the main nonlinear scattering processes, such as stimulated
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Brillouin scattering and stimulated Raman scattering (discussed later), contributes
to successful development.

Despite the widespread opinion that fiber lasers are generally a thermal problem
free system is just not valid opinion without considering level of power under
design. Potential thermal management issues of CW fiber lasers as important as
other with other design parameters. Most development of CW fiber lasers focuses
on power scaling, which is connected to the selection of high-power fiber-coupled
components, such as isolators, pump couplers, and gain fibers with appropriate
core and clad diameters, as well as their numerical apertures.

Presently, the most developed CW fiber lasers systems are based on Yb**, Er**—
Yb**, Er**, Tm™, and Nd**. Free space and fiber-coupled laser diodes used for
pumping mentioned fiber gain materials are available from a number of companies
with power levels of several hundreds of watts. The main challenge in CW fiber
laser commercialization is connected with the development of commercially
available high-power tolerant fiber-coupled laser components. The typical diode
laser wavelengths used for pumping applications are 793, 915, 980, 1,480, and
1,530 nm. Note that several impressive CW fiber laser demonstrations have been
made in achieving high-power performance. Yb>*-based fiber lasers operating
in the 1 pm spectral range demonstrate the following highest power levels
(IPG Photonics, 2011): (a) 50 kW in the MM regime, with M? ~ 30; (b) 10 kW in
the SM regime (i.e., close to diffraction-limited operation) with M ~ 2; and
(c) 1.1 kW in the PM regime with M? ~ 1.1. At the same time, the highest fiber
laser power for the 1.5 pm spectral range with diffraction-limited beam quality is
currently in the range of several hundreds of watts, approaching the 1 kW level
obtained with the Yb>*—Er’* system. Both Yb>* and Er’* fiber laser systems are
pumped with InGaAs high-power diode lasers.

8.1.2 Q-Switched Operation of Fiber Lasers

Q-switched fiber lasers are currently one of the most important and challenging
types of fiber lasers because they have probably highest potential (when operating
at high average power levels) for different applications (including nonlinear fre-
quency conversion). However, they suffer from bulk and surface damage resulting
from high peak power pulses that interact with fiber material for nanoseconds.

This section briefly reviews the basic theory of Q-switched laser operational
regimes and then mentions the challenges associated with this mode of laser
operation for high peak power fiber lasers. The section begins with general
Q-switch theory and then goes on to the CW-pumped, repetitive Q-switch regime
in fiber lasers.

Q-switching of the laser resonator was first introduced in 1961 by Hellwarth [1]
and experimentally demonstrated by McClung and Hellwarth in 1962. The main
idea of laser cavity Q-switching is that the laser should produce high peak power
and short pulses if the laser resonator Q factor changes rapidly from its highest
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value to the lowest (i.e., when intracavity loss changes from a high to low value).
Initially, laser action is disabled by introducing a high loss (low Q condition).
During such a low Q condition, pump power builds up the inversion population;
when the latter reaches its peak value, the laser cavity Q factor switches to its high
value (i.e., intracavity loss is removed). As soon as the laser cavity Q factor is
high, radiation starts to build up inside the laser resonator from its spontaneous
emission. After a certain period of time (buildup time or delay), due to the high
value of the inversion population, the laser dynamically (through stimulated
emission) generates a high intensity pulse within a short period of time, which is
called the Q-switched laser pulse or giant pulse (Fig. 8.1).

8.1.2.1 General Analyses of the Laser Q-Switched Operating Regime

Following the original work of Wagner and Lengyel [2], consider a laser cavity
with two end reflectors: gain medium and Q-switch device. Here, formulas for
calculating the main parameters of the laser emission in Q-switch mode of oper-
ation are outlined.

In their analyses, Wagner and Lengyel [2] introduced the normalized variables:

N
n=_— (8.2)
No
where N is the population inversion per unit volume and N, is the number of active

ions in the volume element (concentration).

Fig. 8.1 Inversion in the
Q-switched pulse (Reprinted
with permission from [2])
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The normalized initial and final population inversions per unit volume for the
high (7;) and low (7iy) Q state of the laser cavity during the pump process are
related by the following transcendental equation:

n;

n; — iy = iy - In (@) (8.3)

where the 71y, population inversion density at the threshold can be expressed as:

In |:R]1R2:| + NooaL

8.4
ZN()(O'C] +Ga1)L ( )

fh =
where R; and R, are reflectivity of the laser cavity mirrors, g, and o, are the
emission and absorption cross-sections of the laser-active ion at laser wavelength,
Ny is the total concentration of laser-active centers, and L is the fiber gain medium
length. Output energy of the Q-switched laser pulse can be expressed as follows:

1
E[, = hVL;VN() . (ﬁi — flf) (85)

where V is gain volume, Ny is the number of active ions in the volume element
(concentration), & x vp is the photon energy at laser emission frequency, and
y =14 g2/g1, g1, 82 are degeneracies of the upper and lower laser levels. Note
that for a three-energy level system with no degeneracy g>/g1 =1, y = 2. For a
four-energy level system, y = 1.

Consequently, the duration of the Q-switch pulse is:

n; — nr
I, = Tres ! -
i —ﬁ[h[l —l—ln(—h)}

where Tyes = L-n/c - Ty is the lifetime of the laser photon in the laser resonator;
I'ioc is the total, single-pass logarithmic loss of the cavity (useful laser logarithmic
output plus intrinsic logarithmic loss; i.e., In(1 — Tiy,), where Ty, is the overall
intrinsic loss of the intracavity medium), and r is the intracavity refractive index.
It can be expressed as follows:

Tt = —[In(VRIR:) 4+ In(1 = Tiny)] (8.7)

Therefore, the peak power of the Q-switched laser pulse is:

(8.6)

E
Ppeak ==L (88)
t[’
or
1 VNohv
Pocaie = 5 [ Jog (s /1) + i — 1] ( TO L) (8.9)
res
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8.1.2.2 CW-Pumped, Repetitive Q-Switching Regime Analyses

We will start by estimating the maximum obtainable pulse energy from a
CW-pumped Q-switched laser. The maximum extracted pulse energy from a
CW-pumped Q-switched laser is given by [2, 3]:

1
E, = th;VAN (8.10)

where hvy, is the laser photon energy, V is the gain volume, and AN is the pop-
ulation inversion difference per unit volume (non-normalized) between high (&;)
and low (Np Q mode of operation:

AN = N; — N (8.11)

Note that because most practical CW-pumped lasers are four-energy level (or
quasi-four-energy level), we will assume that y = 1. We also assume that N;{(Nr,
which is valid for four-energy-level laser systems, and No, = 04 X I, X T21 X Ny,
which is an asymptotic value of the population inversion that is reached during the
time duration between laser pulses larger than the time of spontaneous decay 15,
under a pumping intensity /,. Then, solving a rate equation that describes the pump
circle can give us the following expression for the time-dependent population
inversion:

N(f) = Noo — (N — Ny)exp <— é) (8.12)

Consequently, for the repetitive Q-switching with pulse repetition rate f, the
maximum time available for the inversion population to build up between laser
pulses is:

At = — (8.13)
f
Therefore, the expression for the value of population inversion achieved during
such a buildup of time becomes:

1
N;i =Ny — (Noo — Ny)exp| —— 8.14
( 2 p( wif ) (814)
In the approximation of ASE free operation (i.e., when Ny is negligibly small)
and in the case when the laser is Q-switched with repetition rate f, we can express
the population inversion difference per unit volume between high (V;) and low (N))
Q modes as follows:

v == Npexp (= ) = (1= e |- ()] (8.15)
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The output laser power in the CW regime is proportional to the difference of
population inversions in the absence of stimulated emission (N,) and that at the
laser threshold (Ny,) and can be expressed as follows:

T (Noo _Nth)
Pow=—r— |V V—F 8.16
v (T + LRT) ' 121 ( )

where 1 is the upper laser level lifetime, T is the transmission of the laser output
coupler, and Lyt is the laser cavity round-trip loss.

The threshold value of population inversion (similar to the previous paragraph)
can be expressed as follows:

1 L
ln [m} =+ N()GaL

No =t 1 o)L (8.17)
Consequently, the Q-switched laser pulse energy can be expressed by:
E, = hv,VNy (1 — exp [%f]) (8.18)
or
E, = (PcwTa1 + Nnhv V) - (1 — exp [%}) (8.19)

Knowing the fiber laser output power in the CW regime and the active ion
spectroscopic parameters along with the gain fiber geometrical parameters, one
can calculate the Q-switched laser pulse energy.

Laser average power can be expressed as:

Py = hvpV(N; — Ny 8.20
! (T+LRT> Y /) (820

Finally, we will give an expression for the ratio of the CW-pumped Q-switched
laser average power and output power in CW operation because this is an
important measure of the laser performance:

Pav _fro [ Ni =Ny (8.21)
Pcw T Noo_Nth .

where T is the transmission of the laser output coupler.

8.1.2.3 Damage Problem

In optical materials, laser damage is a complex subject because of the many factors
affecting the phenomenon, such as the presence of material volume defects and
surface polishing quality. Creating a single model that can describe laser-induced
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damage at different power levels and different qualities of the material irradiated
by the laser beam appears to be a very challenging task. Nevertheless, a few laws
were found to describe fairly well the bulk and surface damage thresholds of
dielectric materials, thus providing a ballpark value of the damage threshold.

The well-established square root law [3] describes the bulk damage of solid-
state materials, such as crystal or glasses, and can be reasonably well applied to
fiber laser systems. As is well known, the energy fluence [J/cm?], which corre-
sponds to the limit when bulk damage start appearing in dielectric solids such as
crystals or glasses, can be expressed as follows [4]:

F~25x /1, (8.22)

(F = 10 x /1, for the case of surface damage ) (8.23)

where 1, is the laser pulse duration expressed in nanoseconds. This formula works
quite well for nanosecond pulses longer than 5-10 ns, which is the case of most Q-
switched fiber lasers. (For pulses close to 1 ns in duration, this formula may not be
as accurate.) Assuming several meters of total fiber laser cavity roundtrip time,
which gives a pulse duration of tens nanoseconds for the Q-switch pulses, we can
see that if the pulse duration is 25 ns, the maximum allowed laser pulse energy
fluence when the laser fiber is in bulk damage-free condition is ~125 J/cm®. If we
take the gain fiber diameter of 30 um, which is almost the highest currently
commercially available for diffraction-limited operations, the allowed pulse
energy is about 880 J, which in turn corresponds to about 30 kW of pulse peak
power. For comparison, Q-switched solid-state lasers such as Nd:YAG can easily
exceed tens of millijoules in pulse energies and over a megawatt of peak power in
damage-free operation because of the bigger mode size of solid-state lasers. The
typical damage pattern of the fiber laser output resulting from high peak power
output laser pulses is illustrated in Fig. 8.2.

Another challenge of high peak power fiber lasers (which include Q-switch and
mode-locked systems) is to suppress the so-called self-phase modulation (SPM),
described in more detail later in the book, and in such a way to preserve the
original or required spectral line width of the laser. This is usually achieved by
properly designed gain fiber core diameter and length, as well as the profile of the
laser pulse propagating inside the fiber. The ratio of the rise time of the laser pulse
to the pulse duration is critical for SPM (and therefore the resultant laser spectral
line-width), which can be minimized by using Gaussian laser pulses. The laser line
broadening due to SPM is maximized with super-Gaussian laser pulses.

Note that when the pulse duration approaches the 1 ns barrier (or less), the
optical breakdown processes, which include avalanche ionization and avalanche
breakdown, are too slow. Therefore, the damage threshold for short laser pulses
with sub nanosecond durations (or even below 10 ps) is usually higher. This fact
explains why short-pulse fiber lasers (especially mode-locked fiber lasers,
described in the next section) are more successful in scaling the fiber laser pulse
energy up to several millijoules and peak powers of ~10 MW and higher.
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Fig. 8.2 Typical fiber core
damage pattern from self- r
pulsing or high peak power
pulse propagation inside the

fiber core (Panda-type fiber is
shown)

Long cavities in fiber lasers are problematic for short Q-switch pulse production
directly from the fiber laser oscillator. Therefore, researchers and engineers use a
master oscillator power amplifier system (MOPA; discussed later in the book) in
fiber laser systems when the seed laser is amplitude/intensity modulated with a
required short pulse duration; therefore, it is subsequently amplified to the nec-
essary power level using fiber amplifiers (usually in several amplifications stages).

8.1.2.4 Surface Versus Bulk Damage

Usually, the surface damage threshold is a factor of 2-5 times lower than the bulk
damage. In crystallography, the surface of the material represents a special type of
crystal lattice defect; therefore, the surface damage threshold is expected to be
lower than that of the bulk damage threshold. The surface damage threshold
reduces by a factor of 4-5 compared with the bulk damage threshold [5]. In fibers
that are mostly made of silica glass (especially those of high-power fiber lasers),
surface damage on the connectors or bare fiber ends is typical. Keeping the fiber
end surface clean usually extends damage-free operation.

8.1.2.5 Q-Switch Fiber Laser Example

An interesting example of a Q-switched fiber laser is shown in Fig. 8.3, which is a
schematic of a laser designed by Chen et al. [6] demonstrated enhanced
Q-switching in a double-clad fiber laser with increased peak power by an order of
magnitude compared with conventional Q-switch operation. A pulse duration of
~2 ns and peak power of ~3.7 kW were achieved. As seen in Fig. 8.3, the laser
employs an acousto-optical modulator (AOM) as a Q-switch intracavity device.
The authors enhanced peak power by using a stimulated Brillouin scattering
process, which reduced the laser pulse duration and subsequent amplification in a
double-clad fiber with a high level of inversion population. An increased level of
inversion population and reduced ASE level can be achieved by implementing
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Fig. 8.3 Setup of an enhanced Q-switched Nd** fiber laser. LD Laser diode, MM Multimode
fiber, SM Single mode [6] (Image courtesy of the Optical Society of America)

diffraction-order resonant operation of the AOM, which completely blocks the
laser cavity mirror during buildup of inversion.

Unlike other solid-state lasers, fiber lasers have a very high gain. The AOM
based Q-switch is often used when operating in the non-zeroth diffraction order for
the feedback. In other words, the laser cavity mirror is aligned along the axes of
the diffraction order (usually first) and the AOM shutter is on when the radio-
frequency (RF) power is applied. In this way, when the cavity is closed (i.e., when
no RF power is applied to the AOM modulator; low Q condition), the ASE is not
supported by the cavity mirrors and does not get reflected back into the gain fiber.
The cavity mirror is completely blocked from possible feedback during inversion
buildup. When RF power is applied, the intracavity laser beam gets deflected into
the diffraction order and the resonator mirror starts providing feedback to the gain
fiber. The Q-switch pulse starts its buildup and eventually gets emitted.

8.1.3 Mode-Locking of Fiber Lasers

Mode-locked fiber lasers attracted the attention of researchers mainly because they
can simultaneously produce several important laser parameters, such as high peak
power, high average power, relatively high pulse energy, high repetition rates, and
diffraction-limited beam quality. These unique properties of mode-locked fiber
lasers can be explained by several properties of fiber lasers in general, as well as by
mode-locked lasers themselves.

First of all, because of the nature of line broadening in laser glass, the gain band
of rare-earth-doped fibers is quite broad (on the order of tens of nanometers). This
in turn allows the generation of the femtosecond laser pulses. In contrast, the
inhomogeneous nature of the broadening of the spectral lines in glass is
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problematic for an energy-efficient narrow line-width in the glass laser oscillator.
In the fiber laser, however, because of the high gain that comes from the long fiber
length and small core diameter, this type of glass laser is quite power efficient.
Secondly, the high gain of fiber laser material allows the the fiber lasers to operate
with quite low pump powers and to use intracavity optical elements with relatively
high optical losses. Several dispersion compensation elements used in mode-
locked fiber lasers cannot be used in traditional bulk solid-state lasers.

8.1.3.1 General Analysis of the Laser Mode-Locking
Operating Regime

The regime of so-called mode-locking in lasers has been studied since the early
1960s. In laser literature, several published reports on the mode-lock operation of
the laser appeared in 1963. Since that time, laser mode-locking has been studied
extensively, both experimentally and theoretically [7]. This section gives a general
analysis of the mode-locking regime of the laser operation.

In a free-running regime of operation, the laser oscillation is a complex com-
bination of transverse and longitudinal modes without phase or amplitude corre-
lation between modes. It is interesting to consider a situation in which the adjacent
longitudinal modes under passive (from passive intracavity devices) or active
(from active intracavity device) modulation are forced into constant phase dif-
ferences between each other. The process that leads to the establishment of such a
fixed adjacent longitudinal mode phase separation is called mode-locking.

During the mode-locking process, the laser system starts from noise, which
consists of a series of short, irregular pulses with irregular phases. These pulses are
travelling back and forth between the two end mirrors of the laser resonator and
are amplified by each transit in the laser-active medium. Kuizenga and Siegman
[8] developed a theory describing mode-locked laser operation, predicting the
mode-locked laser pulse duration and the mode-locked laser spectral bandwidth.
According to Kuizenga and Siegman [8], there are two competing mechanisms
affecting the creation of intracavity laser pulse width during the mode-lock regime.
The first mechanism is due to the laser gain, which leads to the bandwidth-limited
gain factor and thus a reduction in the spectral width of the intracavity laser pulses,
therefore lengthening the pulse width in each transit. The second mechanism is
related to the effect of the modulator. The modulator shortens the pulse by
affecting the pulse tails due to the time-varying transmission of the modulator.

The equilibrium condition between the lengthening from the active medium
and shortening due to the modulator eventually determines what the steady-state
pulse width is. The pulse gets shorter per transit, and one pulse per roundtrip time
is selected. In a spectral domain, the development of the mode-locked regime is
related to the amplitude modulator’s modulating frequency. If the amplitude is
modulated with a sinusoidal modulation at a frequency A, which is equal to the
inverse value of the laser resonator round trip, the sinusoidal modulation of the
central mode at the modulation frequency produces sidebands at @ £+ Aw,,. These
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sideband frequencies injection-lock the adjacent modes, which in turn lock their
neighbors. According to Kuizenga and Siegman [8], in the case of the amplitude
modulation (AM) type of the intracavity optical modulator, the mode-locked laser
pulse width and the laser pulse spectral bandwidth are as follows:

VIn2-v2 [go-L\? 1 \?
At, = . - (8.24)
T (31 m " Avg
V2-In2v2 [go-L\* 1 7z
Av, = . . (8.25)
1 (31 m " Avg

where Avg is the gain bandwidth of the laser medium; f;, is the modulator fre-
quency, which is expected to be close to the inverse value of the roundtrip time; g,
- L is the laser gain, and ¢, is the modulation depth. Note that for the case of AM
modulation, the pulse width-bandwidth product is Az, - Av, = 0.44. (Av, is the
spectral bandwidth of the mode-locked Gaussian pulse.)

Further assume that the laser demonstrates M longitudinal modes. The electric
field of an individual mode i can be expressed by the following formula [7]:

En(z,t) = Egpsin[o,t + ¢,,] - sinfk,z] (8.26)

where z is the coordinate along the propagation direction, Ej,, is the mode field
amplitude, w,, is the mode frequency, c is the speed of light, ¢,, is the phase of the
field of the mth mode, and k,, = w,,/c is the wave-number of the mth mode.

If we introduce the central frequency w, of the laser emission spectrum, the
following formula will describe the spectral position of each of the m longitudinal
modes:

W = W + mAwres (827)

where Awm,s is a spectral separation of equidistant longitudinal modes of the
Fabry—Perot interferometer located on the frequency axis (expressed in hertz):

2
Awres = # =27 X Avreg (8.28)
In the case of fiber analysis, the speed of light ¢ has to be replaced in this
formula by c¢/n, where n is the fiber material refractive index. L is the distance
between laser cavity mirrors.
The resulting time dependent electrical field at point z can be expressed as:

S

-1
E(z,t) = Eomsin(wpt + ¢,,) - sin(ky, - 2) (8.29)

m

Il
o

During a free-running regime, in the case of the homogeneously broadened
spectral line, individual laser modes undergo amplification during the round trip of
the laser cavity across the whole gain band of the laser medium. However, because
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of the limited gain bandwidth and gain distribution inside the gain band, not all
modes amplify evenly. Those modes whose spectral frequencies are at the wings
of the gain profile undergo much less gain and therefore join the laser oscillation
with a delay, compared with a mode corresponding to the central frequency of the
gain band. After a number of the round trips, the free-running laser spectral
bandwidth therefore gets narrowed compared with the luminescence band and
even the spectral width of the gain band. The individual spectral modes, however,
are not locked, and the mode phases are not related. In the case of multilongitu-
dinal mode oscillation, the frequency resonances appear not only at the frequencies
of the longitudinal modes, but also on their nonlinear (parametric) frequency
mixed modes because of the mode interaction. This in turn further complicates
achieving a steady state condition of the laser.

In addition, inhomogeneously broadened spectral lines, which take place in
fiber lasers, contribute additional characteristics to the laser dynamics. These
contributions are related to additional frequency variations, variations of the
relaxation oscillations, and frequency interactions within the inhomogeneously
broadened spectral line envelope [3, 9, 10]. Mode competitions and phase varia-
tions inside the oscillating spectral band result in the variation of frequencies of
each mode. The unlocked laser is therefore noisy. In general, if the laser cavity
lifetime is long compared to the lifetime of the population inversion, the laser
tends to be stable. If, however, the lifetime of the population inversion is long
compared to the laser cavity lifetime, the laser is unstable and demonstrates
spiking in its temporary profile. On the other hand, when the mode phases are
locked, the field of each mode reaches the maximum at the same time. The mode
competition in a locked laser therefore does not exist, and all modes are equi-
distantly positioned in the frequency domain. Note that the noise in mode-locked
lasers is significantly reduced by several orders of magnitudes compared with a
free-running (i.e., unlocked) regime.

Consider the electric field inside the laser cavity. The intracavity electric field in
a standing-wave laser resonator can be expressed as:

<

—1

2
E(z,1) = Y Eom(expliknz] — exp[—iknz]Jexp(iont) (8.30)
!
and
M1
E(z,t) = Z Eom(explikmz] — exp[—ikmz])exp(i(wo + mAwres)t) (8.31)
m=0

where z is the coordinate on the laser axis 0 < z < Ly, Ly 18 the resonator length,
k,, is the wave vector of the mth individual mode:

m2n

l‘TCS

o) 1
km = T = E(wO +mAwres) =ko +

(8.32)
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where m =0, 1, ... M.
The resultant field of the M modes is the following sum [7]:

E(z,1) = exp[ (a)ot — koz + )} Z Egmexp [zm (Awmt an ﬂ
oL res
+ exp|i { (coot + koz — —)} Z Eomexp [zm (Awmt + resﬂ

Equation 8.33 shows that the field is modulated with the frequency Aw, inside
the pulse envelope. Therefore, the distance between individual pulses in the
envelope is equal to the laser cavity roundtrip . The front terms in each part of
the above expression describe the light inside the laser cavity travelling to the right
and to the left. The terms under the expression maximize at z = 0 (one of the
cavity mirrors) and ¢ = 0, that is, in the points where the high-intensity pulse is
created. The new maximum appears when ¢ = 7/Aw at a distance of z = Ly,
which corresponds to the location of the second laser cavity mirror.

When z = 0 (at one of the cavity mirrors), the intracavity electric field can be
expressed as:

(8.33)

1
E(t Z Eomexp(—i(wo + mAwye)t +i,,)
2 (8.34)

i
+5 mZ:O Eomexp(+i(wo + mAorest) — igh,,)

All these modes will be locked once the following condition for phase is
achieved:

Po=¢1=""=0, (8.35)

If we assume for simplicity that, for all values of m, the amplitude of the
individual field is Ey,, = Ey and the phase of individual field is ¢,, = 0, one can
obtain the following sum for total electric field value:

—1

E(t Z Epexp(i(wp + mAmyes)t) Z Epexp(—i(wp + mAwyes)t)
m 0
1 . exp(—iMAWest) — . exp(+iMAWest — 1)
~—_E —iwot t
270 [exp( feoot) exp(—iAwyest) — 1 + eXp 1o exXp(+iAwyest)
: 2 (MAWest
sin ( m) Awyes
—Ey— 2/ M1 t
S ) cos (wo+( )=

(8.36)
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Therefore, the laser intensity becomes:

sin? (%) 1 — cos(MA®yest)

1(t) = [ =1
) =to sin? (%) 971 = cos(Awyest)

(8.37)

Equation 8.37 shows that the laser field is modulated with the function F(?):

1 — cos(MAwyest)

Flr) = 1 — cos(Awpest) (8:38)

where frequency Awyes = 27mc/Lyes. Therefore, the distance between individual

pulses in the envelope is equal to the laser cavity roundtrip, #,y = 2L./c (Fig. 8.4).
The number of modes that can be locked is related to the gain bandwidth of the

laser-active medium Av, and the distance between adjacent longitudinal modes:

M= A (8.39)
Avieg
Fig. 8.4 The mode-locked (a)
laser intensity /(¢) for two 120
numbers of oscillating
modes: M = 5 and M = 10. M=10
a The pulse shape envelope is 9 s / ; ;
not taken into consideration. o ] ]
b The Gaussian pulse shape - o :: ::
envelope is taken into 15,0 ¢ *: " "
consideration — :. " "
' "
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To estimate the mode-locked laser pulse-width, we assume that it corresponds
to the half of the time span between zeros of the function F(¢):
2 2L 2n

- MAws  Mc - Awy, (8.40)

At,

where Awp = MAw, is the total laser spectral band width.

As a result of the uncertainty principle between the intensity of the individual
laser pulse and its phase, one can obtain the following expression for the shortest
pulse obtainable during mode-locking operation of the laser, which is:

C T

At, = — =
’ Ave, M

(8.41)
where constant C is the time bandwidth product. Constant C is equal to 0.44 for
Gaussian-shaped pulses and 0.315 for sech’-shaped pulses. The latter is very
important in optical soliton laser oscillation and soliton pulse propagation. One can
see from Eq. 8.41 for the minimum pulse width of the mode-locked laser that the
minimum pulse duration is inversely proportional to the number of the locked
longitudinal modes. In other words, under similar other laser parameters, the more
longitudinal modes that are locked, the shorter pulse the laser is expected to
generate. Therefore, active media with very broad emission spectra (e.g., transition
metals in crystals, color centers, liquid dyes, laser-active glasses) are the most
promising laser materials for ultra short pulse generation. For the same inter
longitudinal mode distance for the laser resonator mentioned above, laser gain
materials may cover a very big number of spectral modes.

It is interesting to compare the laser intensities for two cases: free-running
(unlocked) and mode-locked lasers. Assuming the laser demonstrates M operating
modes, the peak and average power of the laser depend on the locking conditions
of the individual laser modes. In the case of unlocked lasers, both average and
peak power are proportional to the number of modes M:

Prrav ~ ME(Z)m (8.42)

Ppeak,FR.m ~ ME(z)m (843)

In the case of mode-locked lasers:

PM*L,,AV ~ ME(Z)m (844)
t
Poeak MLm= MPES, = -"Payy1L (8.45)
A,
Therefore:
Ppeak,MfL,m

=M 8.46
Pavy-1 ( )
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One can see that the ratio of the average powers for these two regimes equals to
1, whereas the ratio of the peak powers is equal to M. One can also see that the
peak power of the most intense mode-locked laser pulse is M times higher than the
average power of the same laser. Therefore, in mode-locked lasers, the peak power
has a strong dependence on number of modes. By knowing the laser cavity’s
geometrical parameters, such as cavity length, the mode-locked laser average
power, and pulse duration, one can estimate the individual pulse peak power.

A generalization of the expression for the mode-locked pulse duration for the
case of so-called Chirped pulses (i.e., when there is a linear frequency shift during
the pulse) can be written as follows:

s (22)) (0 () 847

where o is the Gaussian parameter (envelope) of the pulse and f is the pulse Chirp,
both of which are determined from the electrical field of the laser pulse:

E(t) = %Eoexp(—atz)exp [i(2nvet + )] (8.48)

In the time domain (i.e., oscilloscope trace), the regime of the laser mode-lock
operation is viewed as a train of ultrashort laser pulses separated by a time dif-
ference equal to the laser cavity roundtrip time. Depending on the type of mode
locking, the train of mode-locked pulses may either be enclosed on the Q-switched
pulse envelope (Fig. 8.5) or simply represent a traveling pulse train (Fig. 8.6).

221935059 = Qo

Fig. 8.5 Q-switched-mode-locked pulse train in a Yb3+—doped fiber laser [26]. (Image courtesy
of IOP)



8.1 Temporal Regimes 117

5000V 13 5899 - QOOF  100nS

A I I

NGO

Fig. 8.6 Continuous wave mode-locking pulse train in a Yb>*-doped fiber laser [26]. (Image
courtesy of IOP)

(The distance between two pulses on these figures, which corresponds to the
resonator roundtrip time, is approximately #; ~ 50 ns.)

Similar to Q-switching, mode-locking of the laser can be realized using active
and passive techniques. In the case of active mode-locking, one needs to modulate
the laser resonator parameters with a frequency equal to (or equal to integer
number) the frequency difference between adjacent longitudinal modes. Usually
this type of mode-locking is realized using acousto-optical modulators, electro-
optical modulators, synchronous pumping, or optically modulated saturable
absorbers. In the case of passive mode-locking, a special passive nonlinear optical
element is introduced into the laser cavity. Several techniques have been devel-
oped to implement passive mode-locking of the laser. Among those the most
widely used are the saturable absorber (SA), Kerr lens mode-locking (KLM), and
nonlinear polarization rotation (NLPR). For extended study of the mode-lock laser
regime, the reader is referred to existing textbooks on laser physics [3, 9, 11].

Fiber lasers use both active and passive techniques to achieve the mode-locked
regime of operation. Similar to the case of bulk lasers, these techniques include
semiconductor saturable absorbing mirrors and acousto-optical switches. Nonlin-
earities in fibers, such as production of solitons, are widely used in production of
ultrashort laser pulses.

A typical mode-locked fiber laser cavity consists of rare-earth-doped gain
fiber, an intracavity intensity modulator (passive or active), a pump-coupling
device (e.g., WDM), end mirrors (in case of standing-wave cavity), and an
intracavity dispersion compensating device (e.g., a grating pair). The large normal
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group-velocity dispersion of the intracavity fiber is compensated for or balanced
by a dispersion compensation of the grating or prism pair. A problem associated
with mode-locked fiber laser systems comes from polarization dependence of the
intracavity intensity modulator performance. Usually, thermal perturbations cause
polarization drift in the fiber, which in turn produce an unstable fiber laser output.
There have been several solutions to this problem, including the use of polariza-
tion-independent modulator technology or all intracavity fibers, such as polari-
zation-maintained (PM) fibers.

Note that having pulse durations in the subnanosecond range (as was mentioned
earlier) is not enough to develop a time-dependent avalanche process, which leads
to material breakdown. Mode-locked fiber lasers, especially those with pulse
durations of less than 10-20 ps, have much higher glass damage threshold than
Q-switched lasers. Mode-locked fiber lasers have several important applications in
fundamental research and industry. They are also successfully used for nonlinear
frequency conversion to ultraviolet, visible, and infrared spectral ranges because of
their high laser peak powers.

8.2 Spectral Regimes
8.2.1 Wavelength Tunable Lasers

Fiber lasers, like most solid-state lasers, demonstrate similar techniques and
schemes for wavelength tunable operation. As in their solid-state laser counter-
parts, tunable fiber lasers consist of the following main parts: gain medium, optical
resonator mirrors, and wavelength dispersive element. As in solid-state lasers, the
wavelength dispersive element can be a separate part of the fiber laser resonator or
it can act as one of the fiber laser resonator mirrors.

This section briefly reviews some commonly used types of dispersive elements
that are used in the design and development of tunable fiber lasers: diffraction
gratings, prisms, birefringence plates, and intracavity etalons or their combination
(e.g., grating-prism based tunable lasers). However, this list is not limited to these
wavelength dispersive elements. For example, some intracavity wavelength dis-
persive systems, such as acousto-optical deflectors and tilted Fabry—Perot etalons,
are also used by researchers. Again, as in other solid-state lasers, both CW and
Q-switched laser operation regimes can be achieved for tunable fiber lasers.

8.2.1.1 Diffraction Gratings Based Tunable Lasers

Diffraction gratings are probably the most commonly used element in solid-state laser
resonators. The popularity of this tuning element is due to its high wavelength
selectivity (dispersion). However, metallic gratings have a relatively low damage
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Fig. 8.7 Schematic and ray (a) m=0
path in a plane
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threshold, especially for the high peak power Q-switch nanosecond pulses and
high pulse energies of the laser (i.e., ~1 J/cm? [12], although they withstand
>150 kW/cm? power densities in the CW mode, as in the case of the 10.6 pm
wavelength of the laser beam and power densities of more than 200 W/cm? [13, 14]).

Different gratings are presently used for different schemes of the tunable laser
resonator and wavelength range. The groove density of the commonly used ruled
gold- or aluminum-coated metallic diffraction gratings for tunable laser applica-
tions typically range from 300 to 1,200 grooves/mm. The groove density of the
holographic gratings, which have greater dispersion than that of the ruled gratings,
can reach 3,600 grooves/mm. Note that ruled diffraction gratings are successfully
used in the infrared range of the spectrum, where their reflectivity is very high
(over 95 %) in wide spectral range; holographic grating can be used in the visible
and ultraviolet spectral range.

This section outlines the most important parameters of diffraction grating for
laser tuning applications. In the Littrow configuration (Fig. 8.7b)—that is, when
incident and diffracted rays are in autocollimation—the input and output rays
propagate along the same axis (one of the most commonly used geometries, as
described later).
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Consider a reflective diffraction grating with the groove density d operating in
the mth diffraction order, as shown in Fig. 8.7a.

Let us derive analytical expression for the diffraction grating angular dispersion
because it plays an important role in the field of tunable lasers. A general, well-
known relationship between the angle of incidence o and the angle of diffraction
B, in the case of reflective diffraction grating operating in the mth order of dif-
fraction in a vacuum (n = 1) can be expressed as:

)\/
sina + sin 8, = % (8.49)
where d is the grating period (i.e., the inverse value of the grooves’ density 1/d).
The angular spread df3,, of the spectrum of the diffracted beam in mth order in
the diffraction for wavelength span of d4 is called the angular dispersion Dgaing,

which can be expressed as follows:

dp,, m

Dgrating = H = —dCOS,B (850)

Substituting the ratio of the diffraction order to the groove period from the
general diffraction grating relationship given above, one can obtain the following
general formula, which relates the angular dispersion, incident angle, diffraction
angle, and the wavelength:

dp, _ sina+sinf,

D ratinge — — . — 851
sraine =g, Jcosp,, (8:51)

In the case of Littrow configuration (Fig. 8.6b), « = f§, one can obtain the
following expression for angular dispersion:

tan(a)
A

where o is the angle of incidence and 4 is the wavelength.

For the diffraction gratings used in tunable laser resonators, the most important
case is when the grating period produces only two working orders: zeroth and first
diffraction order. In this case, intracavity losses introduced by the grating are
minimal because the diffracted beam is used for the positive feedback in the laser
resonator and zeroth order radiation is used for the output coupling. The diffraction
grating period that corresponds to the Littrow (i.e., autocollimation) configuration
can be defined as follows:

Dgrating =2

(8.52)

34
< dLittrow < 7 (853)
The minimum spectral transmission of the diffraction grating-based resonator
can be calculated using the following formula:

SIS
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2(2n2)** )
T DgralingWO

Avmin = (854)
where wy is the radius of the intracavity laser beam on the grating surface.

As was previously mentioned, the most common way to use a diffraction
grating in solid-state (or fiber) tunable laser is a first-order retroreflection
(Figs. 8.7b, 8.8). In some cases, the incident power is divided between the zeroth
and first diffraction-order reflections. In this case, the diffraction grating acts as one
of the laser resonator mirrors (i.e., output coupler; Fig. 8.8). The collimated
intracavity fiber laser beam is directed onto the diffraction grating and the first
diffraction order is retroreflected back into the laser cavity. The laser output is
coupled out through zeroth order of the grating diffraction. Rotating the grating
around its vertical axis allows one to tune the wavelength of the radiation coupled
out of the laser through the zeroth diffraction order. However, with the grating
rotation, the output beam is steered; to achieve unidirectional output beam prop-
agation, one may need to consider putting a high reflecting mirror next to the
diffraction grating, which will create 90° with the mirror plane.

Another scheme, called the grazing incidence configuration, is used when more
selectivity is required (Fig. 8.9). In this case, the diffraction grating is coupled with
a mirror (or another grating), which returns the first diffraction-order reflection
onto the grating for the zero-order output. The mirror rotation is used to achieve
wavelength-tunable operation in the output beam. In this configuration, while the
laser line-width gets narrower, the laser may be less power efficient due to
increased intracavity loss (especially in the case of grazing incidence: double
grating configuration).

Usage of the diffraction grating in a laser resonator should be realized in the
location where the intracavity laser beam is collimated. This can be accomplished
by placing the grating either at the end of the cavity just after the collimator
(standing-wave resonator) or in one of the collimated ports of the intracavity fiber
circulator (standing wave or ring cavity).

Fig. 8.8 Experimental setup 0t order output
o.f a tur'lable ﬁber lflser with Dichroic
diffraction grating in the Mirror \
Littrow configuration N\
Gain Fiber S\
PUMP 1st order

L Lens
ens \ Diffraction
Grating
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8.2.1.2 Prism-Based Tunable Lasers

The simplest and most cost-effective dispersive intracavity laser element is a
simple optical prism. Material selection is usually dictated by the spectral range of
operation and required dispersion, which is proportional to the prism refractive
index. Fused silica is commonly used for the visible and near-infrared spectral
range, where the highest possible dispersion is not required. In the same spectral
range, prisms made of sapphire, YAG, or flint glass are used for higher dispersion.
In the long wavelength range of the optical spectrum (i.e., near or over 3 pum),
CaF, or similar crystals are widely used. In the ultraviolet spectral range, crys-
talline quartz is a good choice because it has high transmission in this spectral
range. Because most laser systems are polarized, Brewster angle prisms can be
used, which can provide minimal intracavity loss for S polarization. Note that a
prism-based intracavity tuning element is one of the most power tolerant because
its damage threshold is determined only by a surface and bulk damage threshold of
the prism material, which is very high compared with metallic grating or even an
etalon (which has reflective coatings with limited damage threshold; described
later in this chapter).

Figure 8.10 shows a prism-tuned fiber laser schematic similar to that used by
Hanna et al. [15]. The design employs a high-dispersion prism set consisting of
three prisms (for increased dispersion) between a fiber end and feedback mirror
(output coupler). The tuning is achieved by angular adjustment of the mirror close
to the prism. If high reflecting mirrors are used on both resonator ends, the output
radiation is coupled through the reflection from one facet of the prism. Note that a
similar dispersive resonator is widely used for tunable solid-state lasers, such as
Ti**:sapphire laser.

This section provides some formulas to calculate the prism-based tunable laser
line-width. Dispersion of the single prism-based resonator with the prism’s apex
angle, which allows the incident light to enter the prism under the Brewster
condition (tan ®gr = n) on both prism facets, can be calculated by the following
formula:
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Dys = 4% (8.55)
The typical value of the dispersion (dn/d/) in visible spectral range for most
prism materials is ~0.05 mrad/nm. Then, the full dispersion is Ds = 2 X 1074
rad/nm.
For the prism-based laser resonator, the selective loss spectral distribution of
the resonator has the following bandwidth:

61‘69
Dres

0res = V Lioss —— (8.56)
where L, is the total nonselective losses of the resonator at the wavelength of the
laser emission and O is laser divergence. If one assumes Zj 5, = 500 nm, non-
selective losses of L, = 0.01, and laser divergence of 0., = 0.001, then the
estimated bandwidth of the laser emission is close to: JdAes ~ 0.5nm or
OVes ~ 20 cm™!, which obviously points to a not very high selectivity of the
prism-based resonator. The wavelength selectivity, however, can be improved
using a sequence of prisms (Fig. 8.10) or an intracavity prism with a high index of
refraction.

8.2.1.3 Birefringent Tuning Plates (Lyot Filter)-Based Lasers

The birefringent plate-based intracavity tuning element is another example of a
high-power tolerant dispersive element. An intracavity wavelength filter of this
type adjusts the wavelength of maximum transmission by rotation of the filter
(Fig. 8.11).

Usually, a birefringent plate is cut in such way that its optical axis is in the
plane of the plate [16]. Tuning of the wavelength is accomplished by rotation of
the plate about its normal axes. The birefringent plate needs to be located between
two polarizers or the plate has to be oriented at the Brewster angle to the laser

Fig. 8.10 Example of a Output Coupler
prlsm-tuped fiber laser Output D
schematic |
Dichroic
Mirror

Gain Fiber

=[] - oQ

Lens Lens
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Fig. 8.11 A typical Rotation Optical axis
three-stage birefringent filter direction of the crystalline
of the whole

quartz crystal

assembly

Resonator
Beam

Normal to the
plate’s surface

resonator axis. Multiple plates are used for higher filter selectivity. Each individual
plate of the so-called multistage Lyot filter is usually made of crystalline quartz.
Each plate’s thickness differs by an integer number.

Basic formulas are presented here to describe the operation of the birefringent
tunable filter and its main parameters. For the case of the ring laser resonator
(which is very important in fiber lasers), when the plate is inserted into the ring
laser cavity at the Brewster angle (0gRr), Tr is defined as a transmission of the S-
polarized beam through the plate as follows (assuming the P-polarized beam is
transmitted through the plate without loss):

2n

1D (8.57)

T =
where n = (n,+n,)/2, (n, +n.), n,/n. are ordinary/extraordinary refractive
indexes. Then, the ring laser resonator transmission band width can be computed
as follows:

Tplate (e — 1p) Intp

where [,y is the plate thickness.

Figure 8.12 shows a typical linear tunable fiber laser schematic with a bire-
fringent tunable filter as an intracavity wavelength selective element.

A more detailed description of Lyot filters for tunable laser applications can be
found in Hodgkinson and Vukusic [16], Hanna e al. [17] and references therein.

8.2.2 Single Longitudinal Mode Lasers

Longitudinal laser modes (sometimes called axial modes) belong to the frequency
domain of the laser mode structure. While oscillating on a single transverse mode
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(TEMy for open resonators and LPy; for optical fibers) with close to diffraction-
limited beam quality, the laser may oscillate at the same time on several longi-
tudinal (i.e., spectral) modes.

For a laser with the Fabry—Perot resonator length L., spacing of the laser
longitudinal modes is given by:

c

Vies = Lo, (859)

where n is the refractive index of the space between laser cavity mirrors and c is the
speed of light. From this formula, it is clear that the laser resonator mode structure is
a sequence of periodic and equidistant discrete frequencies. If the laser gain
medium has a gain band width that is wider than a longitudinal mode separation and
the laser gain is high enough, several longitudinal modes that fall into the laser gain
bandwidth have a chance to reach the threshold and participate in laser operation.
Oscillation on several longitudinal modes is called multi-longitudinal mode laser
operation.

The number of the longitudinal modes participating in the laser operation can
usually be read as a third mode index. For open laser resonators, the general mode
notation can be read as:

TEMnng (8.60)

where ¢ is the longitudinal mode index. The number of oscillating longitudinal
modes in the laser depends on several factors, including (but not limited to)
intracavity loss distribution at laser frequencies, length of the laser resonator,
pump power, and laser medium gain band. If one is able to reduce the number of
oscillating longitudinal modes to one, the laser starts oscillating on a single lon-
gitudinal mode; that is, it becomes a single-frequency (SF) laser.

8.2.2.1 Single-Frequency Laser Operation

In practice, the goal of selecting a single longitudinal mode of laser operation can
be achieved using several effective and well-developed techniques:



126 8 Main Operating Regimes of Fiber Lasers

1. Using an intra-cavity Fabry—Perot (FP) etalon, which creates its own trans-
mission spectral profile on the background of the laser cavity mode separation and
works as an intracavity axial mode filter.

2. Using a wavelength-dispersive, highly selective laser resonator, which cre-
ates high wavelength-dependent cavity losses on frequencies other than those
selected for laser operation.

3. Using very short laser cavities, in which the laser resonator itself acts as a
highly selective FP etalon (by frequency filter) by introducing increased separation
of neighboring longitudinal modes.

4. Seeding a higher power laser by an SF seed laser, which is injection seeding
based on the forced oscillation of slave (i.e., higher power laser, by injecting low
power, SF master oscillator).

5. Using passive Q-switching, which uses a longer buildup time during passive
Q-switch laser creation compared with that of active Q-switching (longer buildup
times require more laser roundtrips of photons in the cavity, which in turn acts as a
longitudinal mode discriminator).

6. Cooling of the laser gain medium, which is especially important in the case
of solid-state lasers, when the gain medium emission spectral bandwidth gets
narrower during cooling (this technique forces reduction of the laser gain band,
which in turn reduces the number of longitudinal modes participating in laser
action).

Different techniques are used in different types of lasers and at different
operational conditions. This section gives a more detailed review of the techniques
that are more practical and more widely used in fiber lasers.

8.2.2.2 IntraCavity Fabry-Perot Etalon

This technique is an effective method of single longitudinal mode selection in lasers
and is widely used in fiber lasers for longitudinal mode selection (or tenability; e.g.,
with the scanning FP etalon by Micron Optics).

As mentioned previously, the laser resonator longitudinal mode separation is as
follows:

c

AVyes = ————
Vres (2n Los )

(8.61)

From this expression, one see that a thin intracavity FP etalon with a free
spectral range bigger than the laser cavity mode separation can act as an efficient
laser resonator axial mode filter. Here, the basic formulas for the FP etalon are
given. The FP etalon mode spacing, which is also called the free spectral range
(FSR), is determined by the following expression:

c

Av SR — FSRe alon — 5 7 8.62
PR ; 2NetatonLetalon ( )
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where 7egion 1S the refractive index of the material between etalon reflecting
surfaces and Leon 1S the distance between etalon reflecting surfaces (or base of the
etalon). Another important parameter of the FP etalon is its finesse. For a loss-free
etalon, finesse is determined by:

7T(R1R2)1/4

F etalon —

The finesse indicates how much narrower the transmission peak of the etalon is
than the spectral separation between neighboring transmission peaks (i.e., FSR).

One can deduce accordingly that individual transmission peak of the FP etalon
has the following spectral width:

FSRetalon

8.64
F etalon ( )

AVpcak =

As a rule of thumb to achieve a single longitudinal mode operation of the laser,
the etalon FSR.o, should be wider than the laser medium-gain band. It also
requires that FSR of the intracavity FP etalon is wider than the distance between
the neighboring frequency modes of the laser resonator.

In an interesting case of so-called microchip lasers, the laser cavity itself is very
short and acts as a laser resonator and FP longitudinal mode filter. Such lasers were
proposed in the late 1980s and were based mostly on existing solid-state laser
materials such as Nd:YVO,, in which a high concentration of active ions allow
efficient pump power absorption in a thickness of millimeter and submillimeter
scales. With laser mirrors directly created on such thin crystal surfaces, the whole
laser might be less than 1 mm thick and favorable conditions for SF oscillation are
readily available. Microchip laser geometry is difficult to realize in the case of fiber
lasers because of the long length of the fiber laser-active medium. However, SF
microchip solid-state lasers can be used (and are used) as a master oscillators or
seeds in high-power fiber laser MOPA systems.

Another widely used technique to achieve single-frequency oscillation in fiber
lasers is based on the development of so-called fiber Bragg gratings (FBGs). FBGs
can be directly written into the single-mode doped fiber core by recording a picture
of periodical change of the core refractive index using an ultraviolet laser. Such a
picture is a result of the interaction between two coherent ultraviolet laser beams,
usually after a split of a single laser, that are then redirected to create an inter-
ference pattern on the fiber.

The fundamental physical principle behind FBG is Bragg reflection. When light
travels through the region of periodically alternative regions of high and low
refractive indexes, it is partly reflected at each index step. If the distance between
the low and high index of refraction allows all the reflected light waves to add in
phase, then the integrated reflection grows up significantly. This in-phase
reflecting condition can be satisfied for certain wavelengths and is possible when
the doubled distance between two reflections (grating period; i.e., the distance
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between the low and high refractive index areas) is equal to an integral number of
propagating light wavelengths:

)»B = 2nA and LFBG =NA (865)

where A is the grating period, N is the number of the FBG refractive index periodic
variations, and and Lgpg is the FBG length.

It is useful here to give basic formulas for the calculation of the main param-
eters of FBG. There are two main parameters in the design of FBG and its
applications: FBG reflectivity and FBG spectral bandwidth. The FBG reflectivity
can be computed using the following expression [18, 19]:

ﬂéanBc,> (8 66)

RFBG = tan hz(
)LB

where on is the refractive index variation along the grating period.
The FBG spectral bandwidth can be expressed using following relationship:

A/IFBG = (?) )LB (867)

FBGs act as reflectors, and a couple of them inside the laser cavity can create an
FP intracavity etalon. On the other hand, narrow spectral band reflective FBGs,
used as a laser cavity mirror along with short gain fiber, allow the achievement of
the single longitudinal operation of the fiber lasers. Figure 8.13 shows an example
of SF fiber lasers using FBGs as a narrowband output coupler.

Another effective use of FBGs for SF fiber laser operation is a so-called dis-
tributed feedback (DFB) linear laser configuration. In this type of SF fiber laser,
the Bragg grating is written into (or close to) the core of the gain fiber. For
achieving single-sided output, the FBG was written on the fiber by offsetting the
phase shift from the center position by half a grating period [20]. Single polari-
zation is achieved by creating the phase-shifted FBG with ultraviolet light
polarized perpendicular to the propagation axes of the gain fiber by forcing light
photons with certain polarization states to be coupled into the waveguide. Using
such an approach, researchers [21] achieved >20 mW of unidirectional and single
polarization (PER ~40 dB) fiber laser output.

Single-frequency lasers are widely used in science and technology for different
applications, from optical communications and nonlinear optics to sensors of
different types.

8.2.2.3 Minimum Line-Width of the Laser

When lasers operate on a single longitudinal mode, the minimum laser line-width
is determined by the spontaneous emission noise. This is valid for gas and most
types of solid-state lasers. Based on a semi-classical approach, the following
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expression, called the Schawlow-Townes formula, has been obtained for the
minimum laser line-width [22]:

4mhyAv? N>

res

8.68
P N, —N & (8.68)

AVLmin =

where v is the laser frequency, Av, is the laser passive resonator mode spectral
width, g; and g, are degeneracy factors of the lower and higher laser levels, and
P is the laser output power.

In practice, however, most SF lasers demonstrate a considerably broader
oscillating line-width. The main reasons for that are the fluctuations of laser cavity
length and active medium length caused by mechanical and temperature pertur-
bations, which in turn change the phase of the laser line by the laser frequency
variation.

As an example of existing challenges in a route to approach minimum laser
line-width, consider the single-frequency fiber laser built by Voo et al. [23]. The
authors investigated the line-width behavior of an anomalous single-frequency
DFB CW fiber laser in the laser configuration shown in Fig. 8.14. The Er:Yb DFB
fiber laser demonstrated a 15-40 kHz line-width and up to 20 mW output power
when pumped with 110 mW of 980 nm diode laser [23].

Using the line-width measurement setup shown in Fig. 8.15, Voo et al. [23]
demonstrated that not only does the line-width of the laser deviate drastically from
the Schawlow-Townes formula by increasing with pump and laser power, but it
also has significant variation with the used pumping configuration.

Laser line-width is the perturbation to the laser phase caused by spontaneous
emission into the laser cavity. Spontaneous emission results in the emission of a
single photon will have less impact as the total number of photons (laser power) in
the cavity gets larger. Therefore, laser line-width decreases with increasing laser
power following the Schawlow-Townes ~ 1/P power dependence. Voo et al. [23]
observed an increase in the DFB laser output power from 1 to 10 mW when the
pump power increased to about 60 mW, especially for the forward and dual
pumping configurations. Therefore, Voo et al. [23] suggested that there may be
different physical origins for the DFB fiber laser line-width. Similar behavior of
the DBR and DFB lasers has been observed by others also [24, 25]; according to
Voo et al. [23], it may be quite general in nature. This anomalous behavior is
attributed by the authors to the intrinsic properties of the DFB laser coming from
optimization towards higher output powers and higher efficiencies. The authors
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Fig. 8.15 Experimental setup for line-width measurement using a delayed self-heterodyne
technique [23]. DFB, distributed feedback (Image courtesy of SPIE)

suggest that the master oscillator-power amplifier configuration is expected to
produce better results in terms of line-width.

In pulsed laser systems, the laser spectral line limit is determined by the
so-called transform limited condition. For Gaussian pulses, this condition can be
expressed as follows:

AVpjim 1, ~ 0.44 (8.69)

where 1, is the laser pulse width. It is assumed that the pulse is Chirp free.
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Chapter 9
Main Optical Components for Fiber
Laser/Amplifier Design

9.1 Laser Diodes
9.1.1 Principles of Operation

The first reported theoretical analysis and prediction of laser action based on a
semiconductor diode was published in 1959 in the USSR [1]. The first operation of
a semiconductor laser (also called a “diode laser” or “laser diode”) was reported
in 1962 in the USA [2]. Semiconductor lasers play a very important role in the
fiber laser field. Therefore, this section provides a detailed description of the
physical processes that take place in these laser devices.

Unlike isolated atoms and molecules (and even some laser optical centers in
doped dielectrics), semiconductors demonstrate wide energy bands. These bands
are separated by a bandgap (Fig. 9.1). Typical values of the bandgap of semi-
conductor materials for the most commonly used and commercially available
diode lasers are on the order of a few electron volts. Under certain excitation
conditions, such as injecting an electrical current, optical excitation, or heating,
electrons from the valence band can move from the valence band to the conduction
band after absorbing energy by an excitation process. As a result of this interband
electron transition, a pair of charge carriers can be created (i.e., electrons in the
conduction band and holes in the valence band), which is called an electron—hole
pair. If an electron undergoes reverse transition (i.e., from the conduction band to
the valence band), the process is called electron—hole recombination. The result of
this interband recombination is usually an extraction of energy that was received
during the excitation process.

In equilibrium, electron-hole pairs can be created and recombined as a result of
thermal diffusion and spontaneous emission of photons. Thermal equilibrium of
electrons and holes, in this case, produces a certain concentration of electrons in
the conduction band and holes in the valence band. Note that electrons are fer-
mions (their spin equals 1/2) and thus follow so-called Fermi-Dirac statistics.
Therefore, a probability of the electron occupying a certain level with energy E at
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temperature 7' in either the conduction or valence band is described by the

following Fermi—Dirac formula:
1
E-E
1+ exp[ kTF }

fF—D(E7T) = (91)

where T is the absolute temperature, Er is the Fermi energy, and k is the Boltz-
mann constant. The Fermi energy Ef (and, associated with it, the Fermi level in a
semiconductor) is an energy that corresponds to the highest energy state occupied
by a carrier (either an electron or hole; Fig 9.1). The Fermi level and Fermi energy
play a very important role in the physics of the semiconductor lasers, particularly
in the creation of the population inversion.

In equilibrium, the number of electrons in the valence band is essentially higher
than in the conduction band; therefore, absorption of light during excitation is a
major process for interband transitions. If, however, one creates a condition where
electrons occupy the majority of levels at the bottom of the conduction band and
holes occupy most levels at the top of the valence band, such a condition is called a
degenerate condition or a degenerate state. In degenerate semiconductors, emis-
sion processes will dominate the absorption. To create a population inversion
condition, one must fill more than half of the levels in the band of the order of
kT near the band’s edge with electrons (in the conduction band) and holes (in the
valence band).

In the theory of semiconductor lasers, the condition of population inversion is
expressed in terms of Fermi energy for electrons in the conduction band and holes
in the valence band. As mentioned above, Fermi energy defines the energy level
with the highest energy that can be occupied by an electron. The probability of the
electron to occupy Fermi level is given by:

1

1+ exp [—Eiﬂ

fr-p(Ee,T), = (9.2)
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where Ep, is the Fermi energy of the electron. With increasing electron concen-
tration in the conduction band, the Fermi energy of the electron increases;
therefore, electron degeneracy increases as well (Fig. 9.1).

Similarly, the probability for holes to occupy energy levels in the valence can
be determined as follows:

1

Jrp(En,T))y = ———F—
1 +exp [%}

(9.3)

T

where Epy, is the Fermi energy for holes. Note that:

fr-p(En,T),= 1 —fr_p(E.,T), (9.4)

If the semiconductor material demonstrates the degenerate state for both
electrons and holes, then the energy gap between Fermi energy for electrons and
Fermi energy for holes exceeds the bandgap of the material:

Er, — Ep, > Eg (95)

This condition in turn is required for amplification of light in a semiconductor
and basically defines the condition of population inversion.

There are several ways to create a condition of inversion population in semi-
conductors: namely, optical pumping, excitation with an electron beam, and
injection of carriers through the p-n junction of the semiconductor. Carrier
injection through a p-n junction is the most popular option; this section describes
its use to create the required conditions for amplification and oscillation in
semiconductors. Because the first diode laser was based on a single GaAs crystal,
an example of a semiconductor laser based on this material and physical processes
leading to the laser action are reviewed here.

Consider a GaAs crystal doped with Zn. The dopant creates an energy level
within the bandgap close to the top of the valence band (Fig 9.2b). Electrons
traveling in the valence band need little thermal energy k7T (kT is ~0.025 eV at
300 K, while the bandgap of GaAs is ~1.4 eV) to jump into the above-mentioned
energy level, leaving behind positively charged holes (Fig 9.2b). In this case, the
impurity level is called an acceptor level because an electron is accepted to this
level.

As aresult, a created hole can work as a trap for another electron still traveling
in the valence band. Once trapped by this hole, the valence band propagating the
electron leaves another hole behind. In this way, one can consider holes moving
around in the valence band. The moving hole becomes a carrier of charge, and the
material now becomes a p-type semiconductor (Fig. 9.2b). In a p-type semicon-
ductor, holes are considered majority carriers.

On the other hand, if the same GaAs material is doped with Si, the impurity
creates an energy level in the bandgap; in this case, it is very close to the bottom of
the conduction band. With similar considerations as mentioned above, an impurity
electron occupying an energy level in the bandgap very close to the conduction
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band can easily jump up to the conduction band with the help of a little energy
(Fig 9.2a). The electron appeared in the conduction band as a result of the above-
mentioned process, creating additional negative charge in the band, and the
material becomes an n-type semiconductor (Fig. 9.2a). In this case, the impurity
level is called a donor level because an electron is donated from this level.
Electrons in n-type material are called majority carriers.

When n- and p-type semiconductors are put into contact, a boundary region is
formed, which is called a p-n junction (Fig. 9.3). As mentioned, electrons in an
n-type semiconductor and holes in a p-type semiconductor are called majority
carriers. The small amount of holes in an n-type semiconductor and the small
amount of electrons in a p-type semiconductor are called minority carriers. When a
p-n junction is created, some of the electrons from the the n-region that have
reached the conduction band, leaving donors, can diffuse across the junction and
combine with acceptors on the p side. An acceptor filled in such a way leads to the
creation of a negative ion. In doing so, electrons leave behind positive ions (i.e.,
donor impurities) on the n side. This process creates a space charge layer, a
so-called depletion region (a region that completely lacks any charge carriers
across it), which becomes a barrier for further electron and hole movement across
the p-n junction. In energy space, this condition corresponds to the creation of an
energy barrier (Fig. 9.4a). The size of the depletion region depends on the level of
donors on the n side and acceptors on the p side. The higher the doping level, the
smaller the region because elevated concentration of doping increases the proba-
bility of the carrier being trapped and creating the ion. In general, the depletion
region size is a sum of the depletion regions in n (d,) and p (d,) sides:

dp = dy + d, (9.6)

and

SIS

d,
i 7
d, (9:7)
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where N, and N, are concentrations of donors and acceptors, respectively. If
doping level of the p-type side is higher than the n-type side (i.e., N; < N,), then
d, > d; that is, the depletion region mostly occupies the n-type of the semicon-
ductor. The typical size of the depletion region is on the order of a fraction of the
micron (i.e., ~0.1, ~0.4 pm for doping density ~10'® cm™) [3].

If one applies an external electric field or so-called forward bias (forward
voltage) across the p-n junction (positive to p-type and negative to n-type), it can
create an additional amount of electrons following the appearance of electrical
field (i.e., injected) at the n-side and holes at the p-side of the junction (Fig 9.4b).
Basically, the necessary voltage (the bias voltage) is required to overcome a
potential barrier created in the depletion region. As one can see from Fig. 9.4,
applying forward voltage reduces the existing energy barrier. The forward voltage
required to overcome the energy barrier of the p-n junction is very close to the
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energy of the bandgap and is on the order of 1-2 V (for visible and infrared diode
lasers). Note that when no forward voltage is applied, the two Fermi levels are
aligned (Fig 9.4a). However, when the forward voltage is applied, the Fermi levels
become separated by a value close to eV and the energy barrier for the carriers gets
smaller. In the condition of applied forward voltage, electrons can more easily
penetrate into the p-type side. During diffusion, the electron penetration depth into
p-type material (i.e., a length; the carrier defuses before recombination), which is
called a minority diffusion length, can be determined by the following formula:

dM = \/DM X Ty (98)

where D,, is the bulk minority diffusion coefficient (for GaAs, Dy; = 10 cmz/s)
and t,, (for GaAs, 7y, = 1 ns) is the lifetime (i.e., minority carrier recombination
time) [4]. Calculated this way, penetration distance is ~1 pm. This distance
determines the laser-active region in a semiconductor laser in the direction per-
pendicular to the plane of junction.

Injected electrons into the p-type and injected holes into the n-type of the
semiconductor boundary can recombine and in such a way emit a light with photon
energy roughly corresponding to the bandgap of the semiconductor material. If one
then creates a resonator (usually two cleaves perpendicular to the plane of the
junction), this may bring the system to the threshold condition, where gain due to
the stimulated emission from carrier recombination overcomes losses. The current
required to achieve the lasing threshold is called the threshold current (Fig. 9.6)
and is a very important parameter of the semiconductor laser. This is the basic
principle of semiconductor laser operation and in fact describes the first semi-
conductor lasers based on GaAs single crystals (Fig. 9.5). Such a semiconductor
laser type is also called a homojunction laser, in which both n-type and p-type
semiconductors are made of the same material. Also described was an injection
type of pumping for semiconductor lasers. Other pumping architectures have been
suggested, including optical pumping and electron beam pumping approaches.

Fig. 9.5 Configuration of the METALLIC
edge-emitting semiconductor STRIPE CONTACT
laser [12] (Image courtesy of
the OpticalSociety of
America)
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However, among the commercially available and most widely used diode lasers,
injection lasers are widely used, especially as pump sources of fiber lasers and
amplifiers.

One of the biggest problems in the operation of early diode lasers was heating,
which in turn prevented room-temperature continuous-wave (CW) operation. To
overcome this problem, an interesting method was suggested, which consisted of
creating a suitable multilayered crystal of GaAs and AlGaAs. Variation in electrical
and optical properties in the multilayered crystal required replacement of a large
fraction of the Ga. Technological development continued in this direction in order
to maintain no sizing defects in the interfaces between the layers, as caused by size
match of the crystal lattices. This eventually lead to the creation of so-called
heterostructure diode lasers, which allowed CW operation at room temperature.
After this important discovery, the field of diode lasers grew dramatically. The
following section reviews the most widely used types of diode lasers.

Figure 9.6 shows the typical function of the diode laser’s output power versus
pump current. Note that the diode laser’s output power pump dependence curve
has a rollover area, which is called a kink. This kink arises from local overheating
of the chip at high pump current and should be avoided. Usually diode laser
manufacturers specify a so-called kink-free operation, which is typically defined
by a distance from the kink in current values. Working in a kink-free pump current
zone prolongs the diode laser’s lifetime.

9.1.1.1 Metal-Organic Vapor Deposition for Diode Laser Chip
Fabrication

Several techniques have been developed for semiconductor laser material manu-
facturing. One of the most commonly used techniques for thin-film deposition and
high-quality crystalline chip manufacturing is metal-organic vapor deposition
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(MOCVD) or its variations. MOCVD is popular for several reasons, including its
excellent thickness control, possibility to grow numerous thin (~ 1 nm) layers of
complex heterostructures, good uniformity of growth structures, capabilities of
patterned (i.e., localized) growth, and scalability for large area-multiple wafer
growth. In addition, the MOCVD technique demonstrates high growth yield.

MOCYVD uses a process of epitaxial growth, which in turn consists of depos-
iting thin layers of material at a desired thickness and molecular composition. The
general schematic of the MOCVD process is illustrated in Fig. 9.7.

For the case of GaAs-based diode laser structures, the GaAs substrate in the
form of a thin disk 50-90 mm in diameter (a wafer) is placed in a reaction
chamber, heated up to temperatures of 600-1100 °C (see Fig. 9.7). During the
MOCYVD process, source materials through mass flow control and pressure control
are thermally deposited in the reaction chamber; the semiconductor material grows
epitaxially on the wafer and creates crystalline layers from the gaseous phase. The
Si0O, insulation layer is deposited and contact structuring is created, then both
sides of the chip are gold coated for electrical connection. The wafer is cleaved
into bars and diode laser cavity mirrors are then deposited. The created bar is then
soldered onto a copper heatsink (which later acts as an electrode or ground). The
wired chip is then packaged into different packaging configurations, including
hermetically sealed systems. For better thermal management (especially in the
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Fig. 9.7 a Schematic of the MOCVD technique. b The main steps in a simple GaAs-based diode
laser emitter/bar manufacturing process
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case of high-power diodes), the p-side of the chip is heatsinked and a wire is
attached to the opposite side (i.e., the top of the structure that consequently
becomes a negative electrode; attached to n-type of the semiconductor). Packaged
diode lasers may later be fiber coupled (see details later in this chapter).

9.1.2 Main Types of Diode Lasers Used in Fiber Laser
Technology

The most common semiconductors used in laser diodes are compounds based on
gallium arsenide, indium gallium arsenide, phosphide, and gallium nitride.
Table 9.1 shows most commonly used semiconductor laser compounds and related
wavelengths of operation in applications for diode pumping of fiber lasers and fiber
amplifiers.

9.1.2.1 Basic Structure of Diode Lasers (Single Emitters)
Fabry—Perot Lasers

In the simplest form of the laser diode, an optical waveguide is made on the crystal
surface in such a way that the light is confined to a relatively narrow line. The two
ends of the crystal are cleaved to form perfectly smooth, parallel edges, thus
forming a Fabry—Perot (FP) resonator with semiconductor gain material located
between reflecting surfaces. Light in the laser diode travels along the waveguide
created by the p-n junction and is reflected from the end faces of the semicon-
ductor. Because one end of the semiconductor material is cleaved the traveling
light inside the diode, the laser cavity undergoes incomplete reflection from this
end facet and emerges outside the diode laser resonator. When the laser threshold
is reached (i.e., when more amplification than loss is achieved), the diode laser
begins to oscillate.

In most types of diode lasers (edge-emitting lasers), the light is confined in a
very thin layer—a waveguide. This waveguide is usually supports only a single
optical mode in one direction (i.e., in the direction perpendicular to the semi-
conductor layers or the plane of junction). In this direction, therefore, the diode

Table 9.1 Main types of

A . Semiconductor compounds Wavelength of operation (nm)
diode laser matrixes and
related wavelengths of AlGalnP ~630-690
operation InGaAlAs/GaAlAs ~780-880
InGaAs ~900-1200
InGaAsP/InP ~1400-1850

InGaAsSb ~2000-2200
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laser beam is close to diffraction limited. In the perpendicular direction, if the
waveguide is wide compared to the wavelength of light, the laser is multimode. In
this case, due to diffraction, the beam diverges rapidly after leaving the semi-
conductor chip, typically at ~40° vertically (fast axes) by ~ 10° laterally (slow
axes). The typical wavelength temperature dependence is ~0.3 nm/°C. If the laser
diode emitting area is strongly asymmetric, the diode laser is called a broad-area
laser (BAL); this is the case for multimode edge-emitting diode lasers.

The wavelength emitted by a diode laser is a function of the bandgap of the
semiconductor and the modes of the optical cavity. In the laboratory environment
and product installations, spectral properties of the semiconductor laser depend on
temperature and pump current (in the case of injection lasers).

9.1.2.2 Distributed Feedback Lasers and Distributed Bragg Reflector
Lasers

Distributed feedback lasers (DFB) are one of the most important type of single
emitter diode lasers used in the field of fiber lasers. This type of diode laser is often
used as a seed source in high-power fiber amplifiers. To stabilize the lasing
wavelength, a diffraction grating is etched close to the p-n junction of the diode
(Fig. 9.8). This grating acts like an optical filter, causing a single wavelength to be
fed back to the gain region; therefore, it affects the laser spectral parameters.
Because the distributed feedback (i.e., grating) provides the feedback that is
required for lasing, reflection from the facets is not required. Therefore, usually
one facet of a DFB diode laser is antireflection coated.

The DFB laser has a stable wavelength that is set during manufacturing by the
pitch of the grating; it can only be tuned slightly with temperature (usually
~0.06 nm/K) or by pump current (usually ~0.007 nm/mA). DFB diode lasers
operate on a single longitudinal mode with extremely narrow spectral line width of
less than 1 MHz. DFB diode lasers are very sensitive to optical feedback; there-
fore, they are usually manufactured with an optical isolator in between the
semiconductor chip and fiber where the laser is coupled (in the case of fiber-
coupled devices).

In distributed Bragg reflector (DBR) diode lasers, as with DFB lasers, a Bragg
grating is integrated into the diode (Fig. 9.9). However, instead of being etched
into the gain medium of the chip, the grating is positioned outside the active region

Fig. 9.8 Distributed General schematic of DFB diode laser
feedback (DFB) diode laser
structure (Image courtesy of
Sacher Lasetechnik)
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Fig. 9.9 Distributed Bragg General schematic of DBR diode laser
reflector diode laser structure

(Image courtesy of Sacher

Lasetechnik)
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of the cavity. The grating acts as a mirror and reflects a single wavelength back
into the cavity. The rear facet of the laser chip has a high reflection coating,
whereas the front facet has an antireflection coating. In some configurations of
DBR lasers, it is possible to provide individual control of the different semicon-
ductor chip sections. This in turn allows the achievement of certain flexibility in
electrical modulation of the laser. The laser wavelength tunability of the DBR laser
is achieved by synchronously changing the current of the Bragg and the phase
section of the laser.

Both DFB and DBR diode lasers (similar to other diode lasers) are wavelength
tunable with current and temperature. Thermally tuned DFB and DBR lasers have
very large mode-hop free tuning ranges, which can span over hundreds of
gigahertz.

9.1.2.3 Vertical Cavity Surface-Emitting Semiconductor Lasers

Vertical cavity surface-emitting lasers (VCSELs) have their optical cavity axis
along the direction of current flow (i.e., perpendicular to the plane of junction)
rather than perpendicular to the current flow as in conventional edge-emitting laser
diodes (described previously). The active region length is very short compared
with the lateral dimensions (Fig. 9.10). The VCSEL laser resonator consists of two

Fig. 9.10 Vertical cavity General schematic of VCSEL diode laser
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DBR mirrors parallel to the wafer surface, with an active layer consisting of one or
more quantum wells of semiconductor laser-active material. The planar DBR
mirrors consist of layers with alternating high and low refractive indices, creating
both a high reflector and an output coupler. VCSELs have better wavelength
stability, reduced temperature wavelength dependence (<0.1 nm/C), improved
reliability due to the higher light intensity of the edge versus the surface geometry,
and higher temperature of operation (>70 °C). Commercially available high-
power VCSELSs (i.e., Princeton Photonics) demonstrate more than 1 kW of optical
power from the 1 mm core (0.4 NA at 975 nm).

Having relatively large mirror surfaces, dielectric mirrors may be fabricated
with a high degree of wavelength-selective reflectance using a multilayer coating
structure. Because of the possible high mirror reflectivity, VCSELs have lower
output powers when compared to edge-emitting lasers. The main advantage of a
VSCEL is its round beam shape (compared with the highly astigmatic beam
emerging from edge-emitting laser diodes) and convenience of the laser inspection
during fabrication. Because of their round beam structure, VCSELs also allow
resonator geometries and structures that are similar to conventional solid-state
lasers, along with similar thermal lensing issues and challenges concerning laser
resonator stability. Because the laser resonator axis is in the same direction as the
pumping current flow, the shape, size, and structure of the electrodes are essential.

9.1.3 High-Power Diode Lasers

Commercial production and development of laser diodes has been significant since
the early 1990s. One of the biggest interests is in their power scaling. BALs
became a focus of the commercial development of high-power diode lasers.
Mainly, the diode laser power scaling included single-emitter strip-diode lasers,
bars (linear arrays of single emitters), and stacks of such broad-area diode laser
structures. Thus, the principal scaling roadmap is straightforward.

9.1.3.1 Single Emitters

The typically single-emitter BAL layer structure has ~1 um dimension in the
direction perpendicular to the plane of junction (single transverse mode, diffrac-
tion-limited propagation) and typically 50-200 pm dimension along the plane of
junction (i.e., multitransverse mode propagation; see Fig. 9.11). The edge-emitting
laser cavity is about ~500 pm. For comparison, the VCSEL laser cavity is typ-
ically a few micrometers long.

The wider the multimode dimension of the BAL, the higher is the power that is
achievable from the single emitter. (However, there is a limitation related to the
onset of the ASE process and parasitic lasing in transverse direction.) Power
scaling of a single-emitter BAL is limited by ~5 MW/cm? mainly because of the
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Fig. 9.11 Schematic Broad Area Single Emitter
structure of a broad-area laser
diode
Electrode 500um
1pm
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\QQ
Laser active layer
Electrode &
heatsink

facet damage; therefore, it allows a 1 x 100 pum laser strip to withhold an optical
power of typically ~3-5 W.

9.1.3.2 Diode Laser Linear Array (Bar)

Numerous applications, ranging from material processing to diode pumping of
solid-state lasers, drive scientists and engineers to develop more powerful single-
emitter BALs. However, straightforward power scaling of diode lasers is limited
by the high power density of the diode laser chip front facet, which in turn
produces a large thermal load and risks a diode chip failure.

Another way to scale the diode laser power is to create single-emitter linear
arrays with stable and reliable performance of the individual multimode emitter.
Diode arrays are created by linearly aligning a number of single diode laser
emitters (during the chip manufacturing process) as a one-dimensional array of
BALs (Fig. 9.12). They typically contain between 19 and 50 emitters, each being
~100-200 pm wide. A typical diode laser bar has a laser resonator length of
approximately a millimeter, a 10 mm width, and has 10 x 40° of divergence at
full-width half-maximum (FWHM) in the slow direction (plane of junction:
multimode operation) and fast direction (perpendicular to the plane of junction:
single mode, diffraction-limited operation).

Diode laser bars generate tens of watts of output power (typically 20-50 W).
The power of a diode laser array depends on the wavelength, chip structure,
cooling configuration, and the mode of operation. The most challenging opera-
tional mode is CW because, at 100 % duty circle, the heat load on the chip is
tremendous at a high power level of operation. Currently, the most powerful CW
diode laser bars have wavelengths between 780 and 980 nm, with electrical to
optical conversion efficiency of more than 60 %. Figure 9.13 shows a typical view
of a diode laser bar packaged in a so-called microchannel cooled heatsink and
conductively cooled packages. Microchannel technology produces highly efficient
heat removal capability (compared to conductively cooled systems).
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Fig. 9.12 Schematic of a Linear array of single emitters
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Because of the astigmatic nature of diode laser bar emission, one usually
considers so-called fast axis collimators, which typically are aspheric lenses. Fast
axis collimation allows the achievement of typically ~ 1-2° of divergence of the
diode laser bar in the fast direction, thus producing a powerful laser emitter with
10 x 2° of overall divergence and tens of Watts of output power. Note that diode
laser bars typically demonstrate a “smile” phenomenon in the laser bar emission
properties. The smile usually originates from a small bend of the horizontal line

Fig. 9.13 Microchannel cooled diode laser bar (vertical stack) with an array length of 1 cm (left)
and conductively cooled (i.e., CS mount type) diode laser bar with an array length is 1 cm (right).
Both were manufactured by Princeton Lightwave (Image courtesy of Princeton Lightwave)
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where single emitters are located; it is a technological drawback that affects fast
axis collimation and focusing of the diode laser bar radiation. This in turn may
affect diode laser fiber-coupling efficiency, which is critical for fiber laser and fiber
amplifier applications.

9.1.3.3 Diode Laser Stack of Bars

Further power scaling of the diode lasers uses one- or two-dimensional stacks of
several diode bars. Usually, bars are arranged in horizontal or vertical directions,
depending on applications. Most fiber laser applications require efficient fiber-
coupled high-power diode laser beam delivery for optical pumping. Horizontally
stacked diode laser bars are usually used in high-power diode pumping of
crystalline or glass slab lasers. Vertical stacks can be manufactured from a two-
dimensional wafer packaged into the heat sink. An example schematic of a water-
cooled diode laser stack is shown in Fig. 9.14.

Packaging the diode laser bars close to each other provides many advantages
with respect to the output beam and beam management. However, heat removal
usually applies restriction to the separation of the individual bars. Because of this
reason, most high-power diode laser stacks have low overall brightness, and one
may consider diode stack polarization or spectral beam combining technologies.
Similar to the fast axis microlensing of diode laser bars, two-dimensional diode
laser stacks are microlensed by a mask (matrix) of high-aperture aspheric lenses.

Commercially available diode laser stacks may be arranged in two-dimensional
structures (vertically and horizontally), providing more than several hundreds
Watts of diode laser emission. A diode laser stack—-beam combination allows the
achievement of thousands of watts and is very important for power scaling of fiber
lasers. The possibility of fiber-coupling options creates additional advantages for

Fig. 9.14 Schematic of a Water cooling
high-power, water-cooled f
vertical laser diode stack. The
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bar distance. (Permission to 10-50mm-
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Corporation. All rights
reserved)
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fiber laser technology because it gives an opportunity to build the all-fiber (no free
space) high-power fiber laser systems that are required for many industrial and
military applications.

9.1.4 Fiber-Coupled Diode Lasers

Although the fiber-coupled diode laser concept has existed for years, scientists and
engineers started sensing a real advantage in using fiber pigtails of diode lasers
with the development of fiber lasers and fiber amplifiers. The advantages of using
light emerging from optical fiber compared with direct diode laser emission
include the following:

1. For many applications that use direct light from a laser diode, it is convenient to
use a fiber-coupled diode laser beam to deliver the laser light to the place where
it is needed.

2. The fiber-coupled light has a circular geometry (unlike direct emissions from
edge-emitting diode lasers), which is very convenient for many subsequent
beam transformations.

3. The use of fiber-coupled laser diodes in laser pumping applications allows the
achievement of easy (alignment-free) diode laser maintenance, including diode
laser replacement and service.

4. The manageable fiber length of fiber-coupled diode lasers allows the achieve-
ment of separate locations for the pump and the main laser cavity. Such flex-
ibility in the relative displacement of pump and cavity optics is especially
important for high-power laser systems, in which the thermal management of
both diode lasers and active laser media requires careful consideration.

5. In fiber lasers and amplifiers in which an all-fiber approach is applied, fiber-
coupled diode lasers allow all-fiber solutions; together with other fiber-coupled
components, the entire system is practically alignment free.

Usually, diode lasers are fiber coupled into single-mode or multimode optical
fibers, depending on the mode structure of the original diode laser. Fiber coupling
efficiencies depend strongly on the power level of the diode laser, the diode laser
structure, and the approach of fiber coupling (i.e., lens based or fiber profiling).
Power diode laser systems with high average power may create overheating
conditions at the fiber entrance, which in turn may result in stress and damage of
the fiber endface. Special care has to be taken with the fiber termination enclosure
facing the diode laser beam.

When fiber profiling is used, the fiber tip that faces the laser diode-emitting
surface is shaped by polishing for efficient, direct coupling of the diode laser
radiation. Efficiencies of more than 92 % are achieved using such a fiber-coupling
geometry. This high fiber-coupling efficiency is very important for high-power
diode lasers, where minimization of heat dissipation plays an important role in the
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reliability of the component. However, the direct coupling of the fiber laser beam
into the fiber prevents the possibility of locating additional optical components
between the diode laser and fiber, such as dichroic mirrors (for protection against
back reflection) or optical isolators (e.g., in DFB fiber-coupled diode lasers, where
optical feedback compromises DFB diode laser parameters and therefore incor-
poration of an optical isolator is a must).

Fiber-coupled diode lasers are characterized by power—spectral as well as
optical parameters of the fiber into which the diode laser light has been coupled.
Usually, optical parameters of the fiber include the fiber core diameter and core
numerical aperture. The most common fiber diameters of fiber-coupled diode
lasers are 6, 9, 50, 105, 200, 400, and 600 microns, whereas numerical apertures
usually are 0.12, 0.15, or 0.22.

Along with obvious and important advantages, a fiber-coupling approach has
several disadvantages, including the following:

e Higher cost compared with free-space diode emitters.

e Decreased output power because fiber coupling has limited efficiency, especially
for high-power diode laser bars.

e Inability (at times) to insert an additional optical component, such as an optical
isolator, between the diode laser output and fiber input.

e For multimode diode lasers using multimode fibers, the polarization maintaining
propagation of the diode laser beam is lost.

e Fiber-coupled diode lasers are more susceptible to optical damage due to back
reflections; they require special consideration for protection against optical
damage using additional in-line beam splitters and filters.

9.2 Fiber-Coupled Polarization-Maintained
and Non-polarization-Maintained Optical
Components

This section reviews the most common fiber-optic components used in fiber lasers
and fiber amplifiers. Depending on the manufacturing process used in the devel-
opment process, there are two main categories of fiber-optic components: free-
space components and fused components. Free-space fiber-optic components
employ free-space optics, such as lenses and optical filters, in between input and
output fiber ports of the device. In the case of fused components, all fiber ports are
fused together to create optical contact. In either approach, however, the main
principle (i.e., the principle of optical brightness preservation) has to be main-
tained in order to design reliable and low-loss systems. Unmatched optical
brightness usually results in excess heat generated in the place of transition from
one aperture to another, which in turn impact power tolerance and power trans-
mission efficiency/loss of the device. Fiber-coupled optical components that are
not brightness limited allow more than 95 % of power transmission.
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Depending on the fiber type used, all fiber-optic components can be divided into
two principal categories: single-mode and multimode. Single-mode fiber-based
components in turn are divided into polarization-maintained (PM) and non-PM
types, depending on the fiber type used during the particular component’s
development.

Fiber-Coupled Power Splitters: A power splitter is a passive fiber-optic cou-
pler that divides light from a single fiber into two or more fiber ports. The target of
such a component is to split the fiber propagating power without losing brightness
and total power. Usually, the numerical aperture of the output fibers is the same as
the input fiber. Fiber-coupled splitters need to be tolerant to high power handling
because they are intended to split large fiber-coupled diodes with up to kilowatts of
output power. In fiber lasers, power splitters are essential when the user has access
to high-power individual diode lasers and the pump power signal/pump combiner
has a limited number of ports or limited power in each individual pump port. Pump
power splitters are usually brightness limited; therefore, consideration of brightness
preservation is essential for low-insertion loss power splitters.

Fiber-Coupled Pump Power Combiners: A pump power combiner is a fiber-
coupled device that combines several fiber pump ports into a single fiber. Pump
combiners generally have several input pump ports and one fiber output port.
Power pump combiners can also include one more fiber at the pump port side of
the device, which is a single mode-through fiber (PM or non-PM, true single mode
or large mode area); this allows the power pump combiner to not only combine
power from separate fiber-coupled diode lasers, but also to inject a fiber-coupled
seed laser into the core of the output fiber port of the pump combiner. Usually,
pump combiners are used in clad pumping geometry when combined power from
several pump ports is coupled into the cladding of the output fiber. The light
propagating in the core of the seed input port of the combiner goes through the
combiner and is injected into the core of the output double-clad fiber of the device.
The output port of this pump/signal combiner is then spliced to the double-clad
gain fiber of the fiber laser or fiber amplifier. The coupled-together pump radiation
propagates further into the cladding of the gain fiber, and core-propagating signal
radiation is injected into the core of the gain fiber. Pump-to-signal combiners can
be PM or non-PM, depending on the through fiber used for signal propagation.

Mode-Field Adaptors: A mode field adaptor (MFA) is a fiber-coupled optical
device that allows the core-propagating signal to be transferred into another fiber
with a different core diameter. Commercially available MFAs are usually fused
(Fig. 9.15). In the case of all-fiber MFAs (which tolerate high optical powers),
there are different approaches to solve the problem of mode adaptation, including
heating when the size of the mode field changes through dopant diffusion or fiber
tapering when the fiber core diameter changes (Fig. 9.15b). Alternatively, one can
use a combination of both approaches.

Fig. 9.15 Schematic of the -

fused mode-field adaptor ]
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Because most applications deal with fundamental mode fiber lasers and
amplifiers, the aim of an MFA is to preserve the energy (loss-free propagation) in
the fundamental mode of the fiber; therefore, this mode transformation has to be
done adiabatically. The adiabaticity criteria use an assumption that the charac-
teristic angle of tapering should be smaller than the diffraction angle of the field at
each point along the taper [5]. The analytical expression for the diffraction angle
for step index fiber is as follows:

op = 22 VINV v (9.9)
Vv
where V is the V-number and NA is the fiber core numerical aperture. The dif-
fraction angle applies for the fundamental mode of the fiber only. Another way to
formulate the mode-matching criteria is to require that core sizes and numerical
apertures of the input and output fibers (or their V-numbers) have to be matched.
This condition creates challenges in the manufacturing process.

In general, MFAs are usually low-insertion-loss devices, unless backward
propagation of the optical signal takes place when they become brightness limited.
MFAs play an important role in the development of high-power fiber laser systems
and amplifiers, which often use multistage geometries with increased gain and
fiber core diameters. MFAs can be made in a PM or non-PM configuration,
depending on the fibers used in its input and output ports.

Cladding light strippers: Optical devices that strip residual cladding propa-
gating light while preserving core propagating energy are called cladding light
strippers (or cladding beam dumps). The ability to strip cladding light from
double-clad fiber is required for many different reasons during fiber laser design.
Cladding propagating power can reach power levels of the hundreds of Watts (note
that cladding NA is typically several times higher than NA of the core). By locally
changing cladding NA (e.g., by changing the refractive index of the material
surrounding cladding), it is possible to achieve significant attenuation of the
cladding propagating light. Figure 9.16 demonstrates an example of the use of a
cladding power stripper in fiber laser [6].
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Fig. 9.16 Example of a simple fiber laser/amplifier design employing a cladding power stripper
[6]. (Image courtesy of SPIE)
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Fig. 9.17 Schematic view Input Output
of a packaged two-port ‘.
fiber-coupled opticalisolator

As shown in Fig. 9.15a, Wetter et al. [6] used an all-fiber 6 + 1x1 TFB spliced
to a 20-400 Yb>*-doped DCF gain fiber. The fiber laser resonator is formed by two
fiber Bragg gratings (FBGs), which act as the laser cavity mirrors (i.e., high
reflector and output coupler). A cladding light stripper is introduced after the gain
fiber to strip all the unwanted light in the forward and backward direction. The
authors [6] achieved attenuation of more than 20 dB in the cladding, practically
without signal loss. After stripping the damped cladding, light energy has to be
properly distributed along the stripper and heat sink. Cladding strippers can
potentially strip tens to hundreds of Watts in high-power fiber lasers and amplifiers.

Optical Isolators: A fiber-coupled optical isolator is an optical device that
allows for unidirectional core propagation of light with a high degree of optical
isolation in the backward propagation direction (Fig. 9.17). Fiber-coupled optical
isolators can be single or double/multistage depending on the degree of required
optical isolation of the core-propagating light.

9.2.1 Polarization-Dependent Optical Isolators

Figure 9.18 shows the structure of a polarization-dependent optical isolator. The
optical isolator consists of a polarizer, an analyzer, and a 45° Faraday rotator
inserted between them. The polarizer and analyzer main axes are rotated at 45°
relative to each other.

Fig. 9.18 Composition of Analyzer
polarization-sensitive optical
isolator (Image courtesy of
FDK Corporation)

; | Polarizer
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When light propagates forward through the optical isolator, it first goes through
the polarizer, where it is transformed into a linearly polarized light. Then, the light
passes through the Faraday rotator, where the polarization plane of the light
entering the rotator is rotated 45° to its original orientation. Finally, the light
passes through the analyzer without loss because the analyzer is tilted in such a
way that its polarization plane is set in the same direction as the light exiting the
rotator. On the way back, the light first passes through the analyzer, where it is
transformed into linearly polarized light. Then, it passes through the Faraday
rotator, getting a 45° rotation of its polarization direction in the same rotation
direction as on the way forward in the initial tilt. Finally, because the total tilt of
the back-propagating light polarization plane is 90°, it is completely blocked by
the polarizer.

It is important to mention the recent developed all-fiber isolators. These devices
are based on 56 wt % terbium (Tb)-doped silicate fiber, and the fiber polarizers are
made of Corning SP1060 single-polarization fiber [7]. Sun et al. [7] demonstrated
17 dB optical isolation at 1,053 nm. This approach shows the potential for
achieving compact, high-power isolators in the near future.

Polarization-dependent isolators have wide applications, not only between
stages of multistate fiber amplifiers but also in semiconductor lasers, especially the
DFB type, which are very sensitive to backward-propagating light. The optical
isolators are usually compared by their insertion loss and degree of isolation at the
wavelength of interest.

9.2.2 Polarization-Independent Optical Isolators

Unlike polarization-dependent optical isolators, polarization-independent isolators
have a 45° Faraday rotator placed between two wedge-shaped birefringent plates
(Fig. 9.16a and b). Birefringent plates can be manufactured from TiO, single
crystals (rutile), which demonstrate superior extinction ratios and big differences
between ordinary and extraordinary beam refractive indexes.

When light enters a polarization-insensitive isolator, it first undergoes a
polarization separation into ordinary and extraordinary beam components by the
first birefringent plate (see Fig. 9.19a). The two beams then enter a Faraday
rotator; the polarization planes are each rotated 45° after passing through the
rotator. After that, the ordinary and extraordinary beams pass through a second
wedged birefringent plate. The second birefringent plate has an optic axis oriented
in such a way that the relationship between ordinary and extraordinary beams is
maintained. Finally, both beams are refracted in an identical parallel direction after
passing through the second wedged birefringent plate.

Backward-propagating light incident on the same optical isolator is separated
into ordinary and extraordinary beams, whose relationship is reversed with that of
a forward light due to the nonreciprocality of the Faraday rotation (see Fig. 9.19b).
Eventually, when reaching first birefringent plate, the beams do not become
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Fig. 9.19 (a) Forward Wedged birefringent plate
propagation and

(b) backward propagation of
light in a polarization
insensitive optical isolator.
(Images courtesy of FDK
Corporation)

Wedged birefringent plate

Wedged birefringent plate Ne

(b)

Wedged birefringent plate

parallel to each other (as on the way forward), so they cannot be converged and be
coupled into the input fiber (see Fig. 9.19b).

9.2.3 High-Power Fiber-Coupled Isolators

Several companies developed high-power fiber-coupled optical isolators using not
only true single-mode fibers but large-mode area fiber as well. Companies such as
OFR (Thorlabs) offer fiber-coupled optical isolators with a collimated output, in
which the output port of the isolator is replaced by collimating optics. This in turn
allows the usage of such a device as the output component of the fiber laser
system. These isolators handle over 10 W of pass-through optical power.
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Fig. 9.20 The schematic and E]
light propagation directions
of a packaged three-port
fiber-coupled optical
circulator

Optical Circulators: A fiber-coupled optical circulator is a passive N-port
device that couples light from port 1 to port 2, port 2 to port 3, and so on, to port
N — 1 to port N. It has a high degree of isolation in opposite directions. Optical
circulators allow unidirectional propagation of the light traveling in the fiber core
and therefore are very useful in ring-fiber resonators.

Two principal structural components are shared by most optical circulators: a
polarization rotation device (usually a Faraday rotator) and a polarization beam-
splitting device (usually a polarizing prism or set of prisms). In the case of fiber-
coupled circulators, each circulator port is effectively fiber coupled. The operation
principle of an optical circulator is very similar to that used in an optical isolator.
Using a polarization rotation of the light propagating forward through the system,
an optical circulator uses the same polarization rotation again when the light is on
the way back. Unlike isolators in which the back-propagating beam gets dumped,
an optical circulator uses backward-propagating light as an output signal of its
output ports (i.e., from port N to port N + 1). However, there is approximately
30 dB of isolation between port N and port N — 1. A typical view of the packaged
fiber-coupled optical circulator is shown in Fig. 9.20.

The main challenge during the design of the optical circulator is to obtain a
small insertion loss. Lately, because of growing demand for optical circulators
used in high-power fiber laser technology, scaling the power tolerance of optical
circulators is an important task. The following sections provide the design struc-
ture of some optical circulators as described in the literature.

9.2.4 Polarization-Dependent Circulator

Figure 9.21 shows a conventional polarization-sensitive (polarization-dependent)
optical circulator [8]. Forward propagation is similar to that in optical isolator.
Because the Faraday rotator rotates the propagating light polarization in the same
direction (e.g., clockwise), one can easily reproduce the path of the light beam
through the circulator shown in Fig. 9.21. In the case of fiber-coupled circulators,
each port is fiber coupled (not shown in the figure).

(Image courtesy of the Optical Society of America)
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Fig. 9.21 Schematic view
of a polarization-dependent
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9.2.5 Polarization-Independent Circulator

The polarization-independent optical circulator is somewhat more complicated
because it must include polarization-insensitive components or set of polarization-
sensitive components that produce overall device polarization insensitivity. Fig-
ure 9.22 shows an example design of the polarization-insensitive circulator, which
uses prism-based polarization separators, a Faraday rotator, and a half-wave plate.
Shirasaki et al. [9] used total internal reflection to make ordinary and extraordinary
beams adjacent (Fig. 9.23).

The Faraday rotator employs a permanent magnet and Faraday garnet crystal.
High-power, compactly packaged fiber-coupled optical circulators still demon-
strate challenges. However, some companies (e.g., OFR) have already started
commercial development of such circulators.

Fiber Bragg Gratings: The FBG is an optical device that employs a constant
period grating (uniform grating) of higher and lower refractive indices in the fiber
core (or in the vicinity of the ring surrounding the core) along the light-propa-
gating direction (Fig. 9.24). This technology uses a photosensitive optical fiber
that is exposed to deep ultraviolet laser light through a grating, thus creating an
interferometric pattern along the light propagation direction in the fiber core and a
modulated profile of the fiber core refractive index.

Depending on the refractive index grating period and grating length, FBGs
operate as optical filters or mirrors. FBGs play an important role in spectral line-
width control of fiber lasers. The reflectivity of the uniform grating with constant
modulation amplitude and constant period can be obtained using the coupled mode
theory [10], given by the following formula:

Fig. 9.22 Prism-based m FR. A/»
polarization separator [9]. M /
(Image courtesy of the S |J’] [ | e
Optical Society of America) @)/ - J1T {1
|
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Fig. 9.23 Schematic of a
polarization-insensitive
optical circulator [9]. (Image
courtesy of the Optical
Society of America)

b
7 _’g

k% sin h*(s - L)

R L7)u =
(L, 4) AB?sin h2(s - L) + s* cos h2(s - L)

(9.10)

where k = ”—%”Mpower is the power coupling coefficient for the sinusoidal variation
of the refractive index, Af = f — ™/, is the detuning wavevector, ff = z’zﬂ is the
propagation constant, and M,y is the fraction of the fiber mode power contained

in the fiber core and s = \/xk2 — A
The FWHM of the spectral bandwidth for the uniform diffraction grating is as

follows [11]:
An\? 1\?
AL = AgRy| | — — A1
o (5n) +(3) o1

where R is the coefficient that determines the grating strength (R = 1 for strong
grating and R = 0.5 for weak grating), An is the refractive index modulation, Az is
the central wavelength of operation (Bragg wavelength), and N is the number of
grating lines along the whole length of the grating.

9.2.6 Chirped FBG as a Self-Phase Modulation
Compensator

In a pulsed fiber laser system as a result of self-phase modulation (SPM; discussed
in detail in Chap. 10), the original laser pulse is chirped. Using a special FBG type
called chirped FBG (CFBG), one can compensate for the pulse chirp and ensure
undisturbed laser pulse propagation in the amplifier. CFBG is an FBG where the
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Fig. 9.24 Schematic view of

the fiber Bragg grating Cladding
Input Output
—] Core
Reflected Il
e Cladding

A — Grating period

regions with high refractive index are not uniformly spaced or are not perpen-
dicular to the length of the fiber (Fig. 9.25).

If we introduce a chirp bandwidth A/, and an effective index of refraction
neg and FBG period A, one can express wavelength chirp bandwidth of the
gratings as:

A)bchirp = 2neffAAchirp (912)

where AAchirp = Aiong — Ashor- FBG dispersion is then described by the fol-
lowing expression:

— ) 1
Ap = 2Lagating X /( Aichinp Vigoup) (9.13)
where Lgrqiing 1S the FBG length and Vg, is the group velocity. A typical value of
the FBG is 10 ns/m/A/.pirp.-

Depending on the sign of the FBG dispersion, Ap, one can either compress or
broaden the optical pulse. For Gaussian-shaped laser pulses, the following

expression is used to calculate the pulse width deviation from its original value:

, =1 (0) |:1 + 27mc (A;LchirpADLgrating) /12] 03 (9 14)

where #,(0) is the original pulse width of the laser entering the amplifier. By
balancing the grating length, grating dispersion, and chirp bandwidth, one can
control the pulse width of the pulse propagating in the amplifier.

Fig. 9.25 Schematic
example of a chirped fiber Cladding
Bragg grating

Core

—i*—  Cladding

A — Grating period
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9.2.7 A Few Words About Fiber Endface Preparation

In addition to fiber cleaving, there are four common types of fiber end preparations
used in fiber lasers, either for fiber-coupled pump diode terminations or in output
ports of fiber laser systems (Fig. 9.26):

1. A flat polish of the end face of the fiber, which results in back reflection of
about —14 dB (i.e., 4 %).

2. A physical contact polish produces a slightly curved end face that forces the
fibers in the mating connectors into contact. This reduces back reflection to
about —40 dB by eliminating the fiber-to-air interface. This is the most com-
monly used preparation.

3. An angled physical contact polish adds 8 degrees or more to a flat polish
condition. When used with fiber-to-fiber contact, this type of polishing keeps
the fiber ends together. Also, light at the interface is reflected at a large angle,
missing the core. Back reflections can be reduced to about —70 dB with this
technique, or even more if larger angles are used.

4. A high-power flat-polished end face preparation is typically used for high-
power fiber-coupled diode laser termination. The idea is to spatially separate
the metallic part of the ferrule from the bare fiber end to prevent the deposition
of metal particles on the fiber end face (e.g., in case back-propagating intense
laser light hits the area next to the fiber).

Fiber end face preparation (in terms of surface profile) plays an important role
in high-power fiber lasers because it determines optical back reflection into the
gain material, which in turn may reduce fiber laser performance. Note that a high
degree of cleanliness of the termination surface is required in most high-power
fiber laser applications due to a high probability of damage to a poorly cleaned
surface.

Fig. 9.26 The most
commonly used fiber end face Flat Polished
preparation types (applied to
ferrule-based connectors)
APC Polished :\

High Power
Flat Polished
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Chapter 10
High-Power Fiber Lasers

High-power fiber lasers occupy probably the most challenging and demanding
place in the whole field of fiber laser technology; they also are state of the art. Both
continuous-wave (CW) and pulsed high-power fiber laser systems constantly
require technological advances. This chapter describes the main challenges in the
development of high-power fiber lasers—the solution of which creates a path to
successful laser development.

The main challenges in scaling-up fiber laser power are:

1. Nonlinear effects must be eliminated. For CW fiber lasers, two main nonlinear
effects restrict power scaling: stimulated Brillouin scattering (SBS) and stim-
ulated Raman scattering (SRS). Large core size and short fiber length will
increase SRS and SBS thresholds.

2. For close to diffraction-limited beam quality (i.e., fundamental LPy; mode
operation) at high operation powers, large-mode area (LMA), double-clad (DC)
fiber with a high doping level of the active ion is required.

3. Core glass and end-facet damage must be eliminated because they may lead to
fiber laser efficiency degradation or fatal breakdown.

4. High-power and high-brightness diode laser pumps and pump-coupling systems
with high damage thresholds and high pump/signal power coupling efficiency
with low thermal load must be developed.

5. Thermal management must occur to avoid heat-induced damage. Thermal
effects may cause instability or even reduction in beam quality, change in laser
wavelength or line-width, or polarization instability. In the case of challenges
related to preservation of good beam quality, LMA fiber should be used with a
numerical aperture (NA) below a certain value to discriminate high-order
modes using coiling technology. The temperature dependence of the refractive
index has a direct influence on the NA and hence the mode-discrimination
capabilities of the LMA fiber.

6. Photodarkening must be addressed.

7. Robust, commercially available fiber-optic components and system configura-
tions must be developed, such that the whole laser system maintains its

V. Ter-Mikirtychev, Fundamentals of Fiber Lasers and Fiber Amplifiers, 161
Springer Series in Optical Sciences 181, DOI: 10.1007/978-3-319-02338-0_10,
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efficiency, beam quality, and damage-free operation while operating at high
average power.

8. Polarization maintenance problems must be addressed to maintain precise
phase control for coherent beam combining and nonlinear frequency
conversion.

Processes in high-power CW fiber lasers that lead to bulk and surface damage
of the fiber material include the following:

e Optical nonlinearities create self-pulsing in high-power fiber lasers. Self-pulsing
is thought to be a reason for self-mode locking and self-Q-switching in optical
fibers and causes self-focusing, resulting in bulk optical damage of the fiber
glass.

e Thermal stress on the output of the fiber produces surface damage. A power
level of 200-500 kW/cm? (depending on the condition of the fiber end surface)
is considered to be the upper limit for damage-free fiber laser operation due to
thermal stress.

Prevention strategy
The threshold of SBS and SRS optical processes can be increased by the
following:

. Increasing laser line-width when possible.
. Decreasing gain fiber length.

. Increasing gain fiber core diameter.

. End-capping the fiber.

. Reducing thermal load.

N AW N =

In most cases, during development of high-power fiber lasers, the following
nonlinear processes have to be taken into consideration: SRS, SBS, four-wave
mixing (FWM), self-phase modulation (SPM), cross-phase modulation (XPM),
and self-focusing. These nonlinear processes play a key role in the development of
reliable fiber laser systems and will be discussed later in this chapter.

Some authors have suggested using new fiber materials, such as YAG, to
replace silica to ease several challenges of fiber lasers’ power scaling. By replacing
silica with YAG in the fiber core and optimizing fiber parameters, such as core
diameter and fiber length, Parthasarathy et al. [1] showed that the limit for the
YAG fiber laser is 6 kW per fiber in a multimode operation (compared to 1.8 kW
for a silica-based fiber laser). Because of the smaller SBS gain in YAG
(<10-12 m/W), the maximum output power of 30 kW can be achieved from a
single fiber without a significant increase in fiber core diameter [1]. Significant
improvement is also expected for single-mode laser operation using this approach.
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10.1 Gain Fiber Pumping Technology for High-Power
Fiber Lasers

The way that pumping radiation is coupled into the gain fiber determines the fiber
laser pumping scheme. There are two main types of such coupling: when pumping
light is coupled directly into the core (so-called core-pumped gain fibers) and when
pumping light is coupled into the cladding (so-called clad-pumped gain fibers).
Each pumping scheme has its advantages and disadvantages. Depending on the
application, researchers and engineers give preference to one of these pump
coupling schemes. This section compares the two fundamental pumping schemes,
which should help the reader to understand the pump-type selection strategy.

Core Pumping: This pumping scheme is applied to single-clad gain fibers
(Fig. 10.1). Its main advantages include a high core absorption, which allows for a
short gain fiber length. However, it is restricted by its limited pump power due to
high-brightness (single transverse mode) diode lasers, which are required for
successful core pumping. This results in core darkening with creation of parasitic
absorption due to high power density.

Clad Pumping: This pumping scheme is applied to DC and triple-clad (TC) gain
fibers. A low-index polymer is typically used as a second/third (outer) cladding
(Fig. 10.2). Its main advantages include the ability to couple high-power pump
radiation from low-brightness diode lasers while maintaining the fundamental
mode of the fiber laser radiation emerging from the doped fiber core. The downside
is reduced effective pump absorption; therefore, longer fibers are required for
effective absorption of the pump, which in turn affects the power threshold of
nonlinear processes inside the core. Another limitation is reduced power density
due to large clad diameters. For example, high-power densities are required for true
three-energy-level lasers, such as Er’*, and may be a limitation when reabsorption
saturation is required. Nevertheless, using a DC fiber helps to scale fiber sources to
higher power levels, which are not achievable with core-pump geometry, as well as
higher pulse energies, because the large multimode inner cladding facilitates the
use of higher-power and lower-cost multimode pump sources.

Fig. 10.1 Typical structure Glass Acrylate
of the single-clad Panda-type Clad Coating
fiber (Image courtesy of
Nufern) PANDA

Stress Rods

Slow
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Fig. 10.2 Typical structure Glass Low index
of the double-clad Panda-type olymer
fiber (Image courtesy of Clad powy
Nufern) PANDA
Stress Roids
Slow
Fast
Axi Axls
Core

10.2 Double-Clad Fibers and Clad-Pumping Technology

A DC fiber is an optical fiber with two claddings that are equally important for
light propagation through it. The main difference between single-clad fiber and DC
fiber is the value of the refractive index of the outer cladding. This difference
allows the wave-guided propagation of light inside the cladding of DC fiber at the
same time that another wavelength of light is propagated in the DC fiber core. At
the same time, cladding of the single-clad fiber has a purpose of creating wave-
guiding condition for the core propagating light. Cladding of the single-clad fiber
is not designed to be a waveguide. Usually in both cases of single- and DC fibers,
the outer cladding is made of a polymer, which has a special lower refractive index
in the case of DC fibers.

Because the DC fiber can waveguide laser radiation in the cladding and core
simultaneously, DC fibers are widely used in fiber lasers and fiber amplifiers,
especially with elevated power. Because of the bigger diameter of the cladding
compared to that of the core, it is much easier to launch higher pump power into
the cladding. In the case of DC fiber, the core is doped and acts as the gain medium
of the fiber amplifier or laser. The pump light is coupled into the inner cladding.
While propagating along the fiber, the pump light rays cross the core area; in this
way, they perform optical pumping of the core, creating population inversion. The
effective absorption coefficient of the light propagating along the cladding at the
wavelength of the absorption for the ions in the doped core is reduced by a factor
of the ratio of cladding-to-core areas.

The so-called clad-pumping technology was developed in the mid-1980s,
basically revolutionizing the power scaling of fiber lasers and amplifiers with close
to diffraction-limited beam quality. There is only one main disadvantage in the
design of practical fiber laser systems: a reduced (by a factor of cladding-to-core
area ratio) x = Scjua/Score effective absorption coefficient, which in turn requires an
increased length of gain fiber to achieve full pump absorption. In addition to the
increased cost of the longer gain fiber, this disadvantage also reduces the threshold



10.2 Double-Clad Fibers and Clad-Pumping Technology 165

of nonlinear processes inside the core. Therefore, for high peak power applica-
tions, one may preserve short, single-clad, highly doped fiber. Note that the usage
of a modified shape of the first cladding geometry (as opposed to round) was used
to aid absorption of pump light by the doped fiber core. OFS (Furukawa, Avon,
CT) introduced the so-called star cladding geometry to optimize cladding pump
absorption.

For a typical true single-mode DC fiber with 5 and 125-um core and clad
diameters, respectively, effective absorption of the core at the pump wavelength is
reduced by a factor of (125/5)> = 625. For example, in Yb**-doped DC 5/125
fiber developed by Nufern, this effective absorption coefficient reduction leads to
about 10 m of gain fiber required to absorb 99 % of pump power propagating in
cladding. However, the ability to launch several tens of watts into the DC 125
micron cladding makes this type of fiber very popular and widely used.

10.2.1 Clad-Pumping Schemes

Several pumping schemes to launch pump light into DC fiber have been devel-
oped. These schemes include end pumping, which launches pump light into one or
both opposite ends of the fiber; fused fiber bundling, in which several multimode
fibers are fusion-spliced to the inner cladding; and V-groove side pumping, in
which the pump beam is launched by total internal reflection from a V-shaped
groove cut into the inner cladding of the fiber. The main challenges of these
pumping schemes include obstruction of the fiber ends and limited scalability for
end pumping; the need for DC fiber and a fused bundle with matching dimensions
for the fused fiber combiner; and relatively high alignment sensitivity for V-groove
side pumping geometry.

On the other hand, wavelength division multiplexing (WDM) is a technique in
which optical signals with different wavelengths transmitted together are separated
or combined while being transmitted separately. This technique was mostly used
for optical fiber communications because of the power restrictions of these devices.
However, they are more and more often used in fiber laser technology. Because of
the free space optics that are a core technology of the free space, micro-optics based
WDM, until recently this method was mostly used for core-pumping geometry.
With the development of TC fibers, which can tolerate high incident pump powers,
WDM devices are also being used in clad-pumping configurations.

Among all mentioned DC fiber pump-coupling techniques, probably the most
widely used in medium- to high-power fiber lasers and amplifiers is fused-fiber
bundling, which can be manufactured with or without a signal fiber incorporated
into the bundle of several multimode fibers. Sometimes, the signal fiber (which can
be an LMA or single-mode fiber) is called a through fiber or signal-though fiber.
Typical pump power transmission from pump fiber ports to the DC fiber cladding
is more than 90 %, whereas signal fiber power transmission through a fiber
combiner is more than 80 %.
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Fig. 10.3 Typical tapered fused-bundle structure with anchoring bonds [2] (Image courtesy of
SPIE)

Currently, commercially available fused pump combiners developed by ITF can
couple more than 1 kW of total pump power into the cladding of DC fiber [2],
which can lead to more than 2 kW of launched pump power if a simultaneous
counter and copropagating pumping scheme is employed. Figure 10.3 demon-
strates a typical tapered fused-bundle (TFB) structure used by Wetter et al. [2].
The authors used so-called anchoring bonds and the metallic package in which the
structure is embedded. The anchoring bonds absorb most of the heat in TFB
devices; along with an optimized metallic package, they help the combiner to
withhold such high optical power. Figure 10.4 shows some examples of fiber laser
and fiber amplifier designs using TFB devices [2].

( b) Pump Fibers
Laser Out (N x1 :
_/.% MFA @-—— —E‘ MEA l,—__.l\ m,ul:.k%an-
- / Segnal In 1 ~ al Qu
Double Clad Moda Field  Flat Cleave Mode Field  Double Clad TFB
Gain Fiber  Adapter (4% reflaction) Adapter Gain Fiber

Fig. 10.4 Examples of tapered fused-bundle (7FB)-based fiber laser (a) and fiber amplifier
(b) [2] (Image courtesy of SPIE)
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10.2.2 Clad-Pumping and Triple-Clad Fibers

TC fibers are all-glass DC fiber configurations in which the core, inner cladding,
and outer cladding are all made of optical glass (Fig. 10.5). Similar to ordinary DC
fibers, a polymer is used as a protection for the outer glass layer. The pumping
light propagates inside the inner cladding, whereas the glass outer cladding serves
as a reliable and rugged outer guiding layer with a low refractive index. This is a
state-of-the-art gain fiber technology for high-power DC fibers.

Using TC fibers in fiber laser design and development has the following
advantages:

1. Reliable pump guiding.

2. No need for index matching during fiber recoating.

3. High power tolerance for end-face pump coupling in fiber-optic devices, such
as WDM.

TC fiber is also a good solution for some clad-pumping applications in which
pumping light experiences optical absorption in the polymer cladding at the pump
wavelength, such as when induced by water absorption bands.

10.2.3 Free Space

Free-space pumping technology was historically first used in fiber lasers. Today, it
is still a good option, especially for applications such as high-power fiber lasers, in
which some of the fiber-coupled components are not readily available. Free-space
pump coupling can work well for both core- and clad-pumping applications.
With the appearance of DC fibers and clad-pumping technology, free-space
pump beam coupling regained popularity because of more relaxed requirements
for focusing conditions. Among issues and challenges that have to be addressed in
the use of free-space pumping are fiber and lens holders, heat dissipating mounts,
and other heat management problems. With a continuing reduction in prices for
lens optics, such as aspheric lenses, the free-space pumping approach still attracts

Core Outer Glass Low Index

Clad
\ / Outer Glass Inner Glass

Fig. 10.5 Typical structure of the triple-clad Panda-type fiber (Image courtesy of Nufern)
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the attention of researchers. However, for many applications, such as military
applications or those with harsh operational conditions, an alignment-free
approach (i.e., all-fiber solution) looks more attractive, although at a higher cost
for the all-fiber components and splicing equipment.

Today’s filter-based, fiber-coupled WDM components are free-space pump-
coupling components packaged in a very compact enclosure with fiber pigtails at
each connection port (also with fused WDM fiber components). Several free-space
solutions have been suggested in recent years, in addition to straightforward end
free-space pump coupling—namely, the embedded V-groove, prism coupler, and
embedded mirror. Figure 10.6 summarizes these techniques. Most of the suggested
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techniques are applicable for clad pumping of gain fibers. More detailed
descriptions of the experimental implementation of these techniques can be found
elsewhere [3-5].

10.2.4 Fused-Pump Combiners

Fused-fiber technology is a method in which one or several individual fibers are
integrated together in a new fiber-optic device by a heating, fusing, or melting
process. Fused fiber-optic pump or signal couplers are created by fusing and
tapering two or more fibers together. This technology is one of the most simple,
rugged, and cost-effective approaches to split or combine optical signals/pumps
propagating in the fiber. Typical excess loss is as low as 0.2 dB. The split/combine
ratio is very accurate and can be manufactured with tolerance between several
percentages and a fraction of a percent.

These devices are bidirectional. Although they offer low back reflection and
insertion losses, they still should be used with great care in high-power fiber laser
and fiber amplifier systems. In the case of pump-combining devices with a through
signal, companies who manufacture these components usually guarantee more
than 30 dB of signal to pump port back-reflection isolation. However, this isola-
tion does not prevent core to clad power coupling from fiber termination or
bending, which in turn may be a reason for optical damage of pump diode lasers
from back reflection in many cases. However, properly designed terminating fiber
ends as well as output power optical isolation (e.g., using in-line fiber-coupled
Faraday isolators) make fused-pump combiners irreplaceable for most applica-
tions. Figure 10.7 shows a typical fused pump to polarization-maintaining (PM)
fiber signal combiner.

The number of pumping ports and device performance depends on several
factors, including clad and core diameters of input and output fibers as well as their
NAs. Fused pump-beam combiners are one of the most widely used devices in
current fiber laser systems.

Fig. 10.7 Polarization-
maintaining pump combiner
developed by OFS. MM
multimode, SM single mode :
(Reproduced with permission SM signal
from Specialty Photonics

Division, OFS Fitel LLC) @ O @

for connection to Broad Area Emitters

MM Input Fibers (6 shown)

Tor1.5pm
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10.3 Large-Mode Area Fibers for High-Power,
Diffraction-Limited Operation

An LMA fiber can be defined as an optical fiber that has a larger than true single-
mode fiber core diameter, supporting only one or a few propagating spatial modes.
The concept of LMA fibers was developed in the 1990s and mainly was inspired by
researchers who worked in the field of high peak power and single-frequency fiber
lasers and amplifiers. For these applications, it is desirable to use optical fibers with
increased core areas, but preserving their single spatial-mode propagation as in
many cases. LMA fibers have a much higher threshold of practically all nonlin-
earities due to the reduced intensities of the light propagating in the core, as well as
a higher optical damage threshold. These features of LMA fibers make them irre-
placeable for several applications, such as amplification of high peak power pulses
or for amplification or oscillation of single-frequency laser radiation in gain fibers.

It may seem that the easiest way to design such an LMA fiber is to create a
small difference between the core and cladding refractive indexes, which in turn
decreases the NA of the core. However, because of the weaker guidance of the
light waves inside the core in this case, the propagating losses can become high
from small imperfections of the inner fiber or from fiber bending. Therefore, such
an approach is very limited. Among existing reliable and bend loss-insensitive
LMA fibers (both doped and undoped) with close to one propagating spatial mode,
the biggest core diameter is 10-15 pm with a NA of 0.06-0.08. Figure 10.8 shows
the typical panda-type PM LMA fiber profile, pictured from the fiber end.

To make LMA fibers more practical, several other techniques have been sug-
gested. One of them is to achieve specially optimized refractive index profiles,
which suppresses high-order mode propagation. This approach currently allows
the achievement of up to a 30-um LMA fiber core diameter. Note that fiber
manufacturing with a sophisticated refractive index profile is a common challenge.

Fig. 10.8 Typical
polarization-maintaining
large-area mode 20/125
double-clad fiber profile. This
magnified photograph is
taken from the fiber end
(Image courtesy of nLight/
Liekki)
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Another technique suggests an excitation of the fundamental mode of multimode
fiber during light coupling into the fiber. However, this approach requires precise
determination of the light to fiber-coupling conditions, which become very critical.
Because of this limitation, along with possible mode mixing in the fiber, more
academic exploration of this technology is required.

In 2000, researchers from the Naval Research Laboratory and Sandia Research
Laboratory proposed an interesting and practically important method for achieving
single spatial-mode propagation in multimode optical fibers. Within this approach, it
is suggested to induce significant bend loss to all high-order spatial modes of the fiber
while preserving the minimum bend loss of its fundamental mode. This technology
uses the fact that the fiber fundamental mode LPy; has the smallest bend loss sen-
sitivities compared with higher-order LP modes. In addition, the bend loss attenu-
ation coefficient depends exponentially on the radius of curvature of the bent fiber.

For all modes, the fundamental waveguide mode loss is less sensitive to bend
and the bend-loss attenuation coefficient (expressed in dB/m) depends exponen-
tially on the radius of coiling curvature (see Fig. 10.9). In practical applications, to
introduce very high loss for all higher-order modes and at the same time little loss
for LPy;, one needs to choose certain diameters of the fiber spool. The mode-
filtering technique suppresses propagation of higher-order modes along the entire
length of the fiber amplifier, and at the same time results in improved beam quality
without loss of power and efficiency. The laser energy is extracted mostly to the
LPy; mode. This technology is currently most widely used in research laboratories
and commercial fiber laser systems.

Figure 10.10 demonstrates the distribution of intensity of LMA fiber for coiled
and noncoiled conditions. Improvements in beam profile and beam quality are
evident. However, that although LMA fibers can be coiled to obtain the single
transverse mode operation, the coiling itself can cause instabilities and mode
distortion in the fiber core [6].
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Fig. 10.10 Near—field spatial
profile of the output from a
multimode fiber amplifier
(dcore = 25 pm) when the
fiber is coiled (right) and not
coiled (left) [46] (Image
courtesy of SPIE)

10.4 Nonlinear Processes in Optical Fibers and Their Role
in Fiber Laser and Fiber Amplifiers Technology
Development

All nonlinear processes that take place in optical fibers can be grouped into two
main categories: nonlinear scattering processes and nonlinear power dependence
of the fiber refractive index. Nonlinear processes that belong to first group include
SBS and SRS. The second group combines the processes of SPM, XPM, and
FWM. From a practical viewpoint, SBS, SRS, and FWM mostly affect power
distribution among several spectral lines corresponding to individual propagating
waves, whereas SPM and XPM mostly affect spectral parameters of the propa-
gating signals. Because of the crucial importance of nonlinear processes in fiber
lasers design and development, each individual nonlinear process is described in
more detail below.

To review the main nonlinear processes that take place in fibers and play an
important role in the design and development of high-power fiber laser and fiber
amplifier systems, several important parameters of optical fibers are introduced
here. First, consider the so-called effective length (L), which is determined by the
absorption characteristics of the fiber:

Legr = P%/P(z)dz = /exp(—uz)dz = 1_%(_'[@ (10.1)

where P is the original optical power entering fiber, P(z) is the optical power

inside the fiber at given point z along the fiber length, L is the total fiber length, and

u is the fiber absorption coefficient at the wavelength of light propagation.
Another important fiber parameter is the effective area A.g, which is defined as:

(e Prar)’
o IS |E,(r)|*rdr

(10.2)

where E, is the amplitude of the fundamental fiber mode and |E,(r)|*= I(r) is the
intensity of the fiber fundamental mode at radius r from the axis of the fiber.
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In the case of conventional step index fibers, the field distribution of the
fundamental mode is very well approximated by a Gaussian function. Therefore,
the effective area of the fiber core is equal to:

At = Tw(7)? (10.3)

where 2w(4) is the so-called mode field diameter (MFD) of the fiber core at wave-
length . Note that for fibers other than step index fibers (i.e., dispersion-shifted or
dispersion-flattened fibers), the MFD cannot be approximated by a Gaussian function
and one should use other methods to determine MFD. But in the first approximation
estimate of the effective core area of the fiber, in most practical cases of high-power
fiber lasers, MFD gives a good value that can be taken to determine A..

Also, recall the power dependence of the glass refractive index, which plays an
important role in understanding the optical nonlinearities in fibers. As is well
known, the glass refractive index can be expressed as:

P

eff

n=ngy-+np (10.4)
where ng is the linear refractive index of the fiber core (measured at low optical
power levels), n, is the nonlinear refractive index coefficient (which has a value of
2.35 x 1072 m*W for silica), and P is the optical power of the propagating light
wave in watts.

10.4.1 Threshold Power of the Stimulated Scattering Process

It is useful here to review the basic formulas that determine the threshold of the
stimulated scattering process. For the general case of a stimulated scattering
process (SRS or SBS) with an arbitrary pulse width of excitation (CW; i.e., sta-
tionery or pulsed), one can derive an analytical expression for the scattering
process power threshold in a nonstationary regime of excitation. Following
Ya et al. [7], one can obtain:

P

g—ekp s =M when Tz,>> 15 (10.5)

Aetr

and
2
Pthpeak (% + 1—‘l‘p)

Legs = h It 15 10.6
& Actr ef 2T, when P < ( )

where g is a stimulated scattering gain given in cm/W, Py, peax is the threshold peak
power of the scattering process given in watts, L. is the effective length of the fiber
given in centimeters, A.g is the effective area of the fiber core given in cm?, I is the
spectral line-width of spontaneous scattering process given in hertz, t, is the
propagating optical pulse width given in seconds, and M is a numerical factor that



174 10 High-Power Fiber Lasers

determines a gain value of exp(M), which is usually considered as sufficient to
amplify noise photons that shifted during stimulated scattering process optical
frequency to the detectable level. The value of M is typically 30 for the general
theory of stimulated scattering. For SRS, M = 16, whereas M = 21 for SBS.

10.4.2 Stimulated Raman Scattering

Raman scattering is an important and interesting phenomenon that was discovered
in 1928 independently in Russia (by Landsberg and Mandelstam) and India (by
Raman and Krishnan) in crystals and liquids, respectively. Historically, the process
is named after Sir C.V. Raman, the Indian scientist who made this important
discovery in liquids.

Unlike many applications of Raman scattering in spectroscopy and optics, in
the field of fiber lasers—especially high-power fiber lasers—the Raman scattering
phenomenon is often considered to be an obstacle rather than an opportunity
(except for Raman fiber lasers or special cases when the Raman effect is used to
control other nonlinear processes). Therefore, this important nonlinear process is
discussed in detail here.

The basic physical idea behind Raman scattering is an interaction of an incident
light wave with intrinsic vibrations of molecules. When a light wave is propa-
gating in the medium, it scatters, creating a phonon through excitation of the
molecule vibrations. As in any scattering process, both energy and momentum (or
wave vector) have to be preserved. Raman scattering, similar to Brillouin scat-
tering (with respect to the photon—phonon interaction), is an inelastic scattering
process of light photons propagating inside the medium with optical phonons of
the medium (more detailed information about optical and acoustical phonons in
solids can be found in different textbooks on solid-state physics). The result of this
photon—phonon interaction is a number of new photons with energy equal to the
sum or difference between the energy of the original photon and integer number of
phonon energy. Therefore, when the light is propagating inside the Raman active
medium, new frequencies appear in the spectrum of scattered waves. This spec-
trum consists of frequency components shifted with respect to the incident photon.
These frequency separations between individual spectral components of the so-
called Raman spectrum correspond to the intrinsic phonon energy of the medium.
Shifted frequency components are located on both sides of the spectral position of
the incident light wave. Those spectral components that appear on the low-energy
side from the original light wave frequency are called Stokes components, whereas
whose located on the high-energy side are anti-Stokes components. Anti-Stokes
components correspond with the added phonon energy to the original light-wave
photon energy and Stokes components correspond with the subtracted phonon
energy. Separation from the original signal light-wave frequency with one phonon
called the first Stokes (or first anti-Stokes), with two phonons is called second
stokes (or second anti-Stokes), and so on.
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In crystalline solids, where wave vector selection rules have to be strictly
followed, the Raman spectrum consists of very narrow bands; in glasses, where
wave vector selection rules are practically absent and which are disordered
materials, Raman scattering response is a series of broad bands that demonstrate a
spectral distribution of the scattering process rather than a strictly defined fre-
quency shift. At room temperature (close to 300 K), anti-Stokes components are
greatly weaker than Stokes components.

The study of the Raman scattering phenomenon changed drastically with the
appearance of lasers in 1961, when high-intensity laser beams became available to
researchers. A new process was observed by Woodbury and Ng in 1962 using laser
light as an excitation source in Raman scattering experiments. When a weak
optical signal at a frequency corresponding to a Stokes Raman scattering com-
ponent is injected into the medium together with strong pump light, it will be
amplified with gain that is proportional to the pump power. This is called SRS.

Inlaser physics, SRS gain is a measure of the signal wave amplification in the field
of high-power pump radiation. SRS also has a so-called critical power or threshold
power, which corresponds to the appearance of scattered optical power and is
comparable to that of the pump power (usually in the first Stokes component). If
positive feedback is provided (Fabry—Perot optical resonators are commonly used for
such applications), a coherent Raman wave can be obtained. The device that employs
a Raman active material and an optical resonator to produce coherent emission at
Raman Stokes and anti-Stokes spectral components is called a Raman laser.

In optical fibers where large pump intensities and long interaction lengths are
easily available, a weak spontaneous Raman scattering signal is amplified to the
power level of input laser intensities, and the process becomes SRS. Figure 10.11
demonstrates a typical Raman gain spectral dependence for different glasses. The
slightly different spectral position of the first Stokes component near 440 cm ™' is a
result of different phonon energy of different materials shown in the figure. These
phonon energies correspond to different energies of intrinsic vibration.

Fig. 10.11 Raman gain in
different glasses [47] (Image
courtesy of the Optical
Society of America)
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10.4.3 Continuous-Wave SRS

In the case of CW pump in the SRS process, the critical power (or threshold) is
determined by the following expression:

16 Actr
8RrLefr

Pihsrs = (10.7)

where gr is Raman gain measured in cm/W. It has the following value in fused
silica at a 1-um wavelength of pump light:

gr =98 x 107 em/W (10.8)
Note that Raman gain is inversely proportional to the pump wavelength:
1
— 10.9
8rR X 2 ( )

P

For an arbitrary pump signal spectral bandwidth (Aw,), Raman gain is determined as:

grars(Awy) = gR(l +—)1 (10.10)

I'k is the homogeneous width of the Raman line, which in silica fibers is:
'k =6 x 102 Hz (10.11)

Therefore, the SRS threshold power for an arbitrary spectral line-width of the
pump beam is:

16A¢¢r

P, Aw,) = ———F—— ——
s (Aw) 8rARB (Awp ) Legt

(10.12)
As shown in Fig. 10.11, in GeO,-doped fibers, Raman gain is about 10 times
higher than in fused silica. From above formula to determine SRS threshold power,
one can easily calculate this important parameter. For silica fiber with effective
length of 10 m and core diameter of 6 um, where CW laser light with 1-pm
wavelength propagates in the core, this critical power is approximately 550 W.

10.4.4 Pulsed SRS

From the previous analysis, the threshold peak power of the SRS in silica fiber can
be calculated using the following formulas:

Plhpeak

g oK

Lt = 16 when 1, > 1.3ps (10.13)
eff
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and

2
PlhpeakL . (8 + l—‘Rtp)
R Actr eff ZFRIP

when 1, < 1.3ps, I'r=6x 10"Hz (10.14)

The calculation of the SRS threshold power is very important in fiber laser
design and development because it is one of those threshold powers that may
restrict power scaling of the fiber laser or amplifier. From the analysis in this
section, one can see that shortening fiber length, increasing fiber core diameter,
and increasing propagating laser signal spectral line-width result in increasing SRS
threshold.

10.4.5 Stimulated Brillouin Scattering

The physical nature of the Brillouin scattering phenomenon is very similar to that
of Raman scattering. The main difference is that Brillouin scattering defines a
process where an incident (or propagating) light wave interacts with acoustical
phonons of the medium (i.e., with its lattice vibration modes). This process was
predicted by Mandelstam in 1918 (published in 1926) and Brillouin in 1922. It
describes an inelastic scattering of an incident optical wave on the thermally
excited acoustical waves/phonons. Historically, the effect is named after Brillouin.
Gross was the first to demonstrate this effect experimentally in crystals and liquids.

Brillouin scattering demonstrates a similar picture of frequency shifts of the
scattered light to that of Raman scattering with all notations of Stokes and anti-
Stokes given in the previous section. Because the optical phonon energy is much
smaller than acoustical phonon energy, Brillouin scattering shifts are much smaller
than that of Raman scattering.

The Brillouin scattering frequency shift that appears in the Brillouin scattering
spectra corresponds to the energy of vibration modes of the lattice, which belong
to the medium of the light propagation and can be expressed as:

2 1 — cos 0
A ( cos B) (10.15)
R 2

where n is the medium refractive index at pump wavelength, V, is the acoustic
velocity of the medium, and 65 is the angle between the scattered wave vector and
the initial pump wave vector. This frequency shift is approximately 11.25 GHz for
silica fiber at a 1.5-um wavelength of pump light, which corresponds to the energy
of acoustic vibration mode in silica. vg varies inversely with A,.

From the previous formula, one can see that in case of single mode fibers,
nonzero frequency shift is possible only for one value of phase-matching angle 6g:

Op = (10.16)
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The physical meaning of this solution is that the SBS phase-matching condition
is possible in case of counter propagating waves. In other words, the SBS Stokes
component is expected to emerge from the fiber at the input end (i.e., backscat-
tering). In the SRS case, the Stokes component copropagates with the pump (i.e.,
forward scattering).

10.4.6 Continuous-Wave SBS

Following the same logic as in the case of SRS for CW pumping in the SBS
process, a critical power (or threshold) is determined by the following expression:

21 At

P Aw,)) = ——F———
sps (Awy) gBARB (A®p) Legr

where ggarg 18 the Brillouin gain measured in cm/W for an arbitrary spectral line-
width of the pump signal.

As it was shown in Ref. [8], SBS gain coefficient in a steady-state regime can be
expressed as:

4n’n’p’ Ty

10.17
cop)? ( )

8Bst = 8B =
where 7 is the refractive index of the medium, p is the elastooptic coefficient, ['g is
the lifetime of the SBS active acoustic phonon, v is the acoustic phonon speed of
propagation, p is the density of the medium, and 2 is the laser wavelength in a
vacuum. It has the following value in fused silica at a 1.5-um wavelength of pump
light:

gs =43 x 10 cm/W (10.18)

This result is almost three orders of magnitude larger than that of the Raman
scattering. Unlike Raman gain, it is almost independent of the wavelength.
Figure 10.12 shows a measured SBS gain spectrum for pure silica fiber mea-
sured at 828-nm pump wavelength.
The 20-GHz spectral shift in Fig. 10.10 at a 826-nm pump wavelength gives an
11 GHz shift at a 1,500-nm wavelength according to the following relationship:
1
VB X ﬂ—p
As shown in Fig. 10.12, a Brillouin line-width of 275 MHz at 826-nm exci-
tation wavelength should give an ~80 MHz Brillouin line-width at 1,500-nm
excitation wavelength. Brillouin scattering line-width is inversely proportional to
the square of the excitation wavelength.
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Fig. 10.12 Gain spectra of Frequency Difference Af (GHz)
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For arbitrary pump-signal spectral bandwidth (Awy), Brillouin gain is deter-
mined as:

Aw,

.y
gBarB(Awy) = gp (1 + F—) (10.19)
B

I's Uis the phonon lifetime of the medium, which in silica fibers is:
I'z' =10ns (10.20)

The expected spectral dependence of ['g is inversely proportionality to the square
of pump wavelength:

I'y lz (10.21)
%

As one can see, the SBS threshold in fibers in most cases (unless the pump laser
line-width is very broad) is much lower than that of the SRS. This is why SBS
usually appears much earlier in scaling up the fiber laser power and is more
dangerous because of its back-propagating nature. For 10 m of silica fiber with a
core diameter of 6 um and propagating pump signal spectral line-width in the sub-
MHz range, the SBS threshold is few watts, which is the limit for straightforward
design of single-frequency CW fiber lasers using conventional Yb>*-doped DC
fibers pumped at 976 nm with about 2 dB/m pump absorption.
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10.4.7 Pulsed SBS

Similarly to SRS, the following formulas can be used for an SBS power threshold
calculation in the case of optical pulse excitation for both stationary (long-pulse)
and nonstationary (short-pulse excitation):

P
gk =21 when 1,>> 100ns (10.22)
Aefr
and
Piapea 24 Tpty)’
p —peak g o — G Blp) when #, < 100ns, I'y & 100 x 10° Hz
Aeff 21—‘Btp

(10.23)

where M = 21 for the SBS process in silica fibers.
Knowing the transient SBS gain coefficient gives a path to calculate the
threshold of SBS in pulsed fiber lasers and amplifiers.

10.4.8 Optical Kerr Effect

The three processes described in this section are based on the optical Kerr effect in
fibers. This important optical phenomenon is devoted to the process of instanta-
neous nonlinear optical response of the dielectric medium to the propagating light.
This process describes a change in the refractive index of the medium due to the
propagating of high-intensity electromagnetic radiation.

The basic formula of the optical Kerr effect is expressed in the following
relationship:

An=ml =n, (10.24)

Actf
where 7, is the nonlinear refractive index of the optical medium where high-intensity
light is propagating, expressed in cm?W; [ is the intensity of the light beam,
expressed in W/ecm?; and P is the optical power of the propagating beam, expressed
in watts. The typical value for the nonlinear refractive index in glass fibers varies in
the range of 2-5 x 107'® cm?*/W, depending on the fiber glass composition.

10.4.9 Self-Phase Modulation

SPM is a phenomenon caused by nonlinear phase modulation of the optical beam
induced by its own intensity. The optical Kerr effect plays central role in the SPM
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phenomenon, which creates a different phase condition for the peak of the pulse as
compared to its rising and falling edges. The latter process results in the direct
change of the pulse spectral characteristics. In addition to the distortion of spectral
characteristics of the fiber laser pulses, SPM causes power instability and inten-
sifies the self-mode-locking effect.

Consider an optical pulse propagating in a fiber with Kerr nonlinearity. If we
assume that the propagating pulse has a uniform intensity profile, the phase
acquired by the pulse after propagating length L.g of the fiber can be expressed as:

o [’10 + %} Legy

c

o(t,L) = wot — (10.25)
where g is the carrier frequency of the propagating in the fiber pulse. The
instantaneous carrier frequency of the propagating pulse is then:

_ d(p(l‘,L) — wy — Wono Legt dP(I)

1L
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(10.26)
For the important case of Gaussian pulse shape, intensity of the pulse varies
according to the following Gaussian function:

P(t) = Poexp (— %) (10.27)

One can obtain the following expression for the propagating signal-pulse
duration at full width, half maximum:

t, =2vIn2 x 1 (10.28)

Spectral broadening of the Gaussian pulse propagating inside a fiber due to
SPM can be determined as follows:

2wony LestPo ( l2>
=T "rexp

ow(t,L) = w(t,L) — ——
(’U(, ) (,{)(, ) o C‘C(Z)Aeff

(10.29)
%

By zeroing a time derivative of the above function, one can determine the
maximum spectral broadening due to SPM of the propagating Gaussian pulse as
follows:

S0max = 08675 220 Py Loy (10.30)
CAetr

If one considers general case of a super-Gaussian pulse shape, the SPM-induced
chirp dw(f) can be derived from the temporally varying phase with the following

expression [9]:
m L ¢ 2m—1 t 2m
ow(t) = 2 et (—) exp (— (—) ) (10.31)
T0 LNL Ty To
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Ly is nonlinear fiber length, which is:

La = (yPo)”! (10.32)
The nonlinear parameter y is defined as:

nyo

= 10.33

CAefr ( )
For Gaussian pulse shape, m = 1, whereas m = 3 for the super-Gaussian pulse
shape.

For an unchirped Gaussian pulse, Awy = 1, where Awy is the spectral width of
the pulse at 1/ exp(+1) level. Therefore, for the Gaussian pulse width with m = 1,
the maximum spectral broadening factor is:

_1 Mo

5wmax =0.86 Aw() Pmax = 0.861'0 A P()Leff. (1034)
CAeff

10.4.10 Cross-Phase Modulation

Unlike SPM, XPM takes place in the case of multiple-beam co-propagation along
the fiber. Particularly, XPM is a phenomenon in which intensity of one propa-
gating optical signal influences the phase of another co-propagating optical signal.
An analytical expression that describes a refractive index change of one
co-propagating signal An; in the field of I, intensity of the second co-propagating
signal is as follows:

Anl =2 ny X 12 (1035)

For certainty, one can assume that indexes 1 and 2 correspond to the individual
wavelength of the co-propagating beams (i.e., 4; and 4,. One can see from the
expression for the phase change that XPM is twice as effective as SPM for the
same intensity of interacting signal waves.

In fibers, there are two main contributions of the XPM phenomenon to the
propagating signal pulses along the fiber length: spectral broadening enhancement
and frequency shift. For the case of Gaussian pulse shape with spectral frequency
w1, combined spectral broadening of this pulse induced by another co-propagating
pulse (i.e., pump pulse) with spectral frequency w, is given by the following
expression [10]:

w L
Awispm + xpm A 7]”2(11 +2h) % (10.36)
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Spectral broadening enhancement therefore is:

Awispm + xpm ( 12)
— = 1+4+2= 10.37
Awispm I ( )

On the other hand, the maximum XPM-induced frequency chirp is:

Ly
OWimax = 2&,/12[2 - (1038)
Cc To
where L,, is the walkoff length and 7, is the pulse width. The walkoff length L,, is
determined by the following expression:

7o
L,=—: (10.39)
d|
where d = Yo ~ Vg2 is a group velocity mismatch between the two pulses and v,; is

Vg1 Vg2
the group velocity of an individual traveling signal pulse.
In fiber lasers, XPM is used for synchronization of individual mode-locked fiber
lasers, as well as some other applications.

10.4.11 Four-Wave Mixing

FWM is a third-order nonlinear process in silica fibers. As in the case of SBS and
SRS, this process results in redistribution of power among several spectral com-
ponents that appear during propagation of high-intensity light in the fiber.

Due to the phase sensitivity of this nonlinear process, there are several ways to
achieve efficient FWM. Unlike FWM process in bulk media, where FWM phase-
matching may be achieved by choosing appropriate angles between interacting
beams, in fibers high efficiency of the FWM can be achieved over long distances of
individual signal propagation under conditions of phase matching. Obviously, this
in turn can be achieved either by small spectral separation of individual signals
participating in the FWM process or by choosing the appropriate dispersion
dependence of the fiber in which FWM expected to take place.

In fibers under certain dispersion conditions (i.e., near zero-dispersion point),
three optical frequencies (v,, vg, and v,) mix up to produce a fourth frequency v,g,
as follows:

Vapy = Vo + Vg — ¥y (10.40)

where o, f # 7.
The number of generated mixing products K during the process of FWM for a
number of wavelengths N launched into the fiber is expressed by the following:

N*(N—1)
2

K= (10.41)
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To calculate the optical power of the signal created by the FWM process, one
should consider several factors that influence this value, including the spectral
spacing of individual signals participating in FWM process and the dispersion of
the fiber material where FWM takes place.

The optical power of the signal appearing as a result of the FWM process can be
calculated using following expression:

Pupy = WFWMD(ZjegVZPaPﬁPv exp(—HuLeir) (10.42)

Here, y is a nonlinear interaction constant that represents the strength of the Kerr
nonlinearity in the fiber, given by:

y =27n, (10.43)

Acfi

In these equations, n, is the nonlinear refractive index (typical value is
3 W' km™"), L is the effective length of the fiber, D(zjeg is the degeneracy factor
(which is equal to 3 for two mixing waves or 6 for three distinct mixing waves),
1 is the loss coefficient (typical value is 4.5 x 10~" cm ™', which corresponds to
0.2 dB/km for telecom fibers and ~5-10 dB/m for gain fibers), A is the effective
cross-section area of the fiber core, and P, g, is the individual channel power.
newn 18 the FWM process efficiency in gain fiber (i.e., EDFA, YDFA or TmDFA),
which can be expressed as:

12 4 exp(—pLegr) sin’ (AﬁFWMLeff/Z)

12+ ABfwn (1 —exp(—puLer))’

rwM = (10.44)

where A is the effective area (i.e., fiber core area) and Afgrwwy is the phase
mismatch between interacting waves, which in turn depends on chromatic dis-
persion D.pom (typical value for telecom fibers is 17 ps x nm ™! x kmfl), its
slope ODhrom /04 (typical value is 0.8 ps x nm~ > x km™'), and spectral spacing
between channels Av (i.e., individual signals):

2mi 72 3D ehrom
AﬂFWM = TZ/L sz <Dchr0m + AV? 6; > (1045)

In the case of high signal attenuation—that is, when [1 — exp(—uLesr) < 1]—
FWM efficiency becomes:

12

1+ Aﬁ§WM

Note that FWM is essentially a phase-matching process. That is, for energy to
be interchanged between individual channels, all channels must operate in phase,
which in turn requires a small value of Afrwy. The above expression for FWM
efficiency indicates also that smaller spectral separation between channels results
in higher FWM efficiency.

Newm = (10.46)
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10.5 Self-Focusing and Self-Trapping in Optical Fibers

Self-focusing was theoretically predicted by Askarian in the USSR [11] in 1962,
who studied the phenomenon of high-power electromagnetic field propagation in
plasma. In the following years, several groups in the USSR and USA carried out
experimental verification of this phenomenon as well as its further theoretical
consideration. The main idea behind this interesting and very important physical
process is in the nonlinear optical response of the medium refractive index to the
propagating electromagnetic wave. This section presents basic formulas that
describe the self-focusing and self-trapping phenomena and their importance in the
field of fiber lasers, especially high-power fiber lasers and amplifiers.

One of the important parameters of the self-focusing phenomenon is the
so-called critical power of the process. It determines the threshold of self-focusing
and can be calculated using following expression, which can be obtained by
consideration of total internal reflection from the wall of the nonlinear waveguide
created in the field of the high-power beam [12]:

1

Py = Py = (122/1)2 32 non
072

(10.47)

where / is the wavelength of propagating electromagnetic wave in vacuum (given
in centimeters) and ng and n, are the linear and nonlinear refractive indexes,
respectively. (In glass, n, & 2.5 x 107'® cm?/W). With variations of the non-
linear refractive index in different glasses of optical fibers, the range of P, is
usually 1-3 MW. Note that the critical power of self-focusing depends only on the
wavelength, linear refractive index, and nonlinear refractive index.

The physical meaning of this power can be described as the condition when the
light beams with power greater than P, experience focusing; with power less than
this value, they will become defocused due to diffraction. As it is known, for
cylindrical geometry the angle of diffraction 0 is:

0~122-" (10.48)
I’lQD
where D is the beam diameter. When the light wave has a power of P = P, a
so-called autocollimation or self-trapping takes place (i.e., when divergence of the
beam is compensated by self-focusing) [13].

Exceeding the optical power of the propagating beam above the critical power
determines the mechanism of self-focusing, which dominates in this process.
When the optical power exceeds the critical power by approximately <10 times, a
so-called large-scale self-focusing (LSS) takes place, with a characteristic distance
between the surface of the medium and the first self-focus which is as follows (in
passive medium without loss) [14]:

Liss & ———— 10.49
LSS = PC, P Pcr ( )
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When exceeding of the critical power is high (>10* times), then small-scale
perturbations of the beam intensity create instabilities of the propagating beam,
which in turn cause a so-called small scale self-focusing with a characteristic
length, where the electrical field of the beam increases exp(n) = 23 times [15, 16]:

 AnpAetr
8nn, P

555 (10.50)
In glass, when P/A.z ~ 3 GW/cm?, the small-scale self-focusing length is
Ly ~ 8 cm. Small-scale self-focusing appears first when P > P, which is a
common situation in high-power Q-switched or mode-locked fiber lasers.
The ratio of the characteristic lengths for these two limits is [16]:

LSSS ~ Q
Liss P

(10.51)

Using this expression, one can determine smallest characteristic length. That is,
the first self-focus appeared during high peak-power beam propagation, which in
turn determines the dominant self-focusing mechanism. Note that the character-
istic length of self-focusing is smaller in an amplifying medium compared with an
attenuating medium [17].

Self-focusing plays an important role in the design of high-power fiber laser
systems because it is one of the main mechanism for bulk damage of fiber glass
under conditions of high peak-power pulse propagation. This phenomenon also
plays an important role in the design and development of bulk solid-state lasers
with high peak power.

10.6 High-Power Fiber Laser Oscillators Versus
Low-Power Master Oscillator-Power Fiber Amplifier
Geometry

A straightforward way to achieve high-power laser radiation is to build a single and
powerful laser oscillator with a required set of parameters. Being the oldest solu-
tion, this approach may look like the simplest way to achieve the goal. However, as
it is known from traditional solid-state laser technology based on crystalline,
ceramic, or bulk glass laser-active elements, an increased pump level dramatically
changes the picture of fundamental physical processes that take place inside the
laser cavity. Most of these processes fall into two categories: thermal management
and nonlinear optical phenomena. These processes deteriorate laser parameters and
therefore have to be taken into consideration during laser design and development.

Taking these problems into account, one may need to find a means to preserve
the original or required laser parameters and at the same time be able to scale
power of the whole laser system. The main idea behind such an alternative
technology would be to create a relatively low-power master oscillator (MO),
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Fig. 10.13 Schematics of fiber laser oscillator (fop) and master oscillator—power fiber amplifier
(MOPA; bottom) configurations. Note In fiber lasers, MOPA optical isolators are placed in
between each amplification stage

where physical processes that may deteriorate laser parameters are not evident.
This allows one to achieve all required laser parameters from a single laser except
power. The “ideal” laser beam from the MO is then injected into the system of
laser amplifiers to eventually achieve the required level of power. Figure 10.13
shows a general schematic of these two approaches.

The second approach is called master oscillator—-power amplifier (MOPA)
geometry, which is very widely used in laboratories for scaling-up the power of
laser systems. This approach was implemented in commercial solid-state and other
laser products decades ago. Today, the MOPA is a well-known configuration in
laser physics. It consists of a master laser oscillator (seed laser) and a power
amplifier (booster) to boost the output power.

The following sections describe several examples of fiber laser systems, using
each of the approach modes to solve the problem of laser power scaling.

10.6.1 High-Power Fiber Laser Single Oscillators

Despite the challenges associated with high intracavity optical power, high-power
fiber laser oscillators still play an important role in the fiber laser field, especially
in those branches where certain laser parameters have to be achieved directly from
the laser source and would be problematic in the case of a MOPA. For example,
such laser parameters may involve wavelength tunability, intracavity nonlinear
frequency conversion, or high-power, tunable ASE-free operation.

Figure 10.14 shows an example schematic of a highly efficient and widely
tunable narrow line-width ring fiber laser [18]. The laser is based on Yb**-doped
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Fig. 10.14 High-power unidirectional Yb>*-based fiber laser [18] (Image courtesy of the Optical
Society of America)

DC fiber free-space pumped by a fiber-coupled high-power diode laser. The laser
uses a unidirectional ring cavity and produces a linearly polarized beam with an
output power of 10 W. The laser is wavelength tunable in the spectral range
between 1,032 and 1,124 nm using a diffraction-grating pair in a Littrow—Littman
configuration (described earlier in the chapter on tunable lasers). In a mode
without any measurable ASE with a linearly polarized beam, the laser delivered
3 W of output power with slope efficiency of 23 % at 1,080-nm wavelength.

Another example of a fiber laser oscillator is illustrated in Fig. 10.15 [19], this
time based on Er:Yb-doped gain fiber. The laser produced up to 188 W of CW
output at 1.57 pm with M> = 1.9 and 41 % slope efficiency with respect to
launched pump power. When the grating was used, tunable operation was dem-
onstrated with a maximum output power of 108 W at 1,538 nm for a launched
pump power of 336 W. The achieved tunability was between 1,531 and 1,571 nm.

A kW-level Yb>* fiber laser was built by Auerbach et al. [18]. The laser
schematic is shown in Fig. 10.16. The authors demonstrated a highly-efficient
cladding-pumped Yb**-doped CW fiber laser with output power 1.36 kW at
1.1 pm with 83 % slope efficiency.

The laser produced near diffraction-limited beam quality with M? = 1.4. The
authors [20] end-pumped the laser through both ends of a 12-m DC fiber with
1.6 kW of pump power. Absence of rollover in the output versus input plot
indicated that the achieved laser performance was only pump power limited.
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Fig. 10.16 Experimental setup of linear cavity kW-level Yb>* fiber laser [20] (Image courtesy of
the Optical Society of America)

10.6.2 High-Power Master Oscillator—-Power Fiber
Amplifiers

This section presents examples of MOPA-based configurations of fiber lasers. The
advantages a of MOPA configuration include the following:

e MOPA allows easier implementation and more control of main laser parameters,
especially when they need to be achieved simultaneously. These parameters
include variable or certain laser pulse width, laser line width, laser beam quality,
and elevated laser power. This is the biggest advantage of MOPA: flexibility.
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e The design and structure of the individual subsystem of MOPA (i.e., MO and
power amplifier) are usually simpler and reasonably straightforward compared
with the design and construction of single high-power laser oscillator.

e All laser parameters can be achieved and controlled at a targeted output power
in a MO, then a power amplifier can be used to boost the oscillator power level
to what is required. In the case of fiber laser systems, a fiber amplifier design can
be a challenge because of numerous optical nonlinear processes that may restrict
laser power scaling and alter the original laser parameters.

e There is no high-power intracavity laser field, which in turn requires high power
tolerance of fiber-coupled and free-space resonator optical components.

The disadvantages a of MOPA configuration include the following:

e Because more components are involved, the complexity of the system is higher.

e There is amplifier noise, which is the excess noise from residual spontaneous
emission in the amplifier gain medium. (For four-energy-level excitation, the
amplifier noise is lower than that of the three-level-excitation scheme.)

e A MOPA system can be vulnerable to the back-reflection intensities because
they can lead to optical damages through additional amplification on the
reflection path and subsequently enter the MO.

e The absence of high-power intracavity laser fields does not allow highly efficient
nonlinear frequency conversion, such as intracavity optical harmonic genera-
tion, which is widely used in high-power laser oscillators.

There is no principal difference in the physics of traditional, bulk laser MOPA
system operation compared with fiber or waveguide MOPA. The only principal
difference is the small fiber core diameter and long length of the amplifier, which
creates a condition for optical nonlinearities to take place in the fiber amplifiers as
well as extremely high gain. These nonlinearities (which affect power scaling,
laser parameter degradation, and power tolerance) have to be addressed during a
fiber laser design and development process.

Being quite flexible approach, the MOPA configuration does not restrict the
choices of selecting seed lasers or subsystems for power amplifiers. To achieve
high energy and high peak power oscillation at the level of output of MOPAs
whose parameters are not as easily achievable by purely fiber design, hybrid
configurations started attracting the attention of many research groups. Such
attention has been motivated by a high level of maturity of diode-pumped laser
technology using bulk solid-state laser materials as well as microchip lasers.

To demonstrate the effectiveness of the hybrid geometry, Fig. 10.17 shows a
MOPA system similar to that built by Liem et al. [21]. The authors employed
a low-power diode-pumped, solid-state monolithic nonplanar ring oscillator as a
single-frequency seed laser, which has been amplified in 9.4 m of LMA Yb**-
doped DC fiber. The hybrid MOPA system produced more than 100 W of single-
frequency laser power that was SBS limited. The ASE power level was estimated
at 20 mW, corresponding to 0.02 % of the main laser output. This hybrid MOPA
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configuration preserves excellent beam quality, a high degree of polarization, and
single-frequency nature of the seed laser. The system is scalable to a power level
of more than 200 W.

Figure 10.18 shows an example of high-power pulsed MOPA design in which a
Yb**-doped DC fiber amplifier was used by Dupriez et al. [22]. The MOPA
consists of a current modulated seed laser diode, three-stage preamplifier, and a
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Fig. 10.18 Experimental setup of a 321-W average power pulse MOPA-based Yb>* fiber laser

[22]. CP cladding pumped, CFBG chirped fiber Bragg grating (Image courtesy of the Optical
Society of America)
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high-power amplifier. In total, 492 uW of diode laser power is injected into the
three-stage preamplifier and is boosted to 2 W of output power before it enters the
last high-power amplifier stage. The final high-power amplifier is counter-pumped
with a high-power 975-nm diode laser and produces 321 W of average power at
1,060-nm wavelength. The laser demonstrates 20-ps pulses at a 1-GHz repetition
rate. Despite high peak power of the laser pulses, the observed SPM was moderate
and no Raman scattering has been detected at the output of fiber power amplifier.

Another example of a high peak power nanosecond MOPA was developed by
Nufern [23], as shown in Fig. 10.19. The authors [23] demonstrated a monolithic
linearly-polarized pulsed Yb**-doped fiber laser, with >10 kW peak power, tun-
able pulse duration of 2 ns to 0.2 ps, tunable repetition rate of 50 kHz to 50 MHz,
and 50 W average power in a diffraction-limited, linearly polarized, and stabilized
0.8 nm line-width output beam operating at 106 nm.

A high average power, femtosecond Yb** fiber MOPA was reported by
Roser et al. [24]. Using the fiber laser schematic shown in Fig. 10.20, the authors
[24] demonstrated 90.4 W average power of 500-fs pulses while the laser operated
at a 0.9 MHz pulse repetition rate. The femtosecond pulse peak power from such a
fiber laser system reached the 200-MW level.

SM PM Yb-doped fiber PM LMA Yb-doped
30/250pm fiber

Signal/pump @ Signal/pump
fiber fiber L —p

1064m
pulsed
MO multiplexer multiplexer
PM iso PM iso PM isolator | | 1064nm
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976nm pump 976nm pump 976nm pump 976nm punp

Fig. 10.19 Linearly polarized, nanosecond fiber laser design [23]. LMA large mode area,
MO master oscillator PM, polarization maintained; SM, single mode. (Image courtesy of The
international Society for Optics and Photonics (SPIE).)
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Fig. 10.20 Experimental setup of a high average power femtosecond MOPA system [24]. AOM
acousto-optical modulator, OI optical isolator (Image courtesy of SPIE)
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The MOPA configuration has also been employed for resonantly pumped
Er-only high-power amplifiers. The approach is considered to be a power-scalable,
eye-safe, highly efficient alternative to existing high-power Yb’" fiber lasers in the
1-pum range of the optical spectrum). Dubinskii et al. [25] implemented the high-
power cladding-pumped Yb**-free Er’* amplifier system resonantly pumped at
1,480 and 1,530 nm, as shown in Fig. 10.21. The authors [25] designed a single-
frequency Er’* fiber laser using a single-frequency diode laser as a MO, one
preamplifier, and a high-power cladding-pumped amplifier. Using a Liekki Er’*-
doped 20/125 LMA gain fiber in a booster stage, the authors achieved 46 % slope
efficiency versus absorbed power when cladding pumped with 1,520-1,530-nm
fiber-coupled laser diodes, as well as more than 9 W of CW optical power with
diffraction-limited beam quality at a 1,570-nm wavelength.

An interesting approach to scale output power of single-frequency fiber lasers
was introduced by Zeringue et al. [26]. The authors used monolithic PM Yb>*-
doped fiber amplifier seeded with a combination of broad (tunable in the
1,035-1,045-nm range) and single-frequency (1,065-nm) laser signals, as shown in
Fig. 10.22. This two-tone concept was used in conjunction with externally applied
or intrinsically formed thermal gradients to achieve SBS suppression factors of up
to 7 dB in a 7-m-long Yb>*-doped 25/400 fiber. Achieved output power of the
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single-frequency laser ranged from 80 to 203 W, with slope efficiencies of
70-80 %. Using an external thermal gradient, the authors measured 100 kHz
nominal line-width at 203 W of output power of the laser.

Goodno et al. [27] built a four-stage, Tm>*-doped fiber amplifier chain that
emitted 608 W of single-frequency output power. The laser showed an optical gain
of 53 dB, 54 % slope efficiency, and beam quality with M> of 1.05, as shown in
Fig. 10.23. The output power was limited by available pump power and showed
now saturation with increasing pump power level. The laser system preserved the
input <5-MHz line width, imposing negligible phase noise above 3 kHz.
A comparison of the measured SBS limit as well as analytically analyzed thermal
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power pump pump
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Fig. 10.23 Experimental setup of a four-stage, single-frequency Tm>*-fiber laser MOPA [27].
ASE, amplified spontaneous emission; DFB, distributed feedback laser. (Image courtesy of The
international Society for Optics and Photonics (SPIE).)



10.6 High-Power Fiber Laser Oscillators Versus Low-Power Master Oscillator 195

limit suggests a maximum possible achievable single-frequency power of
~750 W from this fiber laser, scalable to the 1-kW level [27].

It is important to note that selection of the approach used in the design and
development of a high-power fiber laser system depends on many factors, which
have to be taken into consideration during the decision-making process in selecting
a schematic. These factors include the fundamental allowance of the theoretical
modeling, required flexibility of the targeted output laser parameters, and allocated
cost. This decision also involves information on the availability of the fiber-coupled
and free-space optical components used in both MOPA and oscillator systems.

10.7 Beam Combining of High-Power Fiber Lasers

The unique advantages of fiber laser systems—high efficiency, high beam quality,
relaxed thermal management issues, and low cost of ownership—helped them to
capture several industrial markets as well as some military applications. The latter
applications, however, requires a high level of average or CW powers in the order
of 50-100 kW, while at the same time maintaining high beam quality of
diffraction-limited operation.

Two ways to scale the power of laser systems have been implemented into
practice: (a) scaling power of an individual oscillator without degradation of
important laser parameters and (b) beam combination of already constructed
lasers. By pushing the capabilities to the maximum possible level, both methods
can usually be implemented by researchers and engineers. This section reviews the
main approaches for high-power beam combing.

The most important parameters of the individual high-power fiber laser sources
and their control when considering laser beam combinations include wavelength
control, line-width control, and polarization control. By exploring these laser
parameters, one may achieve different beam combinations to scale the fiber laser
system output power. By combining several laser beams while preserving the beam
parameter product (i.e., the product of the beam diameter and the angle of divergence),
one may not only scale the output power but also increase the beam brightness.

There are three main approaches for beam combining to increase the output
laser beam power (see [28] for a review):

1. Spectral beam combining (sometimes called wavelength beam combining, or
WBC).

2. Coherent beam combining.

3. Side-by-side beam combining.

The traditional polarization beam combining technique (PBC; see Fig. 10.24),
which combines two linear polarized beams and uses polarization beam splitters/
combiners, increases brightness. However, it also results in an unpolarized output
beam and therefore cannot be used for repeatable beam combiners based on the
polarization control principle. Another reason that restricts the use of PBC in
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high-power fiber laser scaling technology aimed at the 50-100 kW level is limited
power tolerance of the polarization beam splitters/combiners.

Within each of these approaches, N individual emitters sum up with added
power from each individual source. However, unlike WBC and coherent beam
combining, side-by-side beam combining approach provides only power scaling
but not an increase in brightness. This approach is usually used for diode laser
power scaling (i.e., for diode-pumped solid-state laser applications). The first two
approaches provide an increase not only in overall power but also in the overall
brightness of resultant source (i.e., power per solid angle over a resultant beam
aperture). Unlike polarization beam combining, WBC and coherent combining
techniques are really scalable approaches theoretically, without a limit on the
number of combined elements in the system. Therefore, this review focuses on
WBC and coherent beam combining techniques only, because they reflect the
most-demanded applications. Fiber lasers are ideal elements (i.e., building blocks)
for beam-combining technology because of their size and flexibility of packaging.

10.7.1 Spectral Beam Combining

This approach combines beams of individual laser emitters with different wave-
lengths of operation into a single, higher-power beam using different types of
wavelength-multiplexing devices. Within this technique, the resultant beam
aperture and far-field divergence angle remain the same as in original beams,
which results in a proportional increase of the output beam brightness.

The most commonly used spectral beam combiners are dichroic mirrors,
prisms, and diffraction gratings. Most of the challenges are in really high-power
applications (kW level or more). All wavelength control devices that employ thin-
film technology often fail to tolerate propagating optical powers. This section
concentrates on the review of high-power tolerable and most widely used solutions
for wavelength beam combinations.

With the requirements to spectrally combine exceptionally high-power beams
with power levels exceeding the kilowatt level, so-called volume Bragg grating—
also called volume holographic grating (VHG)—has been successfully used in this
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application [29]. Figure 10.25a shows a schematic view of a spectral beam-
combining technique using VHG (For comparison, diffraction-grating WBC is
shown in Fig. 10.25b).

Being a repeatable device (i.e., the device allows a consequent beam combi-
nation of a theoretically unlimited number of single beams), VHG are the most
widely used multiplexers, particularly for high-power fiber laser systems [29].
Highly efficient diffractive Bragg gratings in photo-thermo-refractive (PTR)
inorganic glass have been applied for high-power laser systems [30, 31]. PTR glass
demonstrates high diffraction efficiency (>95 %) in both the transmitting and
reflecting types of Bragg gratings. This material demonstrates exceptional thermal
and mechanical stability as well as high optical quality. Ciapurin et al. [31]
reported low PTR absorption in of 1 um spectral range with power density
tolerance of 100 kW/cm?.

10.7.2 Volume Holographic Grating

Because of the very important role that VHG plays in the beam combination
technology, it is useful here to present some overview on general properties of
VHG [32-36]. VHG is a thick Bragg diffraction grating recorded in a PTR glass
(Note that VHG can be fabricated in other materials, such as photo-refractive
crystals or gelatin). In addition to WBC applications, VHG are widely used for
highly efficient spectral narrowing of high- and low-power diode lasers. Generally,
VHGs can be categorized into transmission and reflection types (see Fig. 10.26),
depending on the direction of incident and diffracted light.

The simplest nonslanted transmission and reflection gratings demonstrate the
common characteristics of the VHG. Consider a nonslanted transmission grating
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Fig. 10.26 Two types of Two types of VHG
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with index modulation An, with typical values between (100 < 300) x 10~¢ and
thickness d. The diffraction efficiency is defined as the ratio between the diffracted
intensity and the incident intensity, without considering absorption and Fresnel
reflections at the surfaces. When the Bragg condition is satisfied for wavelength
/g, the diffraction efficiency effy is given as:

offy — sin® (M)

10.52
/g cos ®, ( )

where 0, is the incident angle inside the medium of index n. When the grating
strength An increases from zero, the diffraction efficiency increases from 0 to
100 % when:

_ /pcos®,
- 2d

For even stronger gratings, the diffraction efficiency effg will decrease from
100 % because the diffracted beam is diffracted again by the same grating and
coupled back into the original incident beam.

Due to the volume hologram, Bragg-matching condition VHGs have highly
sensitive wavelength and angle selectivity. Consider a weak nonslanted trans-
mission grating (i.e., effg <100 %). When the incident wavelength 4 is different
than the Bragg wavelength /g, the diffraction efficiency eff(1) can be approxi-
mated as a typical sinc function:

An (10.53)

sin ()
eff (1) = effg x W (10.54)
AL

where A/ is the wavelength deviation at the first null, as shown in Fig. 10.27 (top).
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Fig. 10.27 Typical Diffraction efficiency — spectral profile
wavelength and angle

dependence curves for
volume holographic gratings
(VHGs). When the Bragg
condition is equal to
wavelength/Ag and incident
angle ®g, the diffraction
efficiency is effg (the central
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Similarly when the incident angle in air 6 is different than the Bragg angle ®p,
the diffraction efficiency effg can be approximated as a typical sinc function:

sin (%)

(%)
where A® is the incident angle deviation at the first null, as shown in Fig. 10.27
(right).

Using this analysis, one can calculate the required Bragg grating parameters for
the incident spectrum of a multichannel laser system. Calculation and manufac-
turability analyses show that practical minimum spectral separation of individual

laser channels should be 2 nm or more to avoid cross-talk. For a more detailed
theory of VHG, please see Ref. [36].

eff (@) = effy x (10.55)
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VHG can be used not only in spectral but in coherent combiners as well. VHGs
recorded in glass have been first suggested for use in coherent coupling of diode
lasers in Refs. [37, 38]. The basic idea of this approach is to use volume Bragg
gratings to create extremely dispersive external resonators for coherently com-
bining individual lasers. The VHG is acting within this approach as a common
output coupler. Venus et al. [37, 38] coherently coupled two 980-nm diode lasers
and produced single wavelength output for both diodes with spectral width nar-
rowed to <30 pm. Similar technology can be applied for high-power fiber lasers
using coherent beam combining and is potentially capable of achieving 100-kW
level of coherent fiber laser radiation.

10.7.3 Coherent Beam Combining

Coherent beam combining adds beams emerging from different individual laser
sources (or gain sections) passively or actively phase-locked to each other, usually
by some intracavity element or external force to each of the laser resonators (i.e.,
compensation of phase errors using phase-conjugate elements such as SBS and
phase detection with active compensation), with beams interacting externally to
the individual laser. In other words, this beam-combining approach forces indi-
vidual sources to operate with the same frequency spectrum and with the same
phase. Using a spatial overlapping of individual emitters’ electrical fields, coherent
beam combining results in power scaling of the output laser emission.

There are two basic approaches for coherent laser coupling. The first is to inject
coherent radiation to the separate lasers and force them to emit coherently. This
approach allows for the oscillation of all components of the system in the same
mode. However, this approach involves certain risk in systems such as MOPA
because back-seeding power may produce optical damage to all in-line laser
components; it also requires subsequent coherent coupling of the individual lasers
even if individual locking is successful.

The second approach is to design a multichannel high-power laser resonator that
provides coherent emission of all its components. This approach allows phase control
to be obviated in the channels, but the main problem that prevents stable and efficient
coupling is a tendency of a multichannel system to switch between different modes of
a complex laser resonator. However, if one achieves high spectral and angle selec-
tivity in the combining device, the second approach may become very effective.

For example, consider two designs. In the approach shown in Fig. 10.28, a
so-called all-fiber approach for coherent beam combining was proposed [39].
Here, the authors demonstrated the use of half of a fused-taper single-mode fiber
coupler as an output mirror—beam combiner for two fiber lasers. The approach can
be used for combining high-power fiber lasers. By tuning one of the fiber laser’s
Bragg grating mirrors, the authors observed fiber laser injection locking. They
demonstrated both spatial and spectral combination of two fiber lasers. Later,
a similar approach (see Fig. 10.29) was implemented by another group [40], who
demonstrated highly efficient coherent beam combining of N fiber lasers by
Y-shaped fused fiber couplers. The authors [40] obtained 2.65 W of combined
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Fig. 10.28 Experimental setup. OSA optical spectrum analyzer, WDM wavelength-division
multiplexer [39] (Image courtesy of the Optical Society of America)

fiber laser emission by combining eight erbium-doped fiber lasers with an 85 %
combining efficiency.

For the multielement intracavity beam combination, an interesting design has
been suggested and implemented [41], as shown in Fig. 10.30. The authors used
the design to scale the power of the fiber laser system consisting of large numbers
of elements while maintaining good beam quality. As one can see from Fig. 10.30,
the authors used a MOPA configuration as a building block of the system, which
defined temporal and spectral characteristics of the individual source.

Each fiber oscillator is placed at the focal plane of the MO array lens; therefore,
every oscillator radiation is collimated before falling onto the diffraction grating
[41]. The end mirror and grating in the MO array section act as a complex mirror
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Fig. 10.29 a Experimental setup and b power evolution of the N = 8 fiber laser coherent array
[40]. WDM wavelength-division multiplexer; PC, polarization controller; EDF,erbium doped
fiber; FC, fiber connector, APC, angle-polished connector. (Imagecourtesy of the Optical Society
of America.)
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Fig. 10.30 MOPA implementation of a wavelength beam combining system. Each element in
the master oscillator operates at a unique wavelength determined by the grating. Part of the light
from each oscillator element is used to seed its own amplifier and the amplifier outputs are
combined with an identical transform lens and grating [41] (Image courtesy of the Optical
Society of America)

and provide feedback at different wavelengths for each fiber oscillator. Subse-
quently reflected emissions then seed each oscillator on its individual wavelength,
which then follow with its own amplifier. Using a similar approach, amplified
beams are combined on the second diffraction grating; after recollimation, they are
coupled out of the system as an output beam (Fig. 10.30).

Shay et al. [42] experimentally demonstrated an original technique for coherent
beam combining of laser beams. Using a so-called Locking of Optical Coherence
by Single-detector Electronic-frequency Tagging (LOCSET), the authors achieved
phase locking of an array of five 145-W fiber amplifiers. The resultant laser beam
produced a record 725-W optical power as a result of coherent beam combination
(see Fig. 10.31).

As shown in Fig. 10.31, the MO is coupled into two single-mode PM 1 x 8
power splitters, which have separate phase modulators in each of the eight legs.
The output of the modulators is coupled into eight single-mode PM optical fibers.
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After each modulator, the light gets coupled into fiber amplifiers. Each amplifier
output is collimated by the lens optics and, after passing through a beam splitter, is
directed onto a single photodetector by a focusing lens. A small-amplitude radio-
frequency (RF) phase modulator is applied to each of the phase modulators at a
unique individual RF frequency. The photodetector produces a photocurrent that
contains the RF phase modulation frequencies of each beam. In addition, the
amplitude of each RF frequency component contains the optical phase error signal
for each of the array elements. By electronically extracting the optical phase error
for each array element and feeding it back to the corresponding phase modulator,
the authors [42] were able to lock each array element to the same phase as the
other element in the system.

Unlike other approaches, this technique does not require a reference beam.
Avoiding the use of an external reference beam from the electronic phase-locking
system simplifies the optical alignment and allows the usage of a single photo-
detector for the whole system of N combining channels. Mechanical and
environmental tolerance of the approach may lead to reliable and practical multi-
kilowatt laser systems.

An interesting approach has been demonstrated by Fridman et al. [43], who
achieved simultaneous coherent and spectral beam combination in one system
(Fig. 10.32). Coherent combination was achieved in the horizontal direction using
an interferometric combiner, while spectral combining was implemented in the
vertical direction using linear diffraction grating. The authors [43] experimentally
demonstrated a combining efficiency of more than 80 % with resultant beam
quality of M* = 1.15.

Ludewigt et al. [44] demonstrated the spectral beam combination of four narrow
line-width LMA photonic crystal fiber amplifiers (Fig. 10.33). Each individual
beam had a spectral width of ~90 pm at an output power of ~2.1 kW and a beam
quality of M> ~ 4. The polarization-independent grating allowed an efficiency of
99 %. The combined beam has an average power of 8.2 kW (pump power limited)
with a good beam quality, practically preserving the beam quality of the individual
fiber amplifiers.

Drachenberg et al. [45] presented high-power, high-spectral-density beam
combining using VBG of five 150-W beams with a spectral separation of 0.25 nm

Fig. 10.32 A schematic used
for simultaneous coherent -
and spectral combination of Output coupler
four fiber laser beams [43]. : : Collimating
FBG fiber Bragg grating Dopedfibers  Lneesfromenic I
(Image courtesy of SPIE) FBG W) [
st E%) ]
Pump =
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Fig. 10.33 Experimental setup. Spectral beam combining using a polarization-independent
dielectric reflective diffraction grating [44] (Image courtesy of SPIE)

between beams—the narrowest to date for high power using heated VBG. Within
1 nm, the authors achieved 750 W of total power, combined with greater than
90 % efficiency (Fig. 10.34).

High-power beams transmitting through or diffracting from a VBG can expe-
rience different distortions resulting from thermal effects induced in the VBGs.
Each beam also experiences a different aberration, because no two beams pass
through the same number of identical VBGs. Each VBG therefore experiences
different heating conditions and has a different Bragg wavelength shift. This shift
is corrected by thermal tuning. Drachenberg et al. [45] developed a theoretical
model of the observed processes and compared it with experiments.

In summary, the main advantages and disadvantages of each of the beam-
combining techniques are as follows:

Combined

VBG-based — J oy
VBG« =" Output
Spectral Beam Combiner = l
VBG3 /\5/ 5
VBG2 3 4
— | High
VBG1 3 Power
Lasers

(&5

l Thermal tuning of combiner VBGs

Fig. 10.34 Spectral beam combining geometry used by Drachenberg et al. [45]. VBG volume
Bragg grating (Image courtesy of SPIE)
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10.7.3.1 Spectral Beam Combining

e Does not require coherency of individual beams to be combined beams.

e Because of an increased spectral width of the resultant beam, the spectral bright-
ness (i.e., brightness per unit spectral bandwidth [W /cm? x steradian x nm)) is
reduced.

e Reasonably preserves the original beam quality.

e [s an additive technique in terms of power scaling (i.e., except for the power
reduction, failure of one source does not affect the performance of other sources
and the resultant beam).

e Requires narrower possible line-width of individual laser emitters, especially if
a large number of beams has to be combined. In turn, this often requires single-
frequency operation of individual lasers, which may be a challenging task—
particularly for high-power systems due to being detrimental for power-scaling
nonlinear optical processes.

10.7.3.2 Coherent Beam Combining

e Often requires individual sources to share laser resonator components to achieve
coherency of the output combined beam, which in turn complicates the whole
system design. Particularly, increased intracavity power applies additional
power tolerance requirements to laser cavity optics.

e Usually demonstrates increased spectral brightness because the technique either
preserves or even reduces individual laser spectral line-width while adding
optical power in the resultant beam.

e Reasonably preserves the original beam quality.

e Not an additive technique in terms of power scaling (i.e., failure of one source
affects the performance of other sources and the resultant beam, including beam
quality).

e Does not necessary require single frequency (i.e., very narrow spectral line-
width) of individual laser emitters.

At the current stage of technology development (except for the cases when the
resultant output beam spectral bandwidth is of concern, such as in the case of
nonlinear frequency conversion or applications where long coherence length is
required), spectral beam combing shows great promise for the power scaling of
fiber lasers.
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Chapter 11
Fiber Industrial Applications
of Fiber Lasers

As is evident from the material presented in earlier chapters, fiber lasers in general
and high-power fiber lasers in particular are at a crossroads of two important
directions in the field of lasers: laser diode pumping technology (including high-
power diode laser development) and laser-active optical fiber technology.

In the early twentyfirst century, commercially available fiber lasers—operating
in continuous-wave (CW) and pulse modes, with high CW, average, and peak
power and short pulse widths—started a new era for fiber laser industrial appli-
cations. The combination of diode laser development and state-of-the-art gain fiber
technology resulted in unbeatable fiber laser system parameters: high reliability,
long lifetime, low cost of ownership, high wall plug efficiency, compact design,
and all-fiber architecture (with practically no free-space optics involved, therefore
providing increased immunity to environmental conditions). All of these qualities
together overtake traditional laser technology in many aspects, including high-
power diode-pumped solid-state lasers (DPSS) and some gas lasers.

The industrial laser market includes laser sources with average power levels,
usually greater than ~ 10 W and extending to 30-50 kW. Most 10 W systems are
used for marking applications, whereas kilowatt lasers are traditionally used for
welding and metal cutting. Because of the closeness of the fundamental fre-
quencies (i.e., laser wavelengths) between widely used neodymium lasers (mostly
Nd:YAG, Yb*":YAG, and Nd:YVO4) and that of Yb>* fiber lasers, which are the
most powerful and the most developed high-power fiber lasers, the fiber laser is an
excellent substitute for the DPSS laser. A wide range of industrial applications are
being explored using DPSS lasers. However, because of several unique features,
fiber lasers are expected to penetrate in other fields of industrial use where, for
example, diode lasers are the primary sources of light.

Of all fiber laser architectures, the master oscillator—power amplifier (MOPA)
configuration is probably one of the most often sought for industrial applications,
pushing DPSS lasers aside in many applications because of its unique features
(especially for power scaling and flexibility of pulse management). With MOPA,
industrial laser users are given a very attractive option to substitute for traditional
technologies in the 1,064 nm spectral range (and its harmonics). Currently, MOPA
technology offers not only CW single-transverse mode lasers with close to

V. Ter-Mikirtychev, Fundamentals of Fiber Lasers and Fiber Amplifiers, 209
Springer Series in Optical Sciences 181, DOI: 10.1007/978-3-319-02338-0_11,
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diffraction-limited beam quality, but also quasi-CW, pulse Yb>" laser systems with
kilowatts of output power and close to diffraction-limited beams—which were
never before available from fiber lasers for industrial uses.

In the industrial sector, MOPAs offer a wide range of pulse widths, usually
between 10 and 200 ns and pulse repetition rates (PRR) in the hundreds of
kilohertz, which are very important for several material processing applications
that require high-speed processing, such as some types of marking. The most
widely used MOPA design employs a directly modulated master oscillator (often a
diode laser) or amplitude-modulated output of a master oscillator with subsequent
amplification in fiber amplifiers (usually several amplifier stages). This approach
allows practically complete control of the PRR, pulse duration, and pulse wave-
form of the output beam, which is required in several applications where control of
peak power and pulse profile is a concern. Most material processing applications
[1-3] are sensitive to the laser power level, laser peak power, wavelength, and
laser beam quality (which in turn affect the focusing capability of the beam).

Figure 11.1 shows a typical schematic for laser material processing. As one can
see from the figure, the material processing setup usually has a visible pilot laser
for alignment purposes; an observation system; optics that includes windows,
mirrors, prisms, and a lens system; a high-power laser; and a workpiece with
translation capability.

11.1 Laser-Material Interaction for Material Processing

Laser material processing explores certain physical processes during the laser’s
interaction with the matter. The central process that makes laser material pro-
cessing possible is light absorption in the sample. Absorbed light transfers energy
to electrons and phonons of the material and in such a way converts laser photon
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energy into heat. Prolonging the interaction between the laser beam and the
material leads to increased heat dissipation and therefore is responsible for the
material’s temperature increase. Some applications, such as polymer processing,
restrict significant heat dissipation; therefore, short-pulse, limited average power
lasers with elevated peak power are required. Processes that take place in the
sample illuminated by the laser beam (both positively and negatively affecting the
desired material treatment) require the laser to operate with certain pulse durations,
PRRs, and pulse energies.

Because of the importance of the light absorption process in laser material
processing, the optical absorption depth has to be defined. Attenuation of the laser
power inside the processing material by 63 % determines a volume where this
power is dissipated, which in turn produces a heat that diffuses to the following
distance [4]:

L= /(4Dyt,) (11.1)

where L is the heat diffusion distance (or depth) in meters, D,, is the thermal
diffusivity of the material in m*/s (see Table 11.1), and 1, is the laser pulse width in
seconds.

Thermal diffusion length plays an important role in the optimization and design
of laser material processing for given materials. For example, the light penetration
length (i.e., absorption length) is shorter than the diffusivity length, so the local
temperature rise at the spot of laser—material interaction will be limited. However,
if the diffusion length is shorter than the light absorption length, the temperature
will increase fast with subsequent melting. To balance between overheating and
targeted material treatment, one should optimize both the laser wavelength of
operation as well as the laser pulse duration (or time of interaction). For materials
that demonstrate low thermal conductivity, one may use longer laser pulses.

A good example of the light absorption length is the case of CO, lasers
(operating wavelength is 10,600 nm) as used for material processing of metal
samples. Because metals are not transparent to most infrared laser light (rather
reflecting and absorbing it), CO, lasers do not seem to be the best choice for
applications such as metal welding and cutting. However, particularly because of
the high operating powers and power densities that can be achieved on a metal
surface with CO, lasers, this type of laser is still widely used for such important
applications.

In general, metals have a high degree of electrical conductivity, which in turn
strongly affects their surface reflectivity properties. However, because of a large

T'able. 1,1'1 Thern}al Material Thermal diffusivity, D,, (m?/s)
diffusivity of certain metals at —
room temperature (some data Steel 42 x 10 s
is taken from [4, 5]) Aluminum 8.418 x 10~

Copper 1.1234 x 1074
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electrical conductivity, metals also demonstrate a complex value of its refraction.
Both the real part (which is the refractive index) and the imaginary part (which is
an absorption coefficient) increase with wavelength and become close in value to
each other at longer wavelengths (i.e., >1,000 nm), where the metal’s reflectivity
can be expressed as the Hagen-Rubens relation [4, 5]:

R~1- S (11.2)

vV 0.00?)AO'DC

where / is the wavelength in micrometers and opc is the material direct current
conductivity in Q' cm™'. In other words, materials with high electrical con-
ductivity demonstrate high reflectance at longer wavelengths.

Unlike metals, ceramic and glass materials demonstrate high absorption, not
only in infrared but also in the ultraviolet (UV) spectral range. However, the high
melting points of these materials as well as poor thermal conductivity make their
processing harder.

11.2 Important Laser Parameters for Industrial
Application

A deep understanding of laser parameters and how they affect the laser—material
interaction process allows for many opportunities to use lasers in material pro-
cessing. Several laser parameters are usually considered during the design and
optimization of material processing, which in turn affects not only laser parameter
selection but also choosing the right laser type or system.

11.2.1 Wavelength

Because of the importance of the absorption process in laser material processing,
laser wavelength is probably one of the first parameters to be considered.
Table 11.2 shows the most widely used types of lasers and corresponding oper-
ation wavelengths.

11.2.2 Pulse Energy

The pulse energy delivered by the laser beam into the interaction zone is one of the
most important parameters during material processing evaluation. Pulse energy
affects the energy density and together with pulse profile (i.e., pulse shaping)
provides control of the process, including desired heating and cooling times.
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Table 11.2 Laser types and operating wavelengths most commonly used in material processing

Laser type Operating wavelength (nm)

CO, laser 10,600

Yb3* fiber laser (fundamental frequency 1,030-1,100; 515-550; 343-366; 257-275
and harmonics)

Nd:YAG laser (fundamental frequency 1,064; 355, 266
and harmonics)

Copper vapor laser 511-578

Excimer laser 126-259

11.2.3 Pulse Width and Pulse Repetition Rate

The length of time that the laser energy continues to deliver to the beam—material
interaction zone is defined as the pulse width. The majority of laser processing
applications require a pulse operating mode. When the laser is pulsed, it delivers
energy in each pulse with a certain PRR. (Note that the product of pulse energy
and PRR defines the laser average power, which in turn affects the heat transfer in
the interaction zone.) Pulse width variation is required at times to balance thermal
diffusion distance-to-absorption length. Duty cycle, which was introduced earlier
in the book, is also directly related to the pulse duration and pulse width laser
parameters; it is basically the ratio of the pulse width over the time between pulses.
A duty cycle equal to 1 defines a CW laser (i.e., continuous laser operation) and is
the most heat-intensive regime. Certain applications, such as welding and
soldering, benefit greatly from CW operation regime of the laser.

Note that ultra short pulses available from mode-locked laser systems deliver
picosecond to femtosecond pulse widths. Reducing the laser material interaction to
such a short time interval changes the interaction process significantly. When
combined with high pulse energy and tight focusing, femtosecond lasers initiate
highly nonlinear processes by delivering high power densities but at the same time
with reduced heating. Some applications, such as micromachining or polymer
processing, often use ultrashort laser sources.

11.2.4 Power

Laser power is one of the most important laser parameters and it is explored in many
industrial laser applications. Laser power is defined as the energy delivered by the
laser within a unit of time. The power of the CW laser, which is measured in watts,
basically says how many Joules are delivered every second of laser operation. For
pulse lasers, power is defined as a peak power, which is also measured in watts, which
says how many Joules the laser delivers within the laser pulse it emits. Laser power
affects material processing in several ways: through average power (or CW power),
peak power, and power density (W/cm?). Laser average power is the parameter that is
mostly responsible for heat delivery to the laser—material interaction zone.
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11.2.5 Power Density

Power density is determined as the laser beam power over an area of the beam
focal spot in the processing zone. It basically says how many photons (and their
energies) travel to the beam—material interaction area every second. Power density
is measured in terms of watts per centimeters squared and is calculated as pulse
energy divided by spot size. Even in a single spot, the power density can vary
significantly depending on the beam quality of the laser. Table 11.3 demonstrates
several examples of required power densities for most important laser material
processing applications.

11.2.6 Laser Beam Quality

Laser beam quality is a measure of the beam quality deviation from the “ideal”
diffraction-limited Gaussian beam. At the same time, in the context of material
processing applications, the beam quality also implies an energy distribution in the
laser beam, which in turn affects the laser—material interaction process and the
result of material treatment. A beam, as it was discussed earlier in the book, is
characterized using an M? value, which is equal to 1 for a perfect Gaussian beam
(i.e., its fundamental transverse mode). Most desired beam qualities for material
processing applications are close to those with an M? of 1 (usually between 1 and
1.5) and demonstrate a central lobe of intensity distribution close to that of a
Gaussian profile.

Applications such as micromachining or small-hole drilling require an M* of
~ 1, whereas applications such as welding and cutting may benefit from high M?>
values of ~50. Taking into account that most lasers with a high value of the M?
parameter have higher beam power, one may consider the beam quality together
with power required for the particular application (i.e., temperature rise). Note that
M? affects the focusing capability of the beam and more accurately the beam
Rayleigh range, which in turn affects the depth of the focus.

As an example, UV excimer lasers, which have very poor beam quality but high
pulse energy, cannot be tightly focused. However, because of the uniqueness of
this laser type to operate in the UV spectral range with high pulse energies,
excimer lasers are widely used by masking their beams to produce a desired
pattern at the interaction zone. Excimer lasers are commonly used for etching

Table 11.3 Power density

h Material treatment process with lasers ~ Power density (MW/cm?)
values for several material

. licati Welding ~0.1
processing applications Cutting 1-100
Marking 10

Micromachining 10-1,000
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(i.e., silicon chips) and Bragg fiber grating manufacturing, which in turn plays a
very important role in fiber laser development. This spectral range (i.e.,
126-259 nm) is a challenging one for fiber lasers.

11.2.7 Spot Diameter

A laser beam is usually focused onto the interaction zone. The focused laser beam
size is determined by a focal spot diameter. Focal spot diameter is a function of the
focusing lens focal length, the laser beam quality, the laser wavelength of oper-
ation, and the laser beam diameter before focusing:

ys
dypot = 4FjensM*> —— 11.3
spot lens %D ( )
where Fieps is the focal length of the lens, M? is the beam quality parameter, A is
the laser wavelength, and D is the laser beam diameter before focusing.

11.3 Fiber-Optic Power Delivery Systems

Several important applications (e.g., material processing, medicine, imaging,
military) require reliable, flexible, and high-quality laser beam delivery systems.
As a result, fiber-optic power delivery systems are considered to be some of the
most promising solutions. At the same time, the widespread use of the fiber laser
technology creates a potential for a unique combination of fiber lasers and fiber
power-delivery systems. Fiber-optic delivery systems demonstrate a number of
important advantages compared with traditional free-space solutions, including the
following:

Mechanical flexibility of the optical guide

Separation in the space of the laser source and the workplace (the target)
Elimination of complex and often expensive opto-mechanics
Access to small spaces
The possibility to affect (homogenize) an intensity profile of multimode laser
beams
The possibility of spatial mode filtering

7. Improvement of beam pointing stability (spatial jitter)

8. The possibility of compact bundling of several fiber-optic sources due to a

small diameter of individual fibers

9. Easy field servicing of the power transport systems (replacement and repair)

10. Reduced cost of some components

SNk

=
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There are also challenges in the fiber type of the optical power delivery system.
The main challenges are:

1. Propagating power/energy limitations
2. Polarization preservation of high-power guided beams
3. Beam quality preservation of high-power beams

This section reviews the primary elements of fiber-optic power delivery systems
and the fiber laser output, as well as the main types of optical fiber devices used for
optical power transfer.

As was described earlier in the book, high beam—quality fiber lasers (particu-
larly in commercially available systems) typically use either single-mode optical
fibers or large-mode area fibers. Both of these types of fibers allow for an optional
polarization-maintaining feature. The typical core mode field diameters of the
optical fibers of high beam—quality fiber lasers are between 6 and 35 pm. Using
the square root law, one may calculate the optical damage threshold for propa-
gating nanosecond pulses in these fibers, which gives the damage threshold value
on the order of several J/cm?®. This, in turn, gives the maximum propagating in the
fiber pulse energy of a fraction of a millijoule. At the same time, the nonlinear
scattering processes described earlier, such as stimulated Brillouin scattering and
stimulated Raman scattering, also limit the peak power of propagating pulses to
several tens of kilowatts. Therefore, for safe and reliable operation, optical power
delivery systems based on optical fibers need to be carefully designed. For
applications where sub-millijoule, nanosecond optical pulses are sufficient, one
may use a properly terminated single-fiber laser source to bring the required
optical power to the workplace. However, other applications may require higher
pulse energies and average powers.

Examples of fiber-optic delivery systems

Several solutions have been suggested and experimentally demonstrated to
increase the damage threshold and therefore increase the power level of fiber-optic
beam delivery systems. The most adopted approaches are using fiber bundles,
using photonics fibers, and using hollow fibers. This section reviews the funda-
mental properties of each of these approaches.

Fiber Bundles:

As mentioned, the individual single optical fiber has a limited capacity to
transmit a high-power and high-pulse energy beam. It is therefore reasonable to
expect that with a closely packed array of single fibers, one can scale the trans-
mitted power practically linearly with the number of used individual fibers. This is
exactly the idea behind a system called a fiber bundle. Typically, the fiber bundle
consists of an array of several multimode fibers packed together (usually glued).
Each individual fiber carries light independently. Therefore, in most cases, optical
damage and power limitation conditions have to be considered separately for each
fiber.
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(a) Manufacturing of fiber-optic bundles

The first step in manufacturing a fiber optic bundle is the creation of a single
fiber. The single fiber is manufactured/drawn from a preform (see Chap. 4 for
details). After the single fiber is created, a number of these fibers (typically
between 40 and 200) are bundled together. The bundled fibers are then packed
together, heated, and again drawn, creating a very robust array of such multifibers,
which are a few millimeters in diameter. Lastly, the created multifibers (about 200)
are again packed together following heating and drawing processes, which result
in a fiber bundle consisting thousands of single fibers (Fig. 11.2).

It is important to note that each individual fiber has its own cladding, which is
basically preserved during the bundle manufacturing process. During the light
injection at the input port of the bundle, some light gets trapped in the fiber
cladding. The bundle design usually takes this into consideration by creating layers
between individual fibers (which acts as an outer cladding) to dump (absorb) the
cladding propagating light. Cladding propagating power limits the overall trans-
mission efficiency of the fiber bundle. Typical power attenuation of the fiber
bundle in the visible-infrared spectral range is in the order of a few dB/m (usually
around 1-1.2 dB/m). Spectrally, glass fiber bundles operate at between 400 and
2,200 nm. Fiber bundles, which are used for UV applications (such as UV curing
devices), employ special UV-transmitting individual fibers; the bundle operates in
the wavelength range below 400 nm with better than 45 % optical transmission
[6]. There are fiber bundles created by the utilization of plastic individual fibers.
Such bundles are typically used in the visible range of optical spectrum
(~400-700 nm).

Fig. 11.2 Multibundle
fiber-optic structure
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(b) Coherent and noncoherent fiber-optic bundles

There are a number of applications where one requires the transmission of
images through a mechanically flexible waveguide, rather than optical power. In
these applications, it is very important to preserve the relative position of indi-
vidual fibers within the bundle at both ends of the device. Because a structured
fiber bundle preserves the original image at the output port, the fiber bundles are
referred to as “coherent bundles”. Coherent bundles preserve spatial variation of
the injected intensity of the optical beam at the input port of the bundle. As one can
expect, the image’s spatial resolution is basically determined by the center-to-
center spacing of individual fibers in the bundle (Ad) and the transverse magni-
fication of the lens system (M.,,), which couples and decouples an optical beam in
and from the fiber-optic bundle [6]:

Ad
M lens

Ax = (11.4)

Figure 11.3 illustrates a basic cross-sectional structure of the fiber-optic bundle.
Note that an alternative way to achieve a lateral magnification in the fiber bundle is
to use a tapered individual fiber.

(c) Power transmission by fiber-optic bundles

In addition to the transfer mentioned above, fiber-optic bundles are used for
power/energy delivery. Fiber bundles may also be used to divide light from a
single source into several beams or to reshape an original beam in order to couple
it between different optical devices. For energy transmission applications, the
individual fiber requirements are more lenient because the transmitted pulse
energy scales with the number of fibers in the bundle, allowing one to keep the
propagating energy fluence along the bundle below the damage threshold for
individual fibers. Exploring a particle image velocimetry application. Stephens
et al. [7] demonstrated a high energy delivery of nanosecond optical pulses from a
frequency-doubled Nd:YAG laser source. Using the fiber-optic bundle, the authors
[7] delivered 25 mJ of 532 nm pulse energy to the target.

Fig. 11.3 Cross sectional
structure of a single
fiber-optic bundle

Individual fiber core

Individual fiber cladding

fiber binder (epoxy)

Ad —center-to-center fiber spacing
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(d) Pump combiner/coupler

Chapter 10 described so-called fused pump combiners. Such polarization-
maintaining and single-mode pump combiners with feed-through double-clad
fibers play a very important role in fiber laser and fiber amplifier technologies. A
variation of fiber-optic bundling technology, namely a fused modification of it,
plays a very important role in combining and transferring optical power from
several fiber-coupled laser sources. A fused-fiber pump combiner without a feed-
through fiber but with an output multimode fiber may act as an N — 1 type of
optical coupler/combiner (Fig. 11.4) and is widely used for direct pumping
applications in fiber laser and fiber amplifier systems.

In several applications, such as material processing, in which it is required to
deliver an average power to the target with relaxed requirements for the polari-
zation and beam quality, such pump couplers are very useful. Fused-pump cou-
plers/combiners deliver several hundred watts of optical power from a single
output fiber. The advantage of such a coupler is in a single-fiber (round) output,
high pump laser-coupling efficiency (>90 %), and mechanical flexibility of the
power delivery system. Note that, as in any optical system, it is necessary to
consider brightness preservation during the design of such N — 1 optical couplers.

Photonics Fibers:

Photonics crystal fibers (PCF) (Holley fibers), which appeared in the early
1990s, have a special place in the fiber science and technology. Due to their unique
properties (mainly versatility), they are widely used and have become unique
players in several important applications, ranging from fiber laser sources to
optical power guides.

Following Tiinnermann et al. [8], we will review the main technical charac-
teristics of this type of optical fiber. Figure 11.5a shows a fundamental cross-
sectional view of the PCF. The basic idea behind PCF technology is to achieve a
controllable refractive index profile in the fiber cladding by creating an array of air
holes in the fiber cladding. The air holes have diameter d and pitch A. The holes’
orientation follows a triangular geometry, as shown in Fig. 11.5a, b.
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As one can expect, filling the fiber cladding with multiple air holes reduces an
average (or effective) refractive index of the cladding glass. This in turn should
affect both the propagating condition of the optical waves inside the fiber core
(condition of the total internal reflection) as well as the numerical aperture (NA) of
the fiber core.

The V-parameter of the PCF can be expressed as follows [9]:

2 ,
Vecr(2) = = Ay n(0)2e = 122 (115)

For Vpcg > m, the fiber starts supporting high-order propagating modes (cutoff
condition) [9]. Unlike conventional step-index fibers, where wavelength depen-
dence of the refractive index of the cladding material follows the conventional
dispersion trend, the effective refractive index of the PCF has a very strong
wavelength dependence (Fig. 11.6).

As shown in Fig. 11.6, for a very big pitch value A compared with the whole
diameter d (more glass mass in the cladding structure), the effective refractive
index basically approaches the refractive index of the solid glass. In the opposite
case—that is, when the value of the pitch is close to that of the air hole diameter—
the effective refractive index decreases (more air in the cladding structure). When
addressing the condition of single-mode propagation in PCEF, it is useful to illus-
trate a plot, as shown in Fig. 11.7.
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Figure 11.7 demonstrates a dependence of the wavelength to the pitch ratio 1/A
versus the relative hole diameter d/A. As one can see from Fig. 11.7, when the
relative air hole diameter is less than 0.45, the PCF demonstrates a single spatial
mode propagation for any wavelength (endlessly single-mode PCF) [10]. An
important conclusion can be made when PCF demonstrates a relative hole diam-
eter less than 0.45. In this case, one may achieve a single mode propagation with
theoretically any core size, provided that the pitch value is chosen accordingly.
Note, however, that if the value 1/A becomes too small (<0.1), scattering loss due
to longitudinal nonuniformities such as microbending, macrobending, and
dielectric imperfections increases [11].

Preserving a single spatial propagating mode in a wide range of the fiber core
sizes is a very useful property of the PCF for high-energy and high-power fiber
laser and optical power transfer applications, for which achieving a high energy of
a single transverse mode propagation in a conventional rare-earth-doped glass fiber
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core has always been a challenge. This property opened up a wide range of
opportunities to scale up the pulse energy of the fiber lasers as well as PCF optical
power guides. In the case of conventional rare-earth-doped glass fibers, which are
typically manufactured by the modified chemical vapor deposition technique, the
smallest achievable refraction index difference that is needed for an increased fiber
core diameter to maintain single transverse mode propagation is on the order of
1 x 107>, This fact leads to the practically achievable and controllable core
refractive index of 0.06. In PCF, the controlled refractive index difference can be
achieved down to the value of about 10™*, therefore achieving a corresponding
core NA value of 0.02.

By using the ability to control the effective refractive index of the fiber
cladding, PCF allows one to achieve a cladding-guided light by creating an
air-cladding region surrounding the fiber cladding. This in turn leads to a double-
clad PCF. In double-clad PCF, the inner cladding is surrounded by a chain of air
holes with silica bridges (Fig. 11.8).

The silica bridges of 400 nm are practically achievable, which in turn preserves
manufacturability and mechanical stability of the PCF, leading to the inner
cladding NA > 0.6. (Note that a typical NA of polymer-based double-clad glass
fibers is ~0.45.) This property allows one to control the NA of the inner cladding
while reducing its diameter. Higher NAs create additional advantages in using
high-brightness pump diode lasers, whose radiation needs to be effectively coupled
into the double-clad fiber cladding. Using a 1.5 m long, 40 pm fiber core (35 pm
mode field diameter) PCF Yb-doped amplifier with core NA of 0.03 (d/A = 0.09),
Xie et al. [6] achieved 48 W of average power output power at 1,064 nm
wavelength while amplifying a radiation from a mode-locked ND**:YVO,
diode-pumped laser. The amplifier’s slope efficiency was 74 %. The amplifier
operated at a repetition rate of 80 MHz and pulse duration of 10 ps, creating a
corresponding pulse peak power of 60 kW in the fiber core. The beam quality of
the amplifier output was close to diffraction limited, with M> <12 [11].

Hollow fibers:

It is important to mention another type of optical fiber, the so-called hollow
fiber, which has a very important application in the high-power infrared laser
delivery system. There are several properties of the hollow fibers that allow one to

Fig. 11.8 Some (s
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transmit and deliver optical power where and when traditional solid-core optical
fibers show limited performance:

1. The spectral transmittance of hollow fiber is beyond the 20 um wavelength
range.

2. Hollow fiber has a relatively simple structure, which makes this system man-
ufacturable and cost effective.

3. Hollow fiber has an air core, which significantly increases the optical damage
threshold (important for high-power applications).

Historically, hollow fibers have been developed and used for optical power
delivery of high-power CO, lasers operating at the 10.6 pm wavelength. High-
power CO, lasers are still widely used in laser material processing and occupy a
big fraction of the laser market. When properly designed, hollow fibers demon-
strate low insertion loss (~0.1-1 B/m). Note that the high loss nature of hollow
fibers compared with all glass telecommunication fibers, where insertion losses are
on the order of ~0.2 dB/km, is one of the biggest limiting factors in the wide-
spread use of hollow fibers.

Naturally hollow fibers show no Fresnel reflection at the input and output ports
of the waveguide and, because of the air-fill core, the hollow fibers demonstrate
low divergence of the output beam (low NA). Mechanically, hollow fibers are
generally less flexible (bending strength). Nevertheless, an ability to transmit high-
infrared optical power (several kilowatts) [12] makes them irreplaceable in several
applications, ranging from laser material processing to laser surgery.

There are two main types of hollow waveguides [13]:

. “Leaky guides”, with an inner core refractive index of n > 1.
. Attenuated total reflectance (ATR) guides, with an inner wall material with a
refractive index of n < 1.

N =

The two main structures of the hollow waveguides are shown in Fig. 11.9.

The leaky guide, with n > 1, employs a metallic and dielectric film deposited
on the inside of metallic, plastic, or glass tubing. The ATR type, which has inner
wall material with n < 1, is composed of dielectric materials and acts as a fiber

Fig. 11.9 Two types of (a) (b)

hollow waveguides. a Leaky Structural Air Dielectric
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with a core refractive index bigger than the refractive index of the cladding. As an
example of the ATR type of the hollow waveguide, one may consider sapphire
waveguides with n = 0.67 at 10.6 pm wavelength. Special oxide glass with n < 1
can also be used in the ATR type of hollow waveguides.

Harrington and coworkers [13] developed a hollow glass waveguide structure,
consisting of a metallic layer of Ag on the inside of silica glass tubing that is coated by
a layer of Agl, a dielectric material. The structure has a simple design, is mechani-
cally very flexible, and demonstrates a smooth inner surface of Agl film [13].

11.4 Main Structure of Fiber-Optic Delivery Systems

The general structure of the fiber-optic delivery system is illustrated in Fig. 11.10.
The fiber-optic delivery system generally consists of four main parts: laser source,
input coupling optics, fiber-optic waveguide, and output coupling optics. In some
cases, when the fiber laser source has a properly designed out-of-the-laser fiber
terminating cable, the fiber laser emission can be directly delivered to the target,
integrating the laser source, input coupling optics, and fiber-optic waveguide in a
single fiber laser unit. Most of the parts used in the fiber laser delivery system have
already been reviewed in detail. This section discusses the input coupling optics
and output coupling optics.

Input coupling optics couple laser output into the core of the fiber-optic
waveguide. This subsystem is usually designed not only to maximize optical
coupling efficiency but also to make it a damage-free operation with minimum
heat dissipation. The input coupling optics may be of an all-fiber design or a free-
space design. In all-fiber designs, one uses fused-pump combiners or fused-beam
expanders, for example. These components are usually fusion spliced and each
splicing area gets protected. The main advantage of all-fiber designs is the absence
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of free-space zones with high-power beams, mechanical flexibility, and no need for
preserving precise alignment of each component during the operation. The main
disadvantage is mostly in servicing, for which one needs to use an expensive
fusion splicer and, in some cases, optical power limitation of available individual
fiber components.

A free-space input optical coupling design offers the greatest flexibility in optical
design, flexibility in available free-space components, and the ability to use a
free-space laser output beam, which in some cases may have advantages over fiber-
coupled lasers. In the case of the free-space input optical coupler design, it is very
important to collect most of the laser power into the haul fiber core while taking into
account the fiber NA (acceptance angle of the fiber). Any light coupled into the fiber
cladding produces the system loss (decreased coupling efficiency) and increases
local temperatures, which in turn may lead to a catastrophic failure of the coupling
optics and even the fiber-optic waveguide. In the free-space input coupling optics
design, each fiber entrance requires proper termination. High-power fiber termi-
nations are commercially available from several vendors. The fiber terminations
usually use AR coating as well as angle-polished fiber ends enclosed in high-power
fiber sockets. Note that it is extremely important to keep all optical interfaces clean
of dust and other contaminations that cause high-power laser beam scattering,
burns, and as a sequence, optical damage of the glass surfaces.

Output coupling optics couple out laser beam propagating in the optical
waveguide and focus the laser beam on a target for laser processing of the material.
It is often important to incorporate a high-power optical isolator into the output
coupling optical system because of the danger of back reflection for fiber laser
operations. The output coupling optics may include high-power fiber termination,
a beam expander, and a beam focusing assembly. The particular design is dictated
mostly by the application, which may require a different focal spot, depth of
focusing, and beam position precision.

11.5 Main Industrial Applications of Fiber Lasers
11.5.1 Welding

Welding is one of the most widely used applications in laser material processing
and is directly related to high-power laser beams. This process requires delivery of
certain laser power to the interaction zone within a certain period of time, which in
turn is converted to the heat required for the welding process. Deposited heat then
softens the material leading to the welding. Because of the well-controlled output
power and heating time through laser pulse duration, lasers are considered by
many to be an ideal welding tool. Among the advantages that are demonstrated by
current state-of-the art current laser welding processes, one may mention precision
of welding parameters, high power density, a small interaction zone (which in turn
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comes from the capability to deliver high power into a small spot), low distortion
of the affected welding area, high speed of the process, and the possibility of laser
welding in air.

Disadvantages of laser welding usually come from the cost of laser welding
equipment, including high-power lasers (although fiber laser is expected to reduce
the cost of ownership), requirements of well-aligned joints of the samples, as well
as dealing with high metal reflectivity of the infrared light used from high-power
lasers. Temporal regimes required for laser welding span from millisecond to CW
laser operations. Lasers with more than 1 kW of average power are usually
required for both welding and cutting.

11.5.2 Cutting

Laser cutting is a process that uses a focused laser beam as a heat source to melt and
then to vaporize sample material, which in turn during sample (or beam) moving
leads to the sample partition. Laser cutting is usually optimized by varying laser
power, sample feeding, and power density. Similar to welding, laser cutting usually
uses high-power lasers and is considered a fast process when optimized. Laser
cutting typically uses microsecond, millisecond, or CW laser operating regimes.

11.5.3 Drilling

During the laser drilling process, the sample material is removed to create via holes.
Drilling is usually accomplished by so-called percussion or trepanning drilling
processes. The percussion drilling process sets the focal spot diameter close to the
targeted hole size. However, there are situations (especially when the laser power is
limited) when large holes have to be drilled. In this case, trepanning drilling is a
solution. In this technique, the laser focal spot size is set to be smaller than the
targeted hole and the laser beam is moved within the targeted hole dimension to
“free” the area and create the hole of desired diameter. Laser drilling uses micro-
second, nanosecond, and picosecond laser pulses. It is considered to be cost-
effective because there is no drill breakage or wear and it is highly reproducible.

11.5.4 Soldering

Soldering uses high-power laser beams and requires local heating of samples.
Fiber lasers with controlled pulse widths and controlled high average power
produce a fast soldering process. Soldering uses millisecond to CW laser operating
regimes when high average powers are achieved.
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11.5.5 Marking

Laser marking uses a so-called “thermal shock™ or a fast heat dissipation to
remove a sample material surface layer. Laser marking has an important role in
laser material processing and generates good revenues for material processing
companies. Because they are flexible in wavelength selection as well as temporal
and energy parameters, lasers are becoming one of the most popular marking tools
for many surfaces, including metal and plastic materials. Unlike other marking
techniques, such as printing, laser marking is a clean process that does not use
hazardous materials, has a low cost of ownership, and is highly flexible for dif-
ferent marking requirements. Laser marking is very stable. Laser marking typically
uses nanosecond pulse operating regimes with <100 W of average powers. Fiber
lasers are an ideal solution for laser marking applications.

11.5.6 Heat Treating

Because of their high power and tight focusing capabilities, lasers are widely used
in material local heating. Some applications require stress removal from the
localized area without spreading the heat to the whole workpiece. Laser heating
uses localized material treatment and minimizes material distortion and stress.
Laser heating uses millisecond to CW laser operation, often with good beam
quality, especially when hard-to-access areas have to be heated.

11.5.7 Metal Deposition

Laser metal deposition is the process during which some metal parts are built by
injecting metal powders into the focused spot of a high-power CW laser beam. The
metal parts created as a result of direct metal deposition vary in mechanical
properties depending on the metal alloys used during the process. Metal deposition
using high-power CW lasers is a fast process of manufacturing different parts or
their repair.

11.5.8 Paint Stripping and Surface Removal

During laser paint stripping, painting material is removed from the sample surface.
Basically, because there is no contact operation, lasers offer a clean and safe
surface treatment environment with a precisely defined depth of laser—material
interaction. (This is unlike chemical stripping, in which special care should be
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taken for the waste disposal as well as the non—localized effects of chemicals,
which may spread to the other material parts and even removing unintended part of
the sample material.) Stripping is implemented though material removal via
vaporization of the painted material without significant color change or other
sample degradation. Basic requirements for the surface removal or paint stripping
are high absorbance of the paint at the laser wavelength and low thermal
conductivity.

11.5.9 Micromachining

Micromachining is probably the most precise type of laser material processing.
The process results in the production of very small parts. The process requires heat
dissipation in a very small area during a very small period of time. Microma-
chining requires high peak power and very short pulses, but low average power.
The speed of the laser should be in the multi-kilohertz range of PRR with pico-
second to femtosecond pulse durations. With shorter wavelengths and better beam
quality, the process resolution increases. Micromachining is applied to metals,
plastics, and composites, among others. The micromachining process using very
high peak power femtosecond lasers employs ionization of the material, which
takes place in the high-intensity field of the laser beam. Micromachining requires
mode-locked lasers, which are costly compared with long-pulse and CW models.
However, the advantages achieved by using a femtosecond pulse justify its use in
most micromachining applications.

11.5.10 Semiconductor Processing with a Laser Beam

Laser processing of semiconductor materials plays an important role in today’s
laser applications. Semiconductors generally have strong absorption in the UV,
visible, and near infrared region while demonstrating high transparency in the
infrared region of the optical spectrum. The 1,064 nm fiber and DPSS lasers are
used mostly for silicon marking, whereas UV lasers (e.g., excimer) or harmonics
of fiber lasers are used for material processing of wide-bandgap semiconductors,
such as gallium arsenide and indium phosphide. The temperature of the semi-
conductor sample is used as an optimization parameter during processing because
of its effect on the light absorption.

Figure 11.11 shows most of the laser material processing applications on a map
of beam quality and required laser operating average powers. As one can see, fiber
laser sources that demonstrate 3-5 kW power with diffraction-limited beam
quality and up to 50 kW in multitransverse mode operation meet most of
requirements and are a good fit for numerous applications.
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Fig. 11.11 Laser beam quality and average power map for different material processing
applications [11, 14] (Image courtesy of SPIE)

11.5.11 Main Competitors of Fiber Lasers in Industrial
Laser Applications

This section reviews the main competitors of fiber lasers used in material pro-
cessing applications. Besides fiber lasers, the most widely used laser types include
diode lasers, DPSS (Nd:YAG, Yb3+:YAG, Nd:VO,), solid-state thin-disk lasers,
CO; (high cost of ownership), and excimer lasers.

Although fiber laser technology is quickly replacing many diode lasers and
DPSS lasers in rod and slab configurations, it still competes with solid-state thin-
disk lasers that have appeared during the last decade. Thin-disk lasers have several
unique properties and therefore are considered to be one of the main competitors
for fiber laser technology in current solid-state laser material processing. Espe-
cially in applications requiring high average powers, thin-disk lasers remain in
demand, even though industrial fiber lasers have demonstrated multi-kilowatt
levels of operation.

Thin-disk lasers have a power-scalable (with the disk area) platform with
reasonably good beam quality. Disk lasers provide short (nanosecond) pulses with
a high peak power of operation. Currently, disk lasers are superior to fiber lasers in
high-energy nanosecond pulses. Disk lasers are very attractive for welding
applications in which high beam quality is required along with multi-kilowatt
output powers. Disk lasers are not susceptible to back reflection from highly
reflecting metal surfaces. They also are more tolerant to high-power and high-
energy scaling because their intracavity light fluence is far from the optical



230 11 Fiber Industrial Applications of Fiber Lasers

damage threshold, which in turn make them quite reliable in some sensitive
(failure intolerant) applications.

The long-existing gas CO, lasers also occupy a significant part of the laser
material processing market because of their high power availability, especially for
applications such as welding and cutting. Using unstable laser resonators, CO,
lasers may provide diffraction-limited beam quality at elevated optical powers.
Some applications that require laser wavelengths in the infrared range benefit from
the 10 pm line of this laser. Note, however, that probably the most serious
advantage of the CO, laser is that they are already installed in many material
processing centers and companies. Even if all other parameters of fiber lasers
including power, beam quality, and wavelength will satisfy the user, CO, lasers
will still remain on the market. There is also a discussion currently about the
advantages of using CO, lasers versus fiber lasers in metal welding and cutting.

Excimer lasers emitting in the 126-259 nm spectral range, with their high pulse
energy reaching several hundreds of millijoules and relatively high PRR current,
remain out of touch for many applications, such as lithography. Most high-power
fiber lasers operate in the near-infrared spectral range and require nonlinear fre-
quency conversion to reach UV wavelengths of operation. This in turn requires
high energy and high peak powers. Their small core size (on the order of 30 pm
for diffraction-limited systems and several hundreds of micrometers for multimode
operation) significantly restricts the fiber laser’s pulse energy in the nanosecond
range of pulse durations. Excimer lasers will probably remain out of competition
from fiber lasers for most lithography applications in the near future.

11.5.12 Summary of Challenges for Fiber Lasers
in Industrial Applications

In summary, the challenges facing fiber lasers in industrial applications include the
following:

e Back reflection when processing highly reflective materials, such as those with
metal-coated surfaces or metal parts.

e Pulse energy scaling for nanosecond fiber lasers systems due to fiber material
surface and bulk damage.

e Availability of infrared wavelengths in the vicinity of CO; laser sources (i.e., in
the 10 um spectral range) for immediate and painless substitution of gas laser
sources.

e Availability of visible (especially blue) and UV wavelengths with power-
scalable concepts, which can effectively compete with blue-green solid state and
excimer lasers.

e Reliable and high value of polarization extinction ratio at elevated power levels
with diffraction beam quality (when nonlinear frequency conversion is
considered).
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11.5.13 Future of Fiber Lasers in Material Processing

High-power fiber lasers will continue to penetrate the laser material processing
market, especially where flexibility in pulse profiles, PRR, and power density are
required. The biggest challenge will probably be in penetrating those markets
where laser applications require more than 100 mJ of nanosecond pulses in both
the UV and infrared spectral range. Even though today the total industrial fiber
laser market totals several hundred million dollars and the whole laser material
processing market totals a few billion dollars, fiber lasers show great potential and
promise. Fiber lasers are already widely used for marking, thin-film ablation,
welding, cutting, and semiconductor material processing (e.g., silicon). The unique
and flexible fiber laser systems with low cost of ownership and all-fiber archi-
tecture definitely make fiber laser technology a top choice for numerous material
processing applications.
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Chapter 12
Conclusion

This chapter outlines the major conclusions of the topics reviewed in this book.

1.

The physics of fiber lasers and fiber amplifiers are the same as for any other
laser type and follow similar theoretical considerations. Most solid-state laser
formulas can be used during fiber laser design and development.

Unlike bulk lasers, fiber laser resonator modes of optical fibers follow
cylindrical geometry waveguide modes. Fundamental mode (LPy;) selection
techniques in fiber lasers and fiber amplifiers are different from that of open
optical resonators.

Due to long length and small cross-sectional area of the fiber-active medium,
fiber laser gain is enormously high. This has two big impacts on the fiber laser
position among other laser systems:

(a) Pump-to-lasing efficiency is up to 80 %, which in turn results in a high
wall plug efficiency.

(b) Because of the same long gain medium and small fiber-core cross-sectional
area, optical nonlinearities and optical damage are serious limitations in
scaling up fiber laser powers and essentially peak powers.

. Special attention has to be paid to nonlinearities and damage issues during

fiber laser design.

. Back-propagating signal powers inside a fiber laser system can be a real

danger for several components of the fiber laser or fiber amplifier system.
Careful optical isolation of each gain stage of the system is a must for safe
operation.

. Unlike many other laser types, fiber laser and fiber amplifier systems can be

made alignment-free due to highly developed fiber-splicing technology and
availability of fiber-coupled optical components as well as fused all-fiber
components.

V. Ter-Mikirtychev, Fundamentals of Fiber Lasers and Fiber Amplifiers, 233
Springer Series in Optical Sciences 181, DOI: 10.1007/978-3-319-02338-0_12,
© Springer International Publishing Switzerland 2014



234 12 Conclusion

7. In the case of high average power (or high CW power), the “thermal
immunity” of fiber lasers would be an incorrect assumption during a fiber laser
design process. Thermal management has to be considered for reliable oper-
ation with preserved laser parameters.

8. The commercial availability of reliable and low-cost fiber-coupled optical
components, including pump laser diodes for fiber lasers and amplifiers, are
real challenges. Without resolving these issues, the successful development of
the fiber laser and fiber amplifier systems (especially high power) will be very
problematic.
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175, 187, 189, 195, 202, 203, 210-212,
214, 215, 225-229

Beam and light, 155, 180, 185

Beam and mirror-beam combination, 200

Beam and multiple, 182

Beam and non-gaussian, 74

Beam and optical, 82, 180, 218

Beam and original, 196, 205, 218

Beam and output, 121, 147, 192, 196, 202,
205, 210, 223, 225

Beam and polarized, 124, 188, 195

Beam and pumping, 138

Beam and rayleigh range, 76, 77, 214

126,
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Beam and real, 74

Beam and reference, 203

Beam and resultant, 196, 203, 205

Beam and spectral beam combination, 203

Beam and structure, 144

Beam and wavelength combining, 195, 196,
202

Beam aperture, 196

Beam brightness, 195, 196

Beam combining, 147, 162, 195-197,
200-202, 204, 205

Beam components, 153

Beam coupling, 167

Beam delivery, 147, 215, 216

Beam diameter, 75, 76, 77, 185, 215

Beam divergence, 73, 75, 76

Beam dump, 151

Beam expander, 225

Beam focus, 76, 225

Beam intensity, 73, 74, 186

Beam interaction, 212-215

Beam management, 147

Beam material interaction, 214

Beam overlap, 3

Beam parameter, 73, 74

Beam pass, 153, 204

Beam position, 225

Beam profile, 171

Beam propagating axis, 76

Beam propagation, 73, 186

Beam propagation line, 73

Beam quality, 3, 4, 66, 73, 75, 76, 102, 109,
125, 161, 162, 164, 171, 188, 189, 191,
193-195, 201, 203, 205, 210, 214-216,
219, 222, 228-230

Beam radius, 73

Beam scattering, 225

Beam shape, 144

Beam size, 77

Beam splitter, 149, 195, 196, 203

Beam splitting device, 155

Beam spot size, 73

Beam transformation, 148

Beam waist, 73, 74, 76, 77, 91

Beam wavefront, 73

Beam width, 74

Birefringence, 71, 118

Birefringence plate, 118

Birefringency, 71, 118

Blackbody radiation, 12

Boltzmann, 11, 12, 79, 80

Boltzmann constant, 11

Boltzmann distribution, 79, 80

Boltzmann distribution formula, 79

Index

Boltzmann statistics, 11, 12

Borate, 19, 30, 32, 33, 49

Bragg, 93, 127-129, 142, 143, 152, 156-158,
191, 196-200, 203, 204, 215

Bragg angle, 199

Bragg condition, 198, 199

Bragg diftraction, 197

Bragg grating, 93, 127-129, 152, 156, 158,
191, 196, 197, 199, 200, 203, 204

Bragg matching, 198

Bragg reflection, 127

Bragg reflector, 142, 143

Bragg wavelength, 157, 198, 204

Brewster, 122-124

Brewster angle, 122-124

Brewster condition, 122

Brillouin, 10, 82, 102, 108, 161, 174, 177-179

Brillouin amplifier, 82

Brillouin angle, 199

Brillouin gain, 178, 179

Brillouin gain spectra, 178, 179

Brillouin line-width, 178

Brillouin scattering, 10, 102, 108, 161, 177,
179, 216

Broadening, 13, 14, 16, 17, 68, 71, 80, 82, 87,
97, 107, 109, 181, 182, 183

Broadening and homogeneously broadening,
97

Broadening and inhomogeneously broadening,
14-17, 89, 97, 112

Broadening and line broadening, 13, 14, 80,
109

Broadening and spectral broadening, 87,
181-183

BRT

Bulk damage, 107, 108, 122, 186, 230

Bulk minority diffusion coefficient, 138

C

Carrier, 27, 133-136, 138, 181

Carrier density, 27

Cavity, 34, 90, 93-98, 102-104, 106, 107, 109,
111-114, 116, 117, 121, 124, 126-129,
140-144, 148, 186, 188, 189, 205

Cavity and intra-cavity, 84, 93-96, 100, 101,
103, 104, 108-113, 117, 118, 120-128,
187, 190, 200, 201, 205, 229

Cavity and intra-cavity component, 93, 95, 101

Cavity and intra-cavity device, 108, 110

Cavity and intra-cavity loss, 84, 93, 103,
120-122, 125

Cavity and intra-cavity medium, 104

Cavity and intra-cavity refractive index, 104



Index

Cavity and laser, 90, 94-97, 102-107, 109,
111-114, 116, 117, 121, 124-129, 140,
141, 144, 148, 152, 186, 189, 205

Cavity and linear laser cavity, 95, 189

Cavity and optical cavity, 93, 142, 143

Cavity and ring laser cavity, 97

Cavity and short cavity, 34

Cavity components, 93, 101

Cavity gain, 93, 97

Cavity geometrical parameters, 116

Cavity length, 116

Cavity lifetime, 112

Cavity loss, 126

Cavity mirror, 95, 104, 109, 111, 113, 125,
128, 140, 152

Cavity mode, 97, 126

Cavity mode separation, 126

Cavity Q factor, 103

Cavity Q-switching, 102

Cavity reflectors, 94

Cavity resonance frequency, 97

Cavity roundtrip, 94, 97, 107, 113, 114, 116

Cavity roundtrip time, 107, 116

Cavity transmission, 95

CFBG, 157, 191

Chalcogenide, 32, 33, 37

Chirp, 116, 130, 157, 158, 181-183, 191

Chirp and frequency, 183

Chirp and induced, 181

Chirp and un-chirped, 182

Chirp band-width, 158

Chirp free, 130

Chirped FBG, 157

Chirped fiber Bragg grating, 158, 191

Chirped pulse, 116

Chromatic dispersion, 68-71

Circular, 72, 73, 148

Circular and non-circular cladding profile, 72

Circular core, 72

Circular geometry, 148

Circular optical fiber, 73

Cleaved, 140, 141

Coherence, 202, 205

Coherence and optical, 202

Coherence length, 205

Coherence tomography

Coherent, 56, 74, 84, 127, 162, 175, 195, 196,
200-203, 205, 218

Coherent addition, 203, 205

Coherent and incoherent, 74, 84

Coherent and partially coherent, 74
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Coherent array, 201

Coherent beam, 162, 195, 196, 200-202, 205

Coherent beam combining, 162, 195, 196, 200,
201, 205

Coherent bundle, 218

Coherent combination, 203

Coherent coupling, 200

Coherent emission, 56, 175, 200

Coherent fiber laser radiation, 200

Coherent laser coupling, 200

Coherent radiation, 200

Coherent Raman wave, 175

Coherent UV laser beam, 228

Coherently coupled, 200

Coiling, 2, 4, 161, 171

Coiling technology, 2, 161

Collimated, 121, 154, 201, 203

Collimated beam, 121

Collimated output, 154

Collimated port, 121

Complex, 68, 100, 106, 110, 140, 190, 200,
201, 212, 215

Complex combination, 110

Complex exponential form, 68

Complex heterostructures, 140

Complex laser resonator, 200

Complex mirror, 201

Complex opto-mechanics, 215

Complex value, 212

Complexity, 190

Conduction band, 133-136

Confined, 84, 141

Continuous, 4, 30, 99, 101, 117, 139, 161, 176,
178, 209, 213

Continuous laser, 213

Continuous pumping, 101

Continuous transparency, 30

Continuous-wave, 99, 139, 161, 176, 178, 209

Conversion efficiency, 2, 57, 145

Cooling, 29, 126, 145, 212

Cooling configuration, 145

Cooling rate, 29

Cooling time, 212

Coordinates, 74

Coupled, 2, 3, 23, 24, 56, 67, 72, 76, 82, 97,
102, 121, 122, 128, 141, 142, 147-150,
163, 164, 190, 191, 193, 195, 198, 200,
202, 203, 219, 222, 224, 225

Coupled and fiber coupled, 2, 23, 56, 102,
148-150, 152, 154-156, 159, 168, 169,
190, 195, 219
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Coupled and fiber coupled circulator, 155, 156

Coupled and fiber coupled components, 167

Coupled and fiber coupled device, 142, 150

Coupled and fiber coupled diode laser,
148-150, 159

Coupled and fiber coupled optical isolator,
152, 154

Coupled and fiber coupled power splitter, 150

Coupled and fiber coupled pump combiner,
150

Coupled and fiber coupled seed laser, 150

Coupled and fiber coupled WDM component,
168

Coupled and power coupled, 3

Coupled diode, 2, 56, 148-150, 159

Coupled into the fiber, 67, 72, 225

Coupled laser source, 219

Coupled mode theory, 156

Coupled pump radiation, 56

CPM

Critical, 28, 38, 65, 67, 73, 87, 107, 147, 171,
175, 176, 178, 185, 186

Critical angle, 65, 67

Critical power, 175, 176, 178, 185, 186

Critical pump, 87

Cross phase modulation, 101, 162, 182

Cross relaxation, 59-61, 89

Cross saturation, 95

Cross section, 17-24, 47, 54-56, 59, 87, 99,
104, 168, 184, 218, 220

Cross talk, 199

Cross-coupling, 72

Crystal fiber, 2, 4, 38, 73, 203, 219, 221, 222

Crystalline quartz, 124

Cut-off, 30, 31, 66, 67, 220

D

Damage, 33, 57, 101, 102, 107, 108, 145, 148,
149, 159, 161, 162, 169, 186, 190, 200,
216, 225, 230, 233

Damage free, 86, 87, 107, 108, 162, 224

Damage issues, 233

Damage mechanism, 89

Damage pattern, 107, 108

Damage problem, 106-108

Damage process, 86

Damage threshold, 33, 100, 107, 108, 118,
122, 161, 170, 216, 218, 230

Decay, 11, 14-16, 28, 80

Decay and luminescence decay, 16

Decay and measured decay, 15

Decay and non-radiative decay, 27, 28, 80

Index

Decay and radiative decay, 14

Decay and room temperature decay, 16

Decay and spontaneous decay, 11, 14, 19, 80,
81, 105

Decay time, 15, 27

Degeneracy, 12, 21, 43, 71, 104, 129, 135, 184

Degeneracy and electron degeneracy, 135

Degeneracy breaks, 71

Degeneracy factors, 129, 184

Degeneracy terms, 12, 21

Density of population, 11, 90

Diagram and b-V diagram, 67

Diagram and energy band diagram, 137

Diagram and energy level diagram, 7, 45, 46,
49, 50, 53, 58, 80, 81

Diagram and franck-condon diagram, 7-9

Diagram of embedded mirror, 168

Dichroic mirror, 121-123, 125, 129, 149, 196

Dielectric film, 223

Dielectric imperfections, 221

Dielectric materials, 107, 223

Dielectric medium, 180

Dielectric mirrors, 144

Dielectric reflective diffraction grating, 204

Dielectric solids, 107

Dielectric waveguide, 65

Diffraction, 118, 120, 142, 185

Diffraction angle, 151

Diffraction effect, 73

Diffraction efficiency, 197-199

Diffraction grating, 118-122, 142, 157, 188,
196, 197, 201-204

Diffraction limited, 4, 73, 75-77, 99, 102, 107,
109, 142, 145, 161, 164, 170-172, 188,
192, 193, 195, 210, 214, 222, 228, 230

Diffraction of light, 210

Diffraction order, 109, 120, 121

Diffusion, 133, 138, 150, 211, 213

Diffusion coefficient, 138

Diffusion length, 138, 211

Diode array, 101, 145

Diode emitting area, 142

Diode emitting surface, 143

Diode laser, 1, 3, 4, 23, 25, 56, 57, 61, 101,
102, 129, 133, 135, 139-150, 159, 161,
163, 169, 187, 192, 193, 196, 197, 200,
209, 210, 222, 229

Diode laser and fiber coupled, 2, 23, 56, 102,
141, 148-150, 159, 167, 187, 193

Diode laser bar, 145-147, 149

Diode laser beam, 147-149

Diode laser emission, 147, 148

Diode laser maintenance, 148



Index

Diode laser power, 144, 145, 192

Diode laser stack, 147-148

Diode laser structure, 140, 142, 143

Diode pumped, 1, 2, 48, 101, 129, 190, 196,
209, 222

Dipole oscillator, 18

Dipole transition, 18

Dirac formula and Fermi-Dirac formula, 134

Dirac probability and Fermi-Dirac probability,
134, 135

Dirac statistics and Fermi-Dirac statistics, 133

Dirac’s constant, 27

Disk, 140, 229

Disk area, 229

Disk lasers, 229

Dispersion, 10, 68-71, 110, 117-120, 122,
123, 158, 173, 183, 184, 220

Dispersion and angular dispersion, 120

Dispersion and chromatic dispersion, 68—71

Dispersion and FBG dispersion, 158

Dispersion and fiber dispersion, 68-71

Dispersion and full dispersion, 123

Dispersion and grating dispersion, 158

Dispersion and group velocity dispersion, 118

Dispersion and intra-cavity dispersion, 117

Dispersion and light dispersion, 68

Dispersion and material dispersion, 184

Dispersion and modal dispersion, 68

Dispersion and phonon dispersion, 10

Dispersion and polarization mode dispersion,
71

Dispersion and waveguide dispersion, 70

Dispersion and zero dispersion, 71, 183

Dispersion compensation, 110, 118

Dispersion condition, 183

Dispersion dependence, 183

Dispersion prism, 122

Dispersion trend, 220

Dispersion-flattened, 173

Dispersion-shifted, 173

Dispersive, 118, 122, 123, 126, 200

Dispersive element, 118, 123

Dispersive intra-cavity laser element, 122

Dispersive resonator, 122

Dispersive system, 118

Distributed Bragg, 142-143

Distributed Bragg reflector (DBR), 129,
142-143

Distributed feedback (DFB), 34, 128-130,
142, 143, 149, 153

DND, 40, 42, 87

Dopant, 30, 3740, 135

Dopant concentration, 3, 16, 24, 136, 137
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E

Efficiency, 2, 24, 32, 35, 56, 57, 61, 83, 88, 91,
92, 97, 147, 149, 161, 162, 184, 197,
201, 209, 222, 233

Efficiency and combining efficiency, 203

Efficiency and conversion efficiency, 2, 57,
145

Efficiency and coupling efficiency, 147, 148,
161, 219, 225

Efficiency and diffraction efficiency, 197, 199

Efficiency and energy efficiency, 25

Efficiency and energy extraction efficiency, 83

Efficiency and FWM efficiency, 184

Efficiency and laser efficiency, 28, 32, 56, 90,
161

Efficiency and optical efficiency, 25, 57

Efficiency and overall efficiency, 83

Efficiency and pump efficiency, 93

Efficiency and quantum efficiency, 61, 88, 98

Efficiency and slope efficiency, 25, 35, 92, 96,
188, 194

Efficiency and storage efficiency, 93

Efficiency and transmission efficiency

Efficiency and wall plug efficiency, 209, 233

Einstein, 11-13, 15

Einstein A coefficient, 15, 21

Einstein B coefficient, 12

Einstein coefficient, 11, 13

Einstein analysis, 22

Einstein relations, 13, 19

Electro-magnetic energy, 65

Electron, 7, 9, 13, 18, 28, 44, 133, 135, 136,
138, 202

Electron beam, 135, 138

Electron concentration, 133

Electron degeneracy, 135

Electron exchange, 16

Electron levels, 8

Electron mass, 18

Electron microscope, 220

Electron penetration depth, 138

Electron shell, 13, 44

Electron transition, 8, 133

Electron—hole pair, 133

Electron-hole recombination, 133

Electronic level, 7, 9, 14

Electronic shell, 9

Electronic state, 7, 14

Electronic structure, 18, 20

Electronic transition, 9, 13

Electron—phonon, 9, 13, 28

Electro-optic, 117

Electro-optical modulator, 117
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Energy, 3, 7, 10, 11, 12, 16, 18, 24, 25, 32, 35,
44, 46, 53, 59, 79, 90, 95, 104, 107,
133, 135, 136, 171, 177, 218

Energy and propagating, 31, 56, 67, 70, 75, 82,
96, 101

Energy band, 133

Energy band diagram, 137

Energy barrier, 136-138

Energy density, 11, 12, 212

Energy dissipation, 8

Energy exchange, 8

Energy fluence, 107, 218

Energy gap, 16, 27, 28, 135

Energy level, 3, 7, 10, 14, 17, 20, 28, 44, 46,
49, 53, 59, 79, 80, 82, 87, 89, 93, 96,
134, 136

Energy spectral density, 12

Energy states, 10

Energy storage, 99

Energy transfer, 3, 24, 56, 65, 89

Energy transmission, 218

End face, 35, 141, 159, 161, 167

Entropy, 80

Erbium, 53

Erbium-doped, 201

Excitation energy, 8, 20, 89

External cavity, 189

External force, 200

External light, 11

External photon, 11

External polymer, 3

External resonator, 200

Extraction energy, 83, 133

F

Fabry-Perot, 111, 118, 125, 126, 141, 175

Faraday garnet crystal, 156

Faraday isolator, 169

Faraday rotator, 152, 153, 155, 156

FBG, 127, 128, 152, 156, 158, 203

Feedback, 34, 82, 109, 120, 122, 142, 149, 202

Feedback mirror, 122

Fermi energy, 134, 135

Fiber, 3, 23, 28, 30, 33, 37, 39, 41, 44, 50, 53,
56, 57, 62, 66, 68, 71, 75, 82, 84, 87,
92, 99, 108, 141, 151, 155, 162, 166,
171, 180, 201, 215, 216, 218, 219, 224,
229, 233

Fiber absorption, 51, 172

Fiber amplifier, 1, 4, 52, 53, 71, 82, 85, 89,
108, 149, 164, 172, 193, 219, 233

Fiber attenuation, 30

Fiber Bragg grating, 127, 152, 191

Index

Fiber bundle, 216, 217, 218

Fiber cladding, 32, 38, 165, 219, 220, 222

Fiber coiled, 31

Fiber communication, 165

Fiber component, 168, 225

Fiber core, 3, 38, 39, 42, 107, 149, 151, 156,
162, 164, 171, 173, 190, 222

Fiber coupled, 2, 23, 56, 102, 141, 148, 152,
155, 167, 193

Fiber design, 31, 190

Fiber diameter, 107, 149

Fiber dispersion, 68

Fiber entrance, 70, 148, 225

Fiber fabrication, 1, 39

Fiber geometry, 38

Fiber glass, 28, 31, 101, 186

Fiber inspection, 31

Fiber laser, 1-5, 13, 32, 34, 37, 42, 49, 53, 56,
72, 80, 86, 92, 99, 101, 108, 118, 128,
141, 154, 162, 167, 185, 192, 197, 209,
215, 224, 230, 233

Fiber laser resonator, 93, 118, 233

Fiber length, 3, 23, 24, 56, 88, 98, 162, 182

Fiber manufacturing, 2, 40, 51, 61

Fiber materials, 35, 55

Fiber mode, 32, 65, 69, 72, 157, 172

Fiber mode structure, 32

Fiber numerical aperture, 67

Fiber parameters, 66, 162

Fiber perform, 164

Fiber preparation, 2

Fiber production, 40

Fiber pumping, 163

Fiber refractive index, 30, 172

Fiber samples, 35

Fiber spliced, 32

Fiber structure, 2, 31, 39, 72

Fiber technology, 2, 4, 167, 169, 209

Fiber theory, 66

Fiber type, 33, 38, 72, 150, 216

Fiber waveguide, 37

Fiber-to-air interface, 159

Fluorozirconate, 34, 35

Franck—Condon diagram, 7, 9

Franck—Condon principle, 7

Free energy, 20

Free-space, 74, 85, 86, 149, 167, 187, 190,
195, 215, 225

Free spectral range, 126

Frequency, 4, 11, 14, 18, 22, 66, 69, 83, 87,
110, 114, 126, 129, 170, 177, 190, 203

Frequency conversion, 49, 118, 187, 190, 230

Frit, 40

Free spectral range (FSR), 126, 127



Index

Furnace, 39
FWHM, 15, 17, 83, 145

G

Ga, 139

Gain, 23, 25, 27, 40, 44, 59, 80, 84, 86, 93,
109, 110, 138, 175

Gain band, 51, 97, 109, 112, 125, 126

Gain bandwidth, 23, 83, 111, 112, 114, 125

Gain coefficient, 83, 86-88, 94, 180

Gain equalizer, 83

Gain fiber, 1-4, 23, 29, 41, 44, 49, 51, 52, 72,
82, 84, 88, 93, 102, 107, 128, 152, 162,
165, 170, 184, 193

Gain length, 53

Gain material, 32, 99, 102, 141, 159

Gain medium, 27, 83, 86, 88, 93, 99, 103, 104,
125, 126, 142, 164

Gain performance, 41

Gain reduction, 83

Gain saturation, 61, 83

Gaussian beam, 73-77, 214

Gaussian envelope, 15

Gaussian function, 173, 181

Gaussian line, 16

Gaussian mode, 73

Gaussian parameter, 116

Gaussian profile, 214

Gaussian pulse, 111, 114, 130, 181, 182

Gaussian shaped, 115, 158

Gaussian spot size, 74

Ge, 30, 38, 176

Germanate, 19, 28, 32, 50, 51, 60

Germanium, 32

Germanium chloride, 37

Giant pulse, 103

Glass, 2, 9, 9, 14, 16, 22, 27, 30, 35, 44, 173,
180, 200, 220, 223, 225

Glass attenuation, 30

Glass composition, 27, 30, 34, 180

Glass damage, 118

Glass environment, 19

Glass fiber, 35, 180, 217, 241

Glass host, 17, 18, 24, 53, 54, 58, 89

Glass layer, 37, 167

Glass liquid, 29

Glass manufacturing, 29

Glass mass, 220

Glass material, 30, 44, 101, 212

Glass matrix, 17, 19, 29, 32-34, 51

Glass modifier, 33

Glass molecules, 27

Glass perform
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Glass refractive index, 173
Glass rod, 38, 40

Glass slab, 147

Glass structure, 9, 27, 29
Glass surface, 35, 225
Glass system, 32, 34, 58
Glass transition, 29
Glass tube, 37, 38

Glass tubing, 223, 224
Glass types, 32, 35, 51
Glass waveguide, 224

H

Half-wave plate, 156

Harmonic generation, 190

Heat, 8, 25, 40, 56, 57, 145, 149, 211, 225, 227

Heat delivery, 213

Heat diffusion, 211

Heat dissipation, 101, 148, 211, 224, 227

Heat load, 145

Heat management, 167

Heat removal, 145, 147

Heat sink, 147, 152

Heat source, 226

Heat transfer, 213

Heat treating, 227

Hole, 94, 97, 134, 135, 220, 226

Hole burning, 94, 97

Hole diameter, 220, 221, 226

Hole dimension, 226

Hole drilling, 214

Hole movement, 136

Hole size, 226

Holley fiber, 219

Hollow fiber, 216, 222, 223

Homogeneous, 13, 14, 17, 111, 176

Homogeneous broadening, 14-16

Homogeneous line-width, 17

Homogeneous nature, 109

Homogeneous width, 176

Host environment, 13

Host glass, 35

Host material, 8, 9, 11, 13, 16, 17, 18, 21, 27,
28, 43, 44

Huang-Rhys factor, 9

Huang-Rhys parameter, 28

I

Inhomogeneous, 109

Inhomogeneous broadening, 14, 16, 17
Inhomogeneous line-width, 17
Inhomogeneous nature, 109
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Injection, 70, 126, 135, 138, 217

Injection lasers, 139, 142

Injection locking, 200

Injection of carriers, 135

Injection seeding, 126

Injection type, 138

Injection-lock, 111

Inorganic glass, 197

Intensity, 23, 32, 59, 66, 73, 74, 83, 87, 88,
103, 105, 108, 115, 171, 172, 180-182,
186, 198, 214, 215, 218, 228

Interface, 31, 139, 159, 225

Interferometer, 111

Intra-cavity, 84, 93, 94-96, 100, 101, 103,
108-113, 117, 118, 120, 121-128, 187,
190, 200, 201, 205, 229

Intra-cavity axial mode filter, 126

Intra-cavity beam combination, 201

Intra-cavity component, 93, 95, 101

Intra-cavity device, 108, 110

Intra-cavity dispersion compensating device,
117

Intra-cavity electric field, 112, 113

Intra-cavity etalon, 118

Intra-cavity Fabry-Perot etalon, 126

Intra-cavity fiber, 118, 121

Intra-cavity fiber circulator, 121

Intra-cavity intensity modulator, 117, 118

Intra-cavity laser beam, 109, 121

Intra-cavity laser field, 94, 190

Intra-cavity laser pulse, 110

Intra-cavity light, 96, 229

Intra-cavity light fluence, 229

Intra-cavity loss, 84, 93, 103, 120-122, 125,
126

Intra-cavity loss distribution, 125

Intra-cavity medium, 104

Intra-cavity nonlinear frequency conversion,
190

Intra-cavity optical harmonic generation, 190

Intra-cavity optical modulator, 111

Intra-cavity optical power, 187

Intra-cavity prism, 123

Intra-cavity refractive index, 104

Intra-cavity tuning element, 122

Intra-cavity wavelength dispersive system, 118

Intra-cavity wavelength filter, 123

Intra-cavity wavelength selective element, 124

Inversion, 52, 84-86, 88, 91, 97, 103, 109

Inversion population, 51, 80, 81, 84, 103, 105,
108, 135

Isolator, 102, 155

Index

J

Judd-Ofelt, 18, 19, 48, 59
Judd-Ofelt coefficients, 18
Judd-Ofelt parameters, 18, 48, 59
Judd-Ofelt theory, 18, 19
Junction, 135-138, 141-145

K

Kerr effect, 101, 180
Kerr lens, 117

Kerr nonlinearity, 181
Krishnan, 174

L

Landsberg, 174

Lanthanides, 13

Laser, 2-5, 13, 19, 23, 24, 28, 35, 44, 50, 56,
73, 80, 86, 90, 94, 97, 100, 107, 117,
121, 127, 144, 150, 156, 170, 175, 190,

192
Laser action, 1, 3, 44, 45, 50, 59, 60, 80, 103,
133, 135

Laser active, 2, 9, 21, 23, 24, 25, 28, 29, 32,
34, 37-40, 50, 56, 58, 82, 84, 85, 87,
88, 94, 100, 104, 110, 114, 115, 127,
139, 144, 186, 209

Laser active media, 1

Laser amplifier, 82, 83, 85, 86

Laser applications, 28, 32, 33-35, 37, 48, 72,
73, 80, 124, 147, 159, 196, 213, 228,
231

Laser average power, 101, 106, 213

Laser beam, 73-75, 82,91, 107, 109, 121, 142,
147-149, 187, 189, 195, 202, 210-212,
214, 215, 225-228

Laser cavity, 90, 94, 95, 102-104, 106, 107,
111-114, 116, 117, 121, 124-129, 140,
141, 144, 148, 152, 186, 205

Laser center, 24

Laser challenges, 49, 51, 56, 59

Laser class, 101

Laser components, 94, 100, 102

Laser concepts, 230

Laser crystals, 1, 49

Laser damage, 106

Laser design, 4, 29, 99, 151, 167, 186, 190,
233

Laser diode, 2, 3, 24, 35, 47, 50, 55, 56, 60,
101, 102, 133, 141, 142, 144, 148, 191,
209, 234
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Laser efficiency, 28, 32, 56, 57, 90, 161

Laser emission, 4, 103, 104, 111, 123, 147,
148, 200, 201, 224

Laser energy, 3, 171, 213

Laser excitation, 81, 82

Laser frequency, 87, 129

Laser gain, 13, 72, 94, 97, 99, 100, 110, 111,
115, 125, 126, 233

Laser glass, 3, 24, 25, 27, 30, 44, 50, 109

Laser glass host, 24

Laser host, 16

Laser intensity, 114

Laser level, 44, 81, 85, 90, 96, 104, 106

Laser line, 14, 59, 107, 121, 128

Laser manufacturers, 57

Laser master oscillator, 89

Laser material, 13, 28, 30, 110, 115, 139, 190,
210, 211-214, 223, 225, 227-229, 231

Laser mode, 97, 110, 111, 115, 116, 124

Laser mode-locking, 110

Laser operation, 23, 35, 49, 51, 52, 57, 79-82,
87, 93, 97, 100, 101, 110, 118, 125,
126, 128, 138, 162, 213, 226, 227

Laser oscillation, 1, 88, 110, 112, 115

Laser oscillator, 73, 82, 90, 108, 110, 186-188,
190

Laser output, 90, 96, 98, 106, 107, 118, 121,
128, 129, 149, 190, 216, 224, 225

Laser parameters, 93, 94, 100, 109, 115, 149,
186, 187, 189, 190, 195, 212, 213, 234

Laser performance, 106, 159, 188

Laser photons, 92

Laser physics, 1, 5, 13, 17, 21, 29, 79, 80, 82,
117, 175, 187

Laser power, 57, 97, 102, 106, 129, 144, 145,
161, 179, 187, 189, 190, 192, 210, 213,
225, 226, 233

Laser pulse, 100, 101, 105, 107, 108-111,
115-117, 157, 158, 181, 192, 211, 213,
225

Laser pulse-width, 115

Laser pump, 23, 161

Laser pumping, 56, 148, 163

Laser Q-switched, 103

Laser radiation, 87, 163, 164, 170, 186, 200

Laser regime, 14

Laser resonator, 73, 82, 93, 94, 97, 102-104,
110, 112, 115, 117, 118, 120, 121,
123-127, 141, 143-145, 152, 200, 205,
230, 233

Laser signal, 86, 177, 193

Laser slope efficiency, 92, 96, 97

Laser sources, 53, 195, 209, 213, 219, 228, 230

Laser spectral line-width, 205
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Laser threshold, 80, 81, 90, 93, 95, 106, 141

Laser transitions, 16, 23, 46, 50, 53, 58

Laser upper level, 47

Laser wavelength, 23, 87, 102, 104, 143, 178,
209, 211, 212, 215, 228, 230

Leakage losses, 31

Leaky guides, 223

Leaky type

Lifetime, 11, 14, 15, 16, 19, 21, 22, 50, 59, 87,
95, 96, 104, 106, 112, 138, 178, 179

Lifetime measured, 20, 47

Light, 4, 7, 11, 24, 30, 35, 51, 65, 67, 68, 72,
81, 82, 83, 88, 94, 97, 113, 122, 127,
128, 134, 138, 141, 144, 148, 150, 151,
152, 153, 155, 163, 164, 165, 174, 177,
183, 210, 211, 218, 225

Light absorption, 210, 211, 228

Light beam, 155, 180, 185

Light dispersion, 68

Light emission, 11

Light fluence, 229

Light injection, 217

Light intensity, 88, 144

Light path, 94

Light penetration, 211

Light photon, 11

Light polarization, 72, 153, 155

Light propagation, 4, 30, 65, 155, 156, 164,
172, 177

Light pulse, 68

Light quantum, 11

Light ray, 68

Light spectral properties, 68

Light speed, 68

Light strippers, 151

Light wavelength, 71, 142

Light waves, 94, 127, 170

Line, 9, 10, 12-14, 16, 23, 48, 54, 59, 67, 71,
72, 80, 107, 109, 112, 142, 173, 179,
200, 230

Line broadening, 13, 14, 80, 109

Line envelope, 112

Line limit, 130

Line profile, 12, 16

Line shape, 13, 14, 16, 17, 83

Line spectral profile, 15

Linear, 10, 93-96, 116, 124, 145, 173, 185,
195

Linear array, 145

Linear cavity, 96, 189

Linear diatomic chain structure, 10

Linear laser cavity, 95, 189

Linear laser resonator, 94

Linear refractive index, 173, 185
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Line-width, 56, 110, 121, 123, 128, 129, 130,
161, 173, 176179, 187, 192, 194, 203,
205

Logarithmic, 104

Logarithmic loss, 104

Logarithmic output, 104

Longitudinal, 97, 101, 110, 111, 112, 114, 115,
124, 125, 126, 127, 128

Longitudinal mode, 97, 110, 115, 124, 125,
126, 127, 128, 142

Longitudinal non-uniformities

Longitudinally pumped, 90

Lorentzian, 14, 15, 17, 83, 86, 89, 91

Lorentzian function, 14

Loss, 2, 4, 31, 32, 33, 34, 40, 71, 87, 88, 93,
97, 103, 104, 121, 122, 123, 125, 153,
169, 171, 184, 221, 223

Loss attenuation coefficient, 171

Loss coefficient, 83, 93, 184

Loss dependence, 171

Loss distribution, 125

Loss free propagation, 151

Loss limited, 71

Loss mechanism, 87

Loss nature, 223

Loss parameters, 34

Loss peak, 38

Loss sensitivity, 31

Loss spectral distribution, 123

Luminescence quantum yield, 15, 16, 34

Luminescence transition, 8

Lyot Filter, 123, 124, 125

M

Macro bending, 31, 221
Majority carriers, 135, 136
Mandelstam, 174, 177
Manifold, 19, 20, 43, 50
MCVD, 2, 35, 37, 38, 40, 41, 87
Mechanical strength, 30, 34
Metal alloy, 227

Metal deposition, 227

Metal particles, 159

Metal powder, 227

Metal reflectivity, 226

Metal surface, 229

Metal welding, 211, 230
Metastable, 24, 95

Mettalic film, 223
Microbending, 31, 221
Microchip laser, 127, 190
Minority carrier recombination time, 138
Minority carriers, 136

Index

Mirror, 91, 95, 104, 109, 110, 111, 117, 121,
122, 125, 127, 128, 143, 144, 149, 152,
168, 200, 201

Mirror reflectivity, 95, 144

Mirror side pumping, 168

Mirror surface, 144

Mirror-beam combiner, 200

Mode, 3, 4, 10, 11, 23, 24, 32, 42, 56, 65, 66,
67, 69-71, 73, 94, 97, 100, 101, 103,
107, 109-111, 112, 114-117, 119, 124,
125, 127, 141, 145, 150, 154, 157, 170,
171, 173, 177, 188, 213, 219, 221

Mode adaptation, 150

Mode amplitude, 110, 111, 172

Mode area, 42, 85, 154, 191

Mode competition, 112

Mode cut-off, 66

Mode discrimination, 161

Mode discriminator, 126

Mode distance, 115

Mode field, 32, 66, 111, 150, 216

Mode field adaptor, 150, 151

Mode field amplitude, 111

Mode field radii, 32

Mode field radius, 32

Mode field diameter, 32, 66, 173

Mode filtering, 4

Mode frequency, 111

Mode index, 125

Mode intensity, 32, 66

Mode interaction, 112

Mode loss, 171

Mode matching, 151

Mode mixing, 171

Mode nature, 97

Mode notation, 125

Mode oscillation, 94, 112

Mode phases, 112

Mode power, 69, 157

Mode propagation constant, 66, 67

Mode selection, 126

Mode separation, 126

Mode size, 107

Mode spacing, 126

Mode spectral width, 69, 70, 110

Mode structure, 124, 148

Mode theory, 156

Mode transformation, 151

Mode-lock, 100, 110, 116, 117

Mode-locking, 86, 109, 110, 115, 117

MOPA, 108, 127, 187, 189, 190, 191, 192,
193, 194, 201, 202, 209, 210

Multimode, 4, 38, 56, 76, 109, 142, 144, 145,
148, 149, 162, 165, 171, 172, 219, 221



Index

Multimode beam, 75, 77
Multimode conditions, 221
Multimode dimension, 144
Multimode diode, 56, 149
Multimode emitter, 145
Multimode fiber, 109, 172, 219
Multimode gain fiber, 4
Multimode inner cladding, 163
Multimode operation, 145, 162
Multimode pump, 163
Multi-phonon, 28, 33, 58
Multiplexer, 194, 201
Multi-spectral, 83, 94

N

Nanoparticle, 40, 42

Nanoparticle deposition, 40

Nd, 22, 29, 46, 47, 49, 127, 137, 209, 218

Neodymium, 37, 45, 209

Neodymium laser, 209

Neodymium-doped, 22, 33, 47, 49

Nonlinear, 3, 4, 10, 29, 34, 49, 86, 99, 101,
112, 128, 162, 165, 172, 180, 183, 186,
205, 216, 233

Nonlinear absorption, 8

Nonlinear dynamics, 86

Nonlinear effects, 161

Nonlinear fiber length, 182

Nonlinear frequency conversion, 49, 190, 205,
230

Nonlinear interaction, 184

Nonlinear interaction constant, 184

Nonlinear optical processes, 205

Nonlinear optical response, 180, 185

Nonlinear optics, 128

Nonlinear parameter, 182

Nonlinear phase modulation, 180

Nonlinear power dependence, 172

Nonlinear process, 99, 101, 162, 163, 172,
174, 183, 190

Nonlinear refractive index, 34, 173, 180, 184,
185

Nonlinear scattering, 10, 56, 87, 101, 172

Nonlinear waveguide, 185

Non-radiative relaxation, 80

Non-radiative transition, 80

n-type, 136, 137, 141

(0]

Optical, 2, 7, 9, 10, 14, 27, 72, 82, 106, 110,
142, 145, 149, 152, 175, 178, 203, 216,
225
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Optical absorption, 57, 167, 211

Optical amplification, 37, 83

Optical amplifier, 82, 83, 85, 86, 89

Optical axis, 123, 124

Optical back reflection, 159

Optical beam, 82, 180, 218

Optical breakdown, 107

Optical brightness, 149

Optical cavity, 93, 142, 143

Optical center, 7, 9, 10, 13-15, 17, 21, 23, 28,
87, 97, 133

Optical circulator, 155-157

Optical coherence, 202

Optical communication, 33, 37, 38, 53, 71, 128

Optical components, 93, 149, 190, 195, 233

Optical connection loss, 30, 32

Optical constants, 10

Optical contact, 86, 149

Optical conversion efficiency, 145

Optical couplers, 219

Optical damage, 149, 162, 169, 170, 190, 200,
216, 223, 225, 233

Optical efficiency, 25, 57

Optical excitation, 23, 56, 133

Optical feedback, 142, 149

Optical fiber, 1, 2, 4, 29, 30, 33, 37, 39, 66, 68,
70, 72, 75, 82, 85, 148, 156, 164,
170-172, 175, 185, 209, 216, 219, 222

Optical fiber amplifier, 82, 83, 85

Optical fiber communication, 165

Optical filter, 142, 149, 156

Optical frequency, 86

Optical gain, 37, 80, 86, 194

Optical glass, 167

Optical guide, 215

Optical isolator, 97, 142, 149, 152-155, 225

Optical Kerr effect, 101, 180

Optical loss, 2, 110

Optical maser

Optical mode, 141

Optical modulator, 111

Optical nonlinearity, 33

Optical nonlinearities, 82, 93, 162, 173, 190,
233

Optical parametric amplifier, 82

Optical phonon, 27, 174, 177

Optical power, 3, 4, 31, 84, 86, 150, 166, 172,
173, 175, 180, 184, 185, 187, 193, 196,
202, 216, 218, 219, 221, 223, 230

Optical prism, 122

Optical properties, 7, 27, 30, 35, 139

Optical pumping, 54, 56, 135, 138, 147, 164

Optical quality, 72, 197

Optical resonator, 93, 175, 233
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Optical response, 180, 185

Optical signal, 53, 151, 165, 169, 175, 182

Optical soliton, 115

Optical spectroscopy, 4

Optical spectrum, 43, 57, 83, 122, 193, 194,
201, 217, 228

Optical switches, 117

Optical telecommunication, 2, 72

Optical transitions, 7, 13, 19, 30, 59, 80

Optical transmission, 30, 34, 71, 217

Optical transparency, 33

Optical waveguide, 65, 93, 141

Optical wavelength, 57

Optical waves, 72, 220

Output energy, 104

OVD, 37, 38, 40

Oxygen, 30, 33, 37

P

Panda, 72, 108, 163, 164, 170

Panda fiber, 72

Panda geometry, 72

Panda profile, 72

Panda stress rods, 72

Panda type, 72, 108, 163, 168, 170

Parasitic absorption, 163

Parasitic lasing, 86, 144

Parasitic reflections, 86

Passive fiber optic coupler, 150

Passive intra-cavity device, 110

Passive losses, 90

Passive medium, 185

Passive mode-locking, 117

Passive nonlinear optical element, 117

Passive Q-switching, 126

Passive resonator, 129

Photonics crystal fibers (PCF), 219-222

Penetration depth, 138

Penetration distance, 138

PER, 128

Periodical change, 127

Periodical pulse, 101

Periodically alternative regions, 127

Periodically polled, xi

Phase, 11, 29, 69, 85, 110, 112, 127, 128, 129,
143, 181, 200, 203

Phase constant, 69

Phase control, 162, 200

Phase detection, 200

Phase difference

Phase errors, 200, 203

Phase locked, 200

Index

Phase matching, 177, 178, 183, 184
Phase modulation, 180

Phase noise, 194

Phase section

Phase sensitivity, 183

Phase separation, 110

Phase shift, 86-87, 128

Phase shifted, 128

Phase transition, 29

Phase variations

Phase velocity, 69

Phosphate, 16, 17, 22, 28, 34, 46, 50
Photo darkening, 51, 52, 61, 163

Photon energy, 28, 104, 105, 174
Photonics crystal fiber, 73, 219, 221, 222
Photostable, 52

Photo-thermo-refractive, 197

Pitch, 142, 219, 221

Plane of junction, 137, 141, 143, 144, 145
Plane reflective diffraction grating, 119
Plasma, 38, 185

PM, 71-73, 107, 118, 150, 169, 170, 202
PM fiber, 71-73

p-n junction, 135-137, 141, 142

POD, 38
Polarization, 56, 72, 118, 128, 149, 153, 195,
196, 230

Polarization beam combining (PBC), 195

Polarization beam splitting, 155, 195, 196

Polarization combined, 56

Polarization control, 195

Polarization degeneracy, 71

Polarization dependence, 118

Polarization direction, 153

Polarization drift, 118

Polarization extinction ratio, 230

Polarization independent, 153, 156, 203, 204

Polarization independent modulator, 118

Polarization insensitive, 153, 154, 156, 157

Polarization instability, 161

Polarization maintained, 149, 150, 169, 193,
202

Polarization mode dispersion, 71

Polarization plane, 72, 153

Polarization preservation, 216

Polarization rotation, 117, 155

Polarization sensitive, 152, 155

Polarization separation, 152, 155

Polarization separator, 156

Polarization state, 128

Polarizer, 72, 123, 152, 153

Population condition, 80

Population density, 11, 90



Index

Population exchange, 12

Population inversion, 91, 103-106, 112, 134,
135

Population of level, 84

Positive feedback, 82, 120, 175, 187

Potential energy, 7

Power, 2-3, 24, 31, 35, 56, 57, 83, 99, 100,
106, 116, 139, 147, 148, 150, 159, 163,
171, 172, 182, 185, 205, 213

Power amplification, 89

Power amplifier, 190, 192

Power attenuation, 217

Power beams, 216, 225

Power combiner, 150

Power conversion efficiency, 87

Power coupling coefficient, 157

Power coupling efficiency, 161

Power delivery, 4, 215, 216, 219

Power density, 3, 51, 145, 197, 213, 214, 231

Power dependence, 52, 173

Power efficient, 110, 121

Power fluctuations, 83

Power guided, 216

Power handling, 150

Power leakage, 31

Power level, 4, 35, 51, 57, 100, 102, 107, 108,
145, 148, 151, 173, 175, 190, 194, 210,
216

Power limit, 188, 203, 216, 217, 225

Power limitation, 216, 225

Power parameter, 95

Power restrictions, 165

Power scalability, 3

Power scaling, 3, 10, 56, 60, 84, 85, 100, 102,
144, 145, 147, 164, 187

Power spectral density, 84

Power splitter, 150

Power stability, 100, 101

Power stripper, 151

Power threshold, 163, 173, 180

Power tolerant, 102, 122

Power transfer, 216, 221

Power transmission, 149, 165, 218

Power transport, 215

PPLN, xi

Prism, 118, 122, 123, 168, 210

Prism based polarization separator, 156

Prism based pump coupler, 168

Prism based resonator, 122, 123

Prism material, 122, 123

Prism pair, 118

Prism refractive index
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Prism tuned, 122, 123

Probability of damage, 159

Probability of multi-phonon non-radiative
decay, 28

Probability of radiative transition, 15

Probability of spontaneous emission, 11

Probability of the ion interaction, 15

Probability of transition, 15

Propagation axis, 74

Propagation constant, 66-68, 71

Propagation direction, 111, 152, 155, 156

Propagation line, 73

Propagation of light, 65-78

Propagation parameter, 68

Propagation path, 69

PTR, 197

p-type, 135, 136, 138

Pulse amplification, 87, 89

Pulse amplifiers, 82

Pulse broadening, 71

Pulse chirp, 116, 157

Pulse distortion, 87

Pulse duration, 192, 210, 213, 222, 228, 230

Pulse energy, 105, 106, 107, 109, 212, 213,
216, 218, 230

Pulse envelope, 100, 113, 116

Pulse intensity, 87

Pulse laser, 34, 213

Pulse peak power, 116, 192, 222

Pulse production, 99, 108

Pulse profile, 89, 210, 212, 231

Pulse regime, 52

Pulse repetition rate, 192, 210, 211, 213, 228,
230, 231

Pulse repetitive mode, 101

Pulse shape, 89, 93, 181, 182

Pulse spectral bandwidth, 111

Pulse spectrum, 68

Pulse spread, 69, 70

Pulse spreading, 69

Pulse temporal profile, 100

Pulse train, 101, 116, 117

Pulse width, 69, 70, 89,91, 110, 111, 115, 130,
158, 173, 182, 183, 189, 210, 213

Pump absorption, 3, 24, 56, 95, 96, 163, 164

Pump absorption coefficient, 95

Pump area, 3

Pump beam, 91, 165, 167, 169, 176

Pump combiner, 150, 166, 169, 219

Pump combiner-coupler, 150, 219

Pump conversion efficiency, 14

Pump coupler configuration, 129
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Pump couplers, 102, 219

Pump coupling, 56, 117, 161, 165, 167, 168

Pump coupling schemes, 163

Pump coupling techniques, 165

Pump current, 139, 142

Pump diode laser, 3, 23, 56, 169, 222

Pump efficiency, 93

Pump frequency, 87, 95

Pump geometry, 3, 56, 93, 163

Pump internal saturation parameter, 96

Pump intrinsic saturation power, 95

Pump laser, 2, 179, 219

Pump light, 24, 82, 96, 164, 165, 175-177

Pump photons, 8, 92

Pump port, 56, 150, 169

Pump power, 3, 25, 50, 56, 87, 88, 91, 95, 103,
125, 127, 163, 165, 175, 188

Pump power combiner, 150

Pump process, 104

Pump propagation, 3, 82

Pump pulse, 100, 182

Pump pulse duration, 100

Pump radiation, 3, 150, 175

Pump signal, 150, 161, 176, 178, 179

Pump source, 99, 139, 163

Pump to laser efficiency, 61

Pump wave vector, 177

Pump wavelength, 3, 23, 51, 61, 88, 165,
176-179

Pumping absorption, 95, 96, 163, 164, 179

Pumping approach, 54, 138, 167

Pumping architectures, 138

Pumping beam, 56

Pumping circle, 61, 100

Pumping conditions, 51, 100

Pumping configuration, 129, 130, 165

Pumping current flow, 144

Pumping excitation transfer, 24

Pumping geometry, 3, 24, 25, 56, 57, 150, 165

Pumping intensity, 105

Pumping light, 163, 167

Pumping photon, 8, 92

Pumping ports, 169

Pumping process, 56, 80, 88, 100

Pumping pulses, 100

Pumping quantum efficiency, 61, 88

Pumping radiation, 56, 163

Pumping scheme, 51, 57, 61, 80, 130, 163, 165

Pumping sources, 2, 55, 60

Pumping spectral location, 24

Pumping technique, 23, 168

Pumping technology, 1, 55, 56, 60, 163, 164,
167

Pumping wavelength, 87

Index

Q

Q-switch, 103, 107-109

Q-switched fiber laser, 89, 108
Q-switched mode-locked, 100, 116
Q-switched operation, 102

Q-switched pulse, 89, 103

Q-switching, 99-101, 105, 108, 126, 162
Quantum defect, 25, 50, 57, 60, 92
Quantum efficiency, 61, 88, 98

Quantum number, 43

Quantum transition, 28

Quantum yield, 15, 16, 34

Quartz, 122, 124

Quasi four-energy level, 80, 105

Quasi continuous, 30, 101, 131

Quasi phase matching, 177, 178, 183, 184
Quasi three-energy level, 25, 87

R

Rabi frequency, 82

Radiation density, 12

Radiation energy, 11

Radiation spectral density, 12

Radiative decay, 14

Radiative lifetime, 15, 18-23, 47

Radiative transition, 14—16, 18

Raman active material, 175

Raman active medium, 174

Raman amplifiers, 4, 82

Raman effect, 174

Raman fiber lasers, 2, 174

Raman gain, 175, 176, 178

Raman lasers, 4, 59

Raman line, 176

Raman scattering, 10, 102, 161, 174, 175, 177,
192, 216

Raman spectrum, 174, 175

Raman wave, 175

Rare-earth center, 13, 17, 23

Rare-earth doped, 23, 35, 38, 40, 41, 44, 51,
94, 109, 117, 221

Rare-earth doping, 39

Rare-earth ions, 2, 4, 9, 13, 14, 16-19, 21, 23,
33, 35, 37, 40, 41, 44, 45, 53, 62

Rate constant, 52

Rate equation, 105

Rate law, 28

Rayleigh scattering, 31, 34

Recombination, 133, 138

Reflectivity, 87, 93, 95, 104, 119, 128, 144,
156, 211, 212, 226

Relaxation line-width, x

Relaxation oscillations, 112
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Relaxation process, 7, 27, 59, 89

Relaxation rate, 27, 28

Resonant absorption, 25, 57

Resonant excitation, 25

Resonant frequency, 79, 99

Resonant nature, 25

Resonant pump, 82

Resonant pumping, 59

Resonator, 73, 82, 93, 94, 96, 97, 102-104,
109, 110, 112, 115, 117-129, 138, 141,
143-145, 152, 155, 175, 190, 200, 205,
230, 233

Resonator axial mode, 126

Resonator axis, 124, 144

Resonator ends, 122

Resonator geometries, 144

Resonator length, 112, 125, 145

Resonator longitudinal mode, 126

Resonator mirror, 109, 118, 121

Resonator mode, 94, 125, 129, 233

Resonator modes, 94, 233

Resonator optical components, 190

Resonator parameters, 117

Resonator Q factor, 102

Resonator round trip, 110

Resonator stability, 144

Resonator transmission, 124

Ring cavity, 96-98, 121, 188

Ring laser resonator, 94, 96, 97, 124

Ring oscillator, 190, 191

Ring resonator, 96, 97

Ring type configuration, 96

Rotation, 117, 121, 123, 124, 153, 155

S

Sapphire, 99, 122, 224

Sapphire waveguides, 224

Saturable absorber, 117

Saturable absorbing mirrors, 117

Saturation parameter, 61, 83, 88, 96

Saturation power, 87, 95

Saturation power parameter, 95

Saturation regime, 85

Schawlow-Townes formula, 129

Schawlow-Townes power dependence, 129

Selective bleaching, 97

Self-focusing, 101, 162, 185, 186

Self-focusing mechanism, 186

Semiconductor, 99, 117, 133-144, 146, 153,
228, 231

Semiconductor boundary, 138

Semiconductor chip, 142

Semiconductor chip sections, 143
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Semiconductor compounds, 141

Semiconductor diode, 133

Semiconductor gain material, 141

Semiconductor laser, 17, 99, 133-135, 138,
139, 141-144, 146, 153

Semiconductor layer, 136, 140, 144

Semiconductor materials, 228

Semiconductor saturable absorbing mirror,
117

Silica fiber, 51, 61, 71, 176-180, 183

Silicate, 17, 27, 30, 32-34, 47-51, 53, 55, 153

Slave laser, 99

Spectral bandwidth, 68, 83, 110, 111, 126,
128, 157, 176, 179, 205

Spectral beam combining, 147, 195-197, 204,
205

Spectral broadening, 87, 181-183

Spectral characteristics, 181, 201

Spectral component, 22, 68, 70, 89, 174, 175

Spectral density, 12, 84, 203

Spectral distribution, 18, 20, 84, 123, 175

Spectral domain, 110

Spectral energy, 11

Spectral frequencies, 112

Spectral hole burning, 97

Spectral interval, 11

Spectral line, 12-17, 23, 44, 82, 84, 97, 100,
107, 109, 111, 112, 130, 142, 156, 172,
173, 176-179, 205

Spectral line broadening, 14

Spectral line-width, 173, 176, 177, 179, 205

Spectral mode, 94, 97, 112, 115, 125

Spectral narrowing, 197

Spectral parameters, 17, 29, 142, 172

Spectral position, 54, 111, 174, 175

Spectral profile, 15, 20, 83, 126

Spectral properties, 16, 68, 94, 142

Spectral range, 2, 3, 8, 12, 21, 25, 38, 50, 51,
54, 56, 57, 59, 65, 70, 71, 102, 118,
119, 123, 126, 188, 197, 209, 212, 214,
215, 217, 230, 231

Spectral region, 30

Spectral separation, 111, 127, 183, 184, 199,
203

Spectral shape, 13, 18

Spectral transmission, 120

Spectroscopic parameters, 17, 21, 30, 44, 49,
61, 62, 106

Spin, 43, 133

Self-phase modulation (SPM), 107, 157, 162,
172, 180, 181, 182, 192

Square pulse shape, 89

Standing wave cavity, 117

Standing wave resonator, 97, 121
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Stark components, 20

Stark effect, 43

Stark levels, 13

Stark splitting, 13, 82

Stark structure, 13

Stark sub-level, 50

Stark system, 14

Stimulated Brillouin scattering, 10, 108, 161,
177, 216

Stimulated emission, 10, 11, 18-23, 47, 56, 59,
80, 82, 84, 85, 106, 138

Stimulated emission cross section, 20, 22, 23,
47, 59

Stimulated nonlinear scattering, 56

Stimulated processes, 11

Stimulated Raman scattering (SRC), 87, 10,
102, 161, 162, 172-180, 183, 216

Stimulated scattering, 10, 173, 174

Stokes, 8, 174, 175, 177, 178

Storage efficiency, 93

Storage time, 2

Structure tube, 223

Surface, 30, 35, 38, 85, 86, 101, 102, 107, 108,
121, 122, 127, 141, 143, 144, 148, 151,
159, 162, 185, 198, 211, 224, 225, 227,
228-230

Surface damage, 101, 102, 107, 108, 162

Surface emitting semiconductor laser, 143

Surface layer, 227

Surface polishing, 107

Surface profile, 85, 159

Surface reflectivity, 211

Surface removal, 227, 228

Surface treatment, 227

T

Tellurate, 19, 28, 32, 34, 49, 58, 59
Temperature dependent, 20
Thermal conductivity

Thermal diffusion

Thermal diffusivity

Thermal distribution, 19

Thermal effect, 100, 204

Thermal energy, 135

Thermal equilibrium, 1, 12, 19, 79, 133
Thermal expansion, 29

Thermal gradient, 193, 194
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Thermal injury, 57
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Thermal limit, 29, 162
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Thermal management, 23, 30, 100-102, 140,
148, 161, 195

Thermal perturbations, 118

Thermal problem, 102

Thermal properties, 28
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Threshold value, 106, 216
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Transition metal, 9
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Unidirectional device, 97
Unidirectional output, 121
Unidirectional propagation, 97, 155
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Wave mixing, 101, 183
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Wavelength shift, 204
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